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Preface

Although the porphyrin and tetrapyrrole research area was regarded as “fully
matured” during the 20th century, as evidenced for example by the awarding of
numerous Nobel Prizes to its principal researchers, new advances and accom-
plishments in the field still amaze us as editors. The area continues to blossom and
to expand into new areas of science and applications that would probably never
have occurred to our 20th century heroes. An earlier Porphyrin Handbook assem-
bled the large amount of factual data that had been accumulated during the 20th

century. Our new venture, the Handbook of Porphyrin Science takes a completely
new look at our research area and comprehensively details the contemporary sci-
ence now appearing in the scientific literature that would indeed have been hard
to predict even 10 years ago. In particular, fundamentally new methodologies and
potential commercial applications of the beautiful compounds that we all love are
exemplified, fully recognizing the subtitle of the series — “with applications to
chemistry, physics, materials science, engineering, biology and medicine”.

The three of us have complementary expertise in physical chemistry, synthetic
and bioorganic chemistry, and in synthetic and mechanistic organometallic chem-
istry; this has enabled us to cover the whole field of porphyrin science and appli-
cations, and to devise comprehensive volume and author content. As of the date of
writing, between the three of us, we have published more than 1600 tetrapyrrole
research articles, and hold 31 patents related to commercial applications of por-
phyrin science. So we do know our field, and this has enabled us to assemble a first-
rate group of experts who have written comprehensive up-to-date chapters with
accuracy and authority; we thank our authors for their cooperation and willingness
to go along with our highly ambitious schedule for production of these volumes.

We look forward to comments from our readers, and to suggestions that might
enable us to expand our basic interests and scientific coverage even further.
Meanwhile, we hope that porphyrin researchers, old, new and of the future, will
enjoy reading these volumes just as much as we enjoyed planning and, with the
help of World Scientific Publishing Company, producing them from manuscript to
published article, in a timely manner.

Karl M. Kadish (Houston, Texas, USA)
Kevin M. Smith (Baton Rouge, Louisiana, USA)

Roger Guilard (Dijon, Bourgogne, France)
January, 2010
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I. Introduction and Background

Magnetic resonance techniques, both nuclear magnetic resonance (NMR) and
electron paramagnetic resonance (EPR) spectroscopies are excellent techniques
for investigating the structure, bonding, dynamics, electron configurations and
magnetism of transition metal complexes, and this certainly includes metallopor-
phyrins. Of course, EPR techniques can only be used when there are odd numbers
of unpaired electrons present, either on the metal itself or in some cases, on the
ligand(s). The most common number of unpaired electrons present in systems
which are studied by EPR spectroscopy is one, although five is another fairly com-
mon number, and three is also possible. The development of pulsed EPR tech-
niques, which make possible the study of all magnetic nuclei that are within 3–5 Å
of the site of the unpaired electron (usually the metal, although there are an
increasing number of cases of macrocycle π-cation or π-anion radicals that have
been studied). The types of magnetic resonance techniques, both those belonging
to the EPR and to the NMR family, that are commonly used to study metallopor-
phyrin complexes are summarized and briefly described in Table 1. Although the
results of pulsed EPR experiments are mentioned, where appropriate, the experi-
ments and the detailed description of the results is beyond the scope of this chap-
ter. Some of these may be found in a review published in Inorganic Chemistry.1

While EPR spectroscopy requires the complex to have at least one unpaired
electron or multiple unpaired electrons, NMR techniques can be utilized whether
the complex is diamagnetic or paramagnetic, and a large number of the metallic
elements and/or their compounds have paramagnetic states (S ≥ 1/2). In fact, a
number of the transition metals have several oxidation states that are reasonably
stable and can be studied by NMR spectroscopy, and for a given oxidation state
there are often several different spin states that are possible. However, not all of
these oxidation/spin state possibilities have the “proper” relaxation properties to
be easily studied by NMR spectroscopy, as we will discuss later in Section II.B.
This author has been involved in the writing of the previous chapters on NMR of
paramagnetic metalloporphyrins,2–4 and within the 30 year time span covered up
to the present, some of the systems previously thought to be impossible to study
by NMR spectroscopy have been reported, including chromium(III), man-
ganese(IV), copper(II) and silver(II) porphyrins. In most of these cases it has been
2H NMR spectroscopic investigations, where the chemical shifts are extremely
similar to those of the corresponding 1H complexes, but the linewidths of the res-
onances can be as much as a factor of 42 sharper, which have made possible the
detection of signals previously thought to be entirely too broad to observe.
Discussion of such systems will be found in Sections II.B.2, IV.B.7 and IV.H.1,
IV.H.3.

29/NMR and EPR Spectroscopy 7
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Table 1. Common NMR and EPR experiments used for investigating paramagnetic
metalloporphyrins.

NMR experiment Information Obtained

1D 1H, 2H or 13C Chemical shift → isotropic or paramagnetic shift → mechanism of
spin delocalization; from temperature dependence →
information about excited states.

1D NOE difference Proximity of one type of proton to another, up to a distance of
spectroscopy about 5 Å. A spectrum is obtained in which a particular

resonance is irradiated. Then a reference, off-resonance
irradiation dataset is acquired and the reference is subtracted
from the first. The irradiated peak appears as a strong negative
peak, and those peaks that are due to protons in close proximity
appear as either weak negative or positive peaks, depending on
the size of the molecule.

1D saturation transfer Identifies resonances that are involved in chemical exchange. The
difference experiment is the same as that used for 1D NOE difference
spectroscopy (also spectroscopy. Both irradiated peak and that (those) connected to
called STD) it by chemical exchange are of negative phase if the reference

spectrum is subtracted from each peak irradiated.

2D COSY; TOCSY Correlation SpectroscopY; Total Correlation SpectroscopY.
J-coupling information is obtained; helps identify components of
a spin system such as an ethyl or propionate group.

2D HETCOR; HMQC HETeronuclear CORrelation spectroscopy, a 13C-detected 2D
heteronuclear experiment; Heteronuclear Multiple Quantum
Correlation spectroscopy, a 1H-detected heteronuclear 2D
experiment. C-H J-coupling information is obtained in both
cases; both identify which proton(s) are bound to which carbon.
HMQC has a much higher signal-to-noise (at least a factor of 4)
ratio than HETCOR.

2D HMBC Heteronuclear Multiple Bond Correlation spectroscopy, a
modification of the HMQC experiment which allows detection
of long-range H-C J-couplings. Very useful for assigning the
spectra of unsymmetrical metalloporphyrins.

2D NOESY; EXSY; Nuclear Overhauser and Exchange SpectroscopY (sensitive to both
ROESY through-space (NOE) and chemical exchange processes; NOEs

may be zero for intermediate-sized molecules, i.e., many
metalloporphyrins); Exchange SpectroscopY (the same
experiment), which identifies protons in chemical exchange
with each other; Rotating frame Overhauser and Exchange
SpectroscopY (also sensitive to both through-space and
chemical exchange, but shows NOEs the opposite phase and
chemical exchange peaks the same phase as the diagonal, no
matter what the size of the molecule). 

Continuous wave EPR g-values → orbital of the unpaired electron; superhyperfine
couplings, a or A, due to nuclei that are strongly coupled to the
unpaired electron.

(Continued )
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NMR spectroscopy is particularly valuable for studying paramagnetic metal-
loporphyrins because the unpaired electrons “illuminate” the heme or other met-
alloporphyrin center by causing paramagnetic shifts of the protons (or carbons) of
the macrocycle, the axial ligand(s) of the metal and, in the case of heme proteins,
nearby protein residues, that are exquisitely sensitive to heme substituents, axial
ligand effects such as histidine imidazole N–H hydrogen-bonding5,6 or deprotona-
tion,5 axial ligand plane orientation,5,7,8 methionine-SCH3 chirality,9 and cyanide

29/NMR and EPR Spectroscopy 9

Table 1. (Continued )

NMR Experiment Information Obtained

ESEEM Electron Spin Echo Envelope Modulation → signals due to all
nuclei that are so weakly coupled to the unpaired electron that
they show no superhyperfine couplings in the continuous wave
EPR spectrum. Magnetic field (g-value → dependence of the
intensity and frequency of “double quantum” proton peaks near
twice the Larmor frequency → orientation of the g-tensor;
similar analysis of the 14N and/or 2H peaks also provides very
useful bonding and structural information. Intensities of ESEEM
peaks are usually readily fit quantitatively to theoretical models.

HYSCORE 2D Hyperfine Sublevel CORrElation spectroscopy: A two
dimensional ESEEM experiment, π/2 – τ – π/2 – T1 – T2 – π/2 –
τ – echo, in which correlation is produced between nuclear
frequencies in the spin manifolds for an electronic transition.
In a HYSCORE experiment, the time between the second π/2
and π pulse is varied in one dimension and the time between
the π and third π/2 pulse is varied in a second dimension. A
two- dimensional FT gives the 2D spectra which can be
analyzed in terms of the frequencies of the nuclei involved. As
in an ESEEM experiment, the peaks observed are essentially an
NMR spectrum of nuclei that are coupled to the electron.
However, the 2D technique allows one to separate overlapping
peaks. Peaks appearing in the upper right and lower left
quadrants typically arise from nuclei in which the hyperfine
coupling is less than the Larmor frequency. They appear at the
Larmor frequency of the nucleus, separated by the hyperfine
coupling. Peaks from nuclei in which the hyperfine interaction is
greater than the Larmor frequency of the nucleus appear in the
upper left and lower right quadrants. The HYSCORE spectrum
can become very complicated for nuclei with a spin I greater
than 1/2, with many peaks arising from the additional
complication of addition nuclear Zeeman and quadrupole
levels. Even with the complexity of the spectra, HYSCORE on
complicated systems with multiple nuclei can make ESEEM
spectra that would be difficult or impossible to interpret much
more manageable.
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off-axis tilting (in protein complexes such as cyanometmyoglobin),10,11 as well as
the effect of nonbonded protein substituents,5,12 on the electronic state of the heme.
The chemical shifts of the heme macrocycle of heme proteins, also known as para-
magnetic or hyperfine shifts if the metal is paramagnetic, are extremely sensitive
to all of these factors, as well as to others that will be enumerated in later sections
of this chapter, and much can be learned by carrying out a detailed study of a para-
magnetic heme protein. Because of this extreme sensitivity, it is sometimes diffi-
cult to determine the relative importance of all the factors that might affect the
chemical shifts. For this reason, a number of investigators have carried out
detailed NMR investigations of appropriately designed model hemes or other
metal tetrapyrroles having relatively high molecular symmetry (as compared to
naturally-occurring hemes), in order to probe the importance of such factors as
substituent effects, electronic asymmetry due to unsymmetrical substitution, axial
ligand basicity and steric effects, axial ligand plane orientation, thermodynamics
and kinetics of axial ligand binding, exchange and rotation, and hydrogen-bonding
effects of these ligands on the NMR spectra of metalloporphyrins. The results of
a large number of these investigations have been summarized previously in at least
a dozen important chapters or books.2–5,13–20 However, the focus in all but four of
these2–4,15 has been on heme proteins, where the metal ion was either iron(II) or
iron(III). For that reason, this chapter will focus on the proton (and deuteron)
NMR spectroscopy of metalloporphyrins of all known oxidation and spin states
that have occurred since the literature search for the publication of the previous
chapters in The Porphyrins2 and The Porphyrin Handbook,4 with only occasional
detailed recapitulation of earlier topics at points where a background must be built
up before the recent work can be discussed. The 13C chemical shifts of a number
of metalloporphyrins and heme proteins, and occasionally, the 19F chemical shifts
will also be discussed. Parts of this chapter will cover some of the same topics as
The Porphyrin Handbook chapter4 published about ten years ago, which is neces-
sary for completeness. The NMR spectra of the heme centers of heme proteins will
be discussed where the results of NMR studies of paramagnetic metalloporphyrins
have direct relevance to interpretations of the heme protein data, or vice versa. In
particular, a section on NMR spectroscopy of the nitrophorins and heme oxyge-
nases, and a brief update on other heme proteins, is included (Section IV.A.10).

A. Structures and Electron Configurations of Metalloporphyrins

Structural formulas 1–3 show the general structures of porphyrins. The structures
of closely related ring systems, including chlorins, isobacteriochlorins, dioxo-
isobacteriochlorins and corroles are shown in Structures 4–7. Examples of the sub-
stituents present on commonly investigated metal macrocycles are summarized in

10 Walker
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Tables 2–5. Porphyrin macrocycles can be classified as derivatives of natural por-
phyrins, of which deuteroporphyrin IX is considered the parent. The arrangement
of the peripheral substituents of natural porphyrin derivatives is shown in
Structure 1, with the 1–8 and α–δ numbering system used in much of the NMR
literature, and the nature of the variable substituents, the common names of the
macrocycle and the symbols used in this chapter, are listed in Table 2. For cases
in which the propionic acid side chains in Structure 1 are esterified, for example,
as dimethyl esters, the symbol will have DME appended to the abbreviation. Two

12 Walker

Table 2. Natural porphyrin dianion derivatives.a

2,4-Substituent Name Symbol

2,4-H Deuteroporphyrin IX DP2−

2,4-Divinyl Protoporphyrin IX PP2−

2,4-Diethyl Mesoporphyrin IX MP2−

2,4-Dibromo Dibromodeuteroporphyrin Br2DP2−

2,4-Diacetyl Diacetyldeuteroporphyrin Ac2DP2−

2-Acetyl, 4-H 2-Monoacetyldeuteroporphyrin 2-AcDP2−

2-H, 4-Acetyl 4-Monoacetyldeuteroporphyrin 4-AcDP2−

aSee Structure 1 for structural formula of the parent free-base porphyrin.
If the propionates are esterifed, DME is appended to symbolize dimethyl ester.
aSee Structure 2 for structural formula of the free base porphyrin.

Table 3. Meso-substituted synthetic porphyrin dianion derivatives.a

R5, R10, R15, R20 Name Symbol

H Porphine Po2−

Phenyl Tetraphenylporphyrin TPP2−

p-Tolyl Tetra-p-tolylporphyrin p-TTP2−

m-Tolyl Tetra-m-tolylporphyrin m-TTP2−

o-Tolyl Tetra-o-tolylporphyrin o-TTP2−

p-Chlorophenyl Tetra-p-chlorophenylporphyrin (p-Cl)4TPP2−

Mesityl Tetramesitylporphyrin TMP2−

N-Methyl-4-Pyridyl Tetra-N-methyl-4-pyridylporphyrin (p-MePy)4P 2+ or T(p-MePy)P2+

p-SO3-Phenyl Tetra-p-sulfonatophenylporphyrin TPPS6−

5-(m-nitrophenyl)-
Mono-m-NO2-Phenyl, 10,15,20-tris-(m-fluorophenyl)- (m-NO2)(m-F)3TPP2−

tris-m-F-Phenyl porphyrin
Methyl Tetra-methylporphyrin TMeP2−

n-Propyl Tetra-n-propylporphyrin TnPrP2−

iso-Propyl Tetra-i-propylporphyrin TiPrP2−

Cyclohexyl Tetra-cyclohexylporphyrin TCxP2−

aSee Structure 2 for structural formula of the free base porphyrin.
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Table 4. Pyrrole-substituted synthetic porphyrin dianion derivatives.a

R2 R3 R7 R8 R12 R13 R17 R18 mesob Name Symbol

H H H H H H H H H Porphine Po2−

Ethyl Ethyl Ethyl Ethyl Ethyl Ethyl Ethyl Ethyl H Octaethylporphyrin OEP 2−

Ethyl Methyl Ethyl Methyl Ethyl Methyl Ethyl Methyl H Etioporphyrin I EP-I2−

Ethyl Methyl Methyl Ethyl Ethyl Methyl Methyl Ethyl H Etioporphyrin II EP-II2−

Ethyl Ethyl Ethyl Ethyl Ethyl Ethyl Ethyl Ethyl Phenyl Octaethyltetraphenylporphyrin OETPP2−

–N=CH–CH=N H H H H H H Phenyl Quinoxalinotetraphenylporphyrin QTPP2−

aSee Structure 3 for structural formula of the free base porphyrin.
bmeso = 5,10,15,20 positions; the OETPP and QTPP dianions are hybrids of Structures 2 and 3.

b
8
6
7
_
V
o
l
-
0
6
_
C
h
-
2
9
.
q
x
d
 
 
6
/
1
0
/
2
0
1
0
 
 
4
:
4
2
 
P
M
 
 
P
a
g
e
 
1
3



14
W

alker

Table 5. Structures of well-known chlorin, isobacteriochlorin, dioxoisobacteriochlorin and corrole derivatives.

R2 R3 R7 R8 R12 R13 R17, R′17 R18, R′18 mesob Name Symbol

Chlorins, αStructure 4

H H H H H H H,H H,H Phenyl Tetraphenylchlorin TPC2–

Et Et Et Et Et, Et Et,H Et,H H Octaethylchlorin OEC2–

PrO−c Me Me V Me V Me,OH OH, PrO–c H Heme d None
Me V Me V Me C=O H,MePropionate H,Me 5, 10, 20-H, Pyropheophorbide a None

| 15–CH2–C=O
CH2–15–meso connected to

13–C
Me V Me Et CO2Me H,MePropionate 5,10,20-H, Chlorin e6 None

15-CH2CO2Me

R2 R3 R7 R8 R12, R′12 R13 R′13 R17, R′17 R18, R′18 mesob Name Symbol

Isobacteriochlorins, αStructure 5

Et Et Et Et Et, H Et, H Et, H Et, H H Octaethylisobac- OEiBC2–

teriochlorin
AcO−c PrO−c PrO−c AcO−c H,PrO−c H,PrO−c H,PrO–c H,PrO−c H Siroheme None

(Continued )

b
8
6
7
_
V
o
l
-
0
6
_
C
h
-
2
9
.
q
x
d
 
 
6
/
1
0
/
2
0
1
0
 
 
4
:
4
2
 
P
M
 
 
P
a
g
e
 
1
4



29/N
M

R
 and EPR

 Spectroscopy
15

Table 5. (Continued )

R2R′2 R7R′7 R12 R13 R17 R18 mesob Name Symbol

Dioxoisobacteriochlorins, α Structure 6

Me,AcO−c Me,AcO−c Me PrO−c AcrO−c Me H Heme d1 None

R2 R3 R7 R8 R12 R13 R17 R18 mesob Name Symbol

Corroles, a Structure 7
Me Me Me Me Me Me Me H Octamethylcorrole OMCor3– or

Me8Cor3–

Et Me Et Et Et Et Me Et H 7,13-Dimethylhexa- 7,13-
ethlcorrole Me2Et6Cor3–

aSee Structure 4 for structural formula of the free base chlorin, Structure 5 for that of the free base isobacteriochlorin, Structure 6 for that of the
free base dioxoisobacteriochlorin, and Structure 7 for that of the corrole.
bmeso.5,10,15,20 positions for all but the corrole (5,10,15).
cAcO− = acetate; PrO− = propionate; AcrO− = acrylate.
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types of synthetic porphyrins, those having either meso or β-pyrrole substituents,
are shown in Structures 2 and 3, respectively, and common substituents, IUPAC
numbering system, ligand names and abbreviations are given in Tables 3 and 4,
respectively.

Chlorins, isobacteriochlorins, 2,7-dioxoisobacteriochlorins and corrole
macrocycles are shown in Structures 4–7, respectively, and examples of high sym-
metry macrocycles of each type, with common substituents, ligand names and
abbreviations are summarized in Table 5. Chang and coworkers have been instru-
mental in proving the structures of several of the so-called “green hemes”, includ-
ing heme d (actually a chlorin, 5,6-dihydroxy protochlorin IX21) and heme d1

(actually a porphinedione or 2,7-dioxoisobacteriochlorin22). Other related ring
structures that are involved in the stepwise oxidation of the heme to verdoheme
and beyond are shown in Structures 8–13, including 5-hydroxyporphyrins (oxophlo-
rins), Structures 8, oxaporphyrins (verdohemes), Structures 9, azaporphyrins, 10,
formylbiliverdins, 11, dioxodipyrromethanes, 12 and dialkyldipyrromethanes, 13.
The structures of other related macrocycles, including etioporphycene, por-
phyrazines (meso-tetraazaporphyrins), phthalocyanines and texaphyrin, are shown
in Structures 14–17, respectively. An example of how saturated β-pyrrole bonds can
create an optically active macrocycle is shown in Structure 18 for the 5-coordinate
high-spin state of chloroiron trans,trans-octaethylchlorin.
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Coordination numbers possible for synthetic and natural metalloporphyrins
include 4-coordinate (no axial ligands), 5-coordinate (one axial ligand), 6-coordinate
(two axial ligands) and 7- to 9-coordinate (one bidentate ligand and up to three
monodentate ligands, as observed for certain lanthanide porphyrins) geometries.
The number of axial ligands, and their nature, have dramatic influences on the spin
state, optical spectra, EPR g-values and in some cases superhyperfine coupling
constants, NMR paramagnetic shifts, Mössbauer isomer shifts, quadrupole split-
tings and hyperfine coupling constants, as well as reduction potentials and reac-
tivity towards reagents such as molecular oxygen, carbon monoxide, nitric oxide,
alkyl halides, alkenes, alkynes and many others.

The molecular and electronic structures of metalloporphyrins may, in certain
cases, depend on solvent, anion and degree of aggregation. Deuterated solvents
are almost invariably used, except when deuterated porphyrin 2H signals are being
observed. Some solvents, including water (D2O), dimethylsulfoxide (DMSO-d6),
dimethylformamide (DMF-d7), methanol (CD3OD), pyridine-d5, and tetrahydrofu-
ran (THF-d8) may coordinate to the metal, or may simply change the dielectric
constant of the medium, if strongly-binded ligands are separately provided for the
metalloporphyrin. Water and alcohols can also be hydrogen-bond donors to the
axial ligands. Chlorinated hydrocarbons, including chloroform (CDCl3), methyl-
ene chloride (CD2Cl2) and dichloroethane (C2D4Cl2), are typically good at dis-
solving metalloporphyrins, although they may contain traces of acid (DCl) that
could react with the metalloporphyrin. Aromatic hydrocarbons, such as toluene-d8,
can interact with the π-system of the porphyrin, both to help dissolve the complex
and also to change the π-acidity or -basicity of the macrocycle, as in the case of
CoII porphyrins. Carbon disulfide, CS2, is also good at dissolving uncharged por-
phyrins. Anions can stabilize either high-spin states (halides, alkoxy, aryloxy,
polyoxo anions) or low-spin states (cyanide, aryl, alkyl anions) if they remain
coordinated to the metalloporphyrin when dissolved in the chosen solvent.
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The known or suspected oxidation states of iron porphyrins, the most com-
monly studied metalloporphyrins, range from FeI (d7) to (possibly) FeV (d3).
Among these, the possible spin states include high-, intermediate- and low-spin
states of FeII (d6) and FeIII (d5), high- and low-spin FeI (d7) and FeIV (d4), although
there have been no reports of high-spin FeI or high-spin FeIV. In comparison, for
the metals of the first transition series on either side of iron, cobalt porphyrins,
both CoII (d7) and CoIII (d6) complexes have been studied, with reports of both
high- and low-spin CoII complexes as a function of porphyrin substituents, but
only low-spin (diamagnetic) CoIII porphyrins. For manganese porphyrins, MnII

(d5), MnIII (d4), MnIV (d3), and possibly MnV (d2), the latter two as oxoman-
ganese(IV) and oxomanganese(V), have been studied by NMR spectroscopy;
MnII exhibits only the high-spin state while MnIII exhibits both high- and low-spin
states, and the two highest oxidation states both appear to be high-spin.
Chromium porphyrins have been studied as CrII (d4) and CrIII (d3), the latter of
which has extremely broad lines. Although nickel macrocycle complexes are
known for NiI (d9), NiII (d8) and NiIII (d7), only the NiII (d8) systems have been
studied by NMR spectroscopy; the 5- and 6-coordinate complexes are paramag-
netic, while the 4-coordinate complexes are diamagnetic. Copper porphyrins are
known only as CuII (d9), which have very broad lines. For most of these metals,
the corrole ring is said to stabilize a higher apparent metal oxidation state than do
the porphyrin or reduced porphyrin rings, although it often turns out that the elec-
tron is missing from the macrocycle rather than the metal. The only diamagnetic
members of the extensive series of possible oxidation and spin states are low-spin
d6 6- (and sometimes 5-) coordinate FeII, RuII, OsII, 6-coordinate CoIII, RhIII, and
4-coordinate NiII, PdII and PtII. The NMR spectra observed for representative
examples of each of the possible oxidation and spin states will be discussed in
Section IV.

II. Principles

A. Proton Chemical Shifts

The chemical shifts which are observed for protons in paramagnetic molecules are
the result of a combination of diamagnetic and paramagnetic contributions. These
contributions are additive: 

δobs = δdia + δpara. (1)

The diamagnetic contribution, δdia, is the chemical shift which would have been
observed if the molecule had no unpaired electron(s). It is directly evaluated by

29/NMR and EPR Spectroscopy 19
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recording the NMR spectrum of an appropriate diamagnetic analog of the molecule
of interest, usually one containing a diamagnetic metal such as Zn(II), Ni(II), or
Cd(II). The metal-free (free base) porphyrin, H2P is sometimes used if no dia-
magnetic metal complex is available; the chemical shifts of the protons of a
metal-free porphyrin are usually within ∼0.2 ppm of those of a diamagnetic metal
complex.

The paramagnetic contribution, δpara, is often called the hyperfine shift, δhf,
since it arises from the hyperfine interaction (scalar coupling) of an unpaired
electron with the proton nucleus of interest, or the isotropic shift, δiso, since
it is typically observed for molecules or ions in homogeneous solution,
where electron spin relaxation and molecular rotation are both generally
rapid, and thus yield an isotropic spectrum. The paramagnetic shift consists
of two terms, the contact and the pseudocontact (or electron-nuclear dipolar)
contributions:

δpara = δiso = δhf = δobs−δdia = δcon + δpc. (2)

The contact (δcon) and pseudocontact (δpc) terms arise because spin delocalization
from the unpaired electron, usually located on the metal ion, to the protons at the
periphery of the molecule, can occur either through chemical bonds or through
space (or a combination of the two, as in the case of high- and low-spin FeIII por-
phyrins, see also Sections IV.A.6 and IV.A.8). The sign convention which will be
used throughout this chapter is the one commonly used by all chemists: δobs is pos-
itive if the resonance is at higher frequency (lower shielding) than that of tetram-
ethylsilane (TMS), and negative if the resonance is at lower frequency (higher
shielding) than that of TMS. Hence, δpara is positive when the resonance is at
lower, and negative when it is at higher shielding than that of the diamagnetic ref-
erence compound. This is the reverse of the sign convention that was used in the
earlier literature for paramagnetic complexes, including several of the earlier
reviews.2,13 The signs of all contact and pseudocontact (dipolar) shifts reported in
earlier publications have been changed herein to conform to the now-accepted
sign convention.

1. Contact Shifts

Contact shifts of protons, deuteriums, carbons and other nuclei in paramagnetic
molecules originate from scalar coupling between electron spins and individual
nuclei. In the most general case, the contact shift depends on the principal com-
ponents of the electronic g-tensor of the paramagnetic center (gii), the magnetic
susceptibility tensor of the molecule (χii) and the Fermi hyperfine (contact) coupling
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constant (Ah) for coupling the spin of the electron to the spin of the nucleus of
interest:23

(3)

where µB is the Bohr magneton, χii are the molecular magnetic susceptibilities,
and gii are the g-values along each of the principal axes of the molecule. If a
single spin state with an isotropic g-tensor is populated, and to the extent that the
Curie law is valid, Eq. 3 reduces to a simpler form that is usually applicable to
metalloporphyrins:24,25

(4)

where S is the total electron spin quantum number, 〈g〉 is the average (isotropic)
g-value, µB is the Bohr magneton, γN is the magnetogyric ratio of the nucleus in
question, and T is the absolute temperature. Thus, in simple, well-behaved systems,
contact shifts are expected to vary linearly with 1/T and to extrapolate to zero at
infinite temperature (1/T = 0). However, in cases where a thermally-accessible
excited state exists, as is typically the case with low-spin FeIII porphyrins and
heme proteins, as well as many other cases, the contact shifts may not extrapolate
to zero at infinite temperature, and an expanded form of the Curie law must be
employed,25 as will be discussed later in Section II.A.3.

The interpretation of the contact contributions to the paramagnetiic shifts of
protons or deuteriums of paramagnetic molecules in terms of the covalency of
metal-ligand bonds relies to a large extent on the McConnell equation:26

(5)

where AH is the hyperfine coupling constant for each individual proton, Q is a
constant for a given type of proton and ρC is the unpaired spin density of the elec-
tron at the carbon to which the proton is attached; the same holds for deuterium
nuclei, which have almost identically the same chemical shifts, contact shifts and
pseudocontact shifts as protons. For the case of spin delocalization to a π orbital
on the carbon, QH = −63 MHz, and the contact shifts are negative (to lower fre-
quency or higher shielding). If the proton directly bound to a carbon which has
spin density in a π orbital is replaced by a methyl or other aliphatic group, QCH2R

is positive and somewhat variable, because it depends on the rate of rotation
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(or preferred orientation, if rotation is slow) of the methyl or other aliphatic group;
values of +70 to +75 MHz have been used.27,28 For alkyl groups larger than CH3,
preferred orientations are the rule, and Q can vary from nearly zero to +100 MHz,
but follows the general expression:

(6)

where B0 and B2 are positive numbers, and ϕ is the angle between the C–C–H
plane and the pz orbital axis on the aromatic carbon. B2 is usually small, and, since
cos2ϕ is positive for all angles ϕ, QCH2R

is always positive. Therefore, if π spin
delocalization occurs to a particular carbon atom, a proton directly bound to that
carbon will have a contact shift to lower frequency (higher shielding, δcon nega-
tive), while replacement of the proton at that carbon position with a methyl or
other aliphatic group will produce a contact shift to higher frequency (lower
shielding, δcon positive). Such reversal in the sign of paramagnetic shifts for H and
CH3 or CH2R or CHR2 at a given position is a clear sign of dominance of the para-
magnetic shifts by π spin delocalization, as will be seen in many parts of this chap-
ter. For spin delocalization to a σ-symmetry orbital on the carbon, Q is positive
and depends on the number of σ bonds through which the spin is delocalized. For
the electron in the 1s orbital of the hydrogen atom, AH is 1419 MHz, a positive
quantity.29 For protons attached to carbons in metalloporphyrins, where metal
electrons are delocalized through either σ or π orbitals of the carbons, the amount
of spin density at a given proton on the periphery of the molecule is miniscule in
comparison to the hydrogen atom, and is not directly comparable to 1419 MHz
because the hydrogens in chemical compounds are involved in chemical bonds.

For σ spin delocalization to protons connected to a carbon framework, Q is
also positive, and the spin density, ρC, is attenuated sharply as the number of σ
bonds between the unpaired electron and the proton increases. In any case, the
positive sign of Q means that the contact shifts are positive (to high frequency or
low shielding) when σ spin delocalization occurs to the carbon to which the proton
is attached. Thus, if the contact contribution to the paramagnetic shifts of protons
in molecules such as metalloporphyrins can be separated from the pseudocontact
(dipolar) contribution, the pattern of shifts to lower and higher frequencies, as
directly-bound protons are replaced by methyl groups at the same symmetry posi-
tions on the ring, for example, readily reveals the mechanism(s) of spin delocal-
ization to each symmetry position. This will be discussed further after the
pseudocontact (dipolar) shift has been introduced, and after the general strategies
for separation of the contact and pseudocontact contributions to the paramagnetic
shift have been summarized.
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2. Pseudocontact (Dipolar) Shifts

a. Pseudocontact shifts of metalloporphyrin substituents

The electron-nuclear dipolar contribution to the paramagnetic shift is now usually
called the pseudocontact contribution. This is actually a misnomer, since the electron-
nuclear dipolar shift contains no contribution from scalar coupling of the electron
spin with the spin of the nucleus of interest, that is, no Fermi contact term. Rather,
the electron-nuclear dipolar shift results from through-space dipolar coupling of
the electronic and nuclear magnetic moments which arise from either the magnetic
anisotropy of the metal ion or from zero-field contributions (in cases where the
total spin of the ion is greater than one-half). Nevertheless, the use of the term
“pseudocontact” to describe the dipolar shift is well entrenched in the literature of
heme proteins, as well as throughout the high-resolution NMR community, and we
will thus use this term throughout this chapter. However, one must be aware of the
fact that it represents the through-space dipolar interaction between the unpaired
electron(s) and the nucleus of interest, which should more correctly be called the
dipolar shift. In fact, in Section II.A.2.c later, “dipolar couplings” in which a pro-
tein (that often includes a metal with one or more unpaired electron) is discussed,
these are dipolar couplings between 1H and 15N nuclei. For nuclei other than pro-
tons, ligand-centered pseudocontact (dipolar) shifts may also arise from unpaired
spin density in π-orbitals,23,24 but this is not the case for protons. For pseudocon-
tact shifts of protons by S > 1/2 metal atoms or ions it can be shown that

(7)

where NA is Avogadro’s number, χii are the principal components of the molecu-
lar magnetic susceptibility tensor in SI units (note that χ(SI) = (4π × 10−7)χ(cgs
emu)), θ is the angle between the proton-metal vector and the z molecular axis, r
is the length of this vector, and Ω is the angle between the projection of this vector
on the xy plane and the x axis.24,30,31 The terms (3cos2θ − 1)/r3 and (sin2θ cos2Ω)/r3

are typically known as the axial and rhombic geometric factors, Gax and Grh,
respectively, and the terms in Eq. 7 to which they belong are often called the axial
and rhombic contributions to the pseudocontact shift, respectively. Axial geomet-
ric factors for protons at the β-pyrrole and meso positions (Structures 2 and 3,
R1 – R8 and Rα – Rδ, respectively) of the commonly utilized model hemes,
tetraphenylporphinatoiron, (TPP)Fe, octaethylporphinatoiron, (OEP)Fe2,4 and
tetramesitylporphyrinatoiron, (TMP)Fe32–34 have been calculated from X-ray crys-
tallographic data for the low-spin iron(III) complexes, and are presented in Table 6
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Table 6. Axial geometric factors for iron(III) porphyrinates which have planar and ruffled
cores.

〈(3cos2θ – 1)r−3〉, Relative geometric
Position in 1026m−3 factors

Porphyrins with Planar Cores

TPP o-H −36.0a 1.00
m-H −16.7a (−17.1)b 0.463 (0.475)
p-H −14.8a 0.410
o-CH3 (−15.5)b (0.431)
m-CH3 −10.5a 0.292
p-CH3 −11.0a (−11.1)b 0.306 (0.308)
pyrrole-H −70.3a (−75.4)b 1.95 (2.09)

OEP α-CH2 −42.5a 1.18
meso-H −110.0a 3.06

R-Pyridine 2,6-H 211.6a −5.98
3,5-H 115a −3.19
4-H 101a −2.81
4-CH3 68a −1.89

R-Imidazole 1-H 135c −3.75
1-CH3 80c (82.6)b −2.22 (−2.29)
2-H 216c (277)b −6.00 (−7.69)
2-CH3 <2c 0.00
4-H 209c (269)b −5.80 (−7.47)
5-H 134c (148)b −3.74 (−4.11)
5-CH3 75c −2.14

Porphyrins with Ruffled Cores

TMP o-CH3 +13.0 to +28.6d (50.7) −0.361 to −0.794 (−1.41)
−33.6 to −38.3d (−44.7) 0.933 to 1.06 (1.24)

m-H −6.8 to −14.7d (−1.8) 0.189 to 0.408 (0.050)
−20.4 to −22.2d (−20.7) 0.567 to 0.617 (0.575)

p-CH3 −9.3 to –10.1d (−7.7) 0.258 to 0.280 (0.214)
Pyrrole-H −75.1d (−75.7) 2.09 (2.10)

R-Pyridine 2,6-H 261.1d −7.25
3,5-H 121.6d −3.38

R-Imidazole 1-H (—)
1-CH3 (91.1)e (−2.53)
2-H (—)
2-CH3 (96.8)e (−2.69)
4-H (138)e (−3.83)
5-H (125)e (−3.47)

aBonnett, R.; Czechowski, F.; Latos-Graz.yński, L. J. Chem. Soc. Chem. Commun. 1990, 849–851.
bFor [(TMP)Fe(NMeIm)2]+, Safo, M. K.; Gupta, G. P.;Watson, C. T.; Simonis, U.; Walker, F. A.;
Scheidt, W. R. J. Am. Chem. Soc. 1992, 114, 7066–7075. Geometric factors given in parentheses.
cWatson, C. T. Ph.D. Dissertation, University of Arizona, 1996.
dRange of values observed for [(TMP)Fe(4-CNPy)2]+, Inniss, D.; Soltis, S. M.; Strouse, C. E. J. Am.
Chem. Soc. 1988, 110, 5644–5650, and [(TMP)Fe(4-NMe2Py)2]+, Safo, M. K.; Gupta, G. P.;
Watson, C. T.; Simonis, U.; Walker, F. A.; Scheidt, W. R. J. Am. Chem. Soc. 1992, 114, 7066–7075.
eFor [(TMP)Fe(1,2-Me2Im)2]+, Balch, A. L.; Cornman, C. R.; Safari, N.; Latos-Graz.yński, L.
Organometallics 1990, 9, 2420–2421. Geometric factors given in parentheses.
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for both iron(III) porphyrins with planar cores and those with ruffled cores (rep-
resented by (TMP)FeIII with pyridine or hindered imidazole ligands). It is inter-
esting to note that the pyrrole-H and mesityl p-CH3 groups are not much affected
by ruffling of the porphyrin ring, while the mesityl o-CH3 and m-H groups have
two geometric factors each, and the values of these depend somewhat on the
degree of ruffling of the porphyrin ring. Pyridine 2,6-H and 3,5-H geometric fac-
tors for ruffled porphyrin complexes are somewhat larger than those reported ear-
lier for planar porphyrin complexes, presumably because of the slightly shorter
Fe–Nax bond lengths in the former complexes. Although these geometric factors
have been obtained for low-spin iron(III) porphyrins, they are usually applicable
to other metalloporphyrins unless M–L bond lengths are significantly different.

If the complex of interest has only one thermally-populated spin multiplet
with effective spin S,25,30 then:

(8)

where µ0 is the permeability of free space and µB is the Bohr magneton (note that
χ(SI) = (4π × 10−7)χ(cgs emu)), and Eq. 8 can be simplified to

(9)

This equation is the form that is often used for calculation of the pseudocontact
contribution to the paramagnetic shift. However, Horrocks and Greenberg30

showed some 35 years ago that second-order Zeeman (SOZ) contributions to the
magnetic susceptibilities of heme systems range from ∼3% (cytochrome b5) to
∼10% (cytochrome c) to 25% (metmyoglobin cyanide) of those of the first-order
Zeeman (FOZ) effect (Curie behavior), and are of opposite sign for cytochrome c
and metmyoglobin cyanide, but of the same sign for cytochrome b5. Furthermore,
excited electronic states of the metal ion that are thermally populated to varying
extents as a function of temperature can lead to non-Curie behavior (nonzero inter-
cepts at 1/T = 0).25,31 As will be shown in Section II.A.3, this can lead, in the limit,
to a reversal in the temperature dependence of the paramagnetic shifts of a com-
plex over a broad temperature range of study. Thus, g-values cannot be used to
quantitatively calculate the pseudocontact contributions to the paramagnetic shifts
in very many cases, although the fact that they are usually the only magnetic
anisotropy data available often makes it very tempting to use them. At the worst,
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they at least give important qualitative information as to the importance of the
pseudocontact contribution to the paramagnetic shift, and for that reason the EPR
g-values of representative metalloporphyrins will be summarized in the sections
following.

For heme proteins, magnetic susceptibility anisotropies can be calculated from
Eq. 7 by fitting the protein side chain and backbone chemical shifts that cannot
arise from the contact shift, but this is usually not possible for simple metallopor-
phyrins because of the difficulty of separating the contact and pseudocontact con-
tributions for nuclei that are not many bonds away from the metal. (Examples of
the determination of magnetic susceptibility anisotropies are discussed below in the
following section.) However, Eq. 9 is sometimes useful for estimating the sizes of
the pseudocontact shifts in two complexes for protons at the same molecular posi-
tions, when these complexes have different g-values (although note that different
g-values lead to different sizes of deviations, as mentioned in the previous para-
graph). Thus, if the size of a pseudocontact shift is known for one complex from
some independent means, and if the g-values of both complexes are known, the
pseudocontact shift of the second complex may be estimated by scaling it by the
ratio of the gii

2 factors for the axial and rhombic terms by using Eq. 9. Examples of
the use of such procedures are presented in Sections III.B.2 and III.B.3.

For pseudocontact shifts of metal complexes having S > 1/2, where the g-tensor
is sometimes totally symmetric, magnetic anisotropy can still be present if the
zero-field splitting, D, is large. In this case, Kurland and McGarvey23 have shown
that the pseudocontact contribution to the paramagnetic shift exhibits a 1/T2

dependence. The simplified equation for S = 5/2 is:

(10)

where µ0 is the permeability of free space = 4π ·10−7[T·m·A−1]. (Note that a use-
ful SI-unit equivalence for calculation purposes is J = m2·T·A.) The classic case of
high-spin iron(III) porphyrins, where D-values range from 5.6 cm−1 (F−) to 11 cm−1

(Cl−) to 16.4 cm−1 (I−),35 yields curved Curie plots that result from a contact term
that is linear in 1/T (Eq. 4) and a pseudocontact term that results from Eq. 10, with
dependence on 1/T2.2,4,36

b. Measurement of magnetic susceptibility anisotropies
of ferriheme proteins

Two examples of the determination of magnetic susceptibility anisotropies for
proteins, in both cases for metmyoglobin are, first for the S = 1/2 cyanide complex
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of sperm whale metmyoglobin, where Emerson and La Mar experimentally deter-
mined the paramagnetic pseudocontact shifts for noncoordinated amino acid side-
chain protons in the heme pocket of sperm whale cyanometmyoglobin10 and used
them to determine, in solution, the orientation of the principal axes for the para-
magnetic susceptibility tensor relative to the heme iron molecular coordinates.11

The determination was made by a least-squares search for the unique Euler rota-
tion angles which convert the geometric factors in the molecular (crystal) coordi-
nates to ones that correctly predict each of 41 pseudocontact shifts measured11 by
using the magnetic anisotropies computed previously by Horrocks and
Greenberg.30 An excellent fit to experimental shifts was obtained, which also pro-
vided predictions that allowed subsequent new assignments to be made. The mag-
netic axes are oriented so that the z axis is tipped ∼15° from the heme normal
toward the heme 6-meso-H and coincides approximately with the characterized
FeCO tilt axis in the isostructural MbCO complex.37 The FeCO and FeCN units
are isostructural, and so the authors proposed that the dominant protein constraint
that tips the magnetic z axis from the heme normal was the tilt of the FeCN by
steric interactions with the distal residues. The rhombic magnetic axes were found
to align closely with the projection of the proximal His imidazole plane on the
heme, which confirmed that the His–Fe bonding provided the protein constraint
that orients the in-plane anisotropy.11 (This worked well for cyanometmyoglobin
because the histidine imidazole plane is aligned very close to one of the NP–Fe–NP

axes; a different relationship would hold if the imidazole plane were aligned along
the α,γ or β,δ meso directions, as in cytochromes c and nitrophorins, as discussed
later in Section II.C.3.)

In this work11 the actual axial and rhombic magnetic susceptibility
anisotropies, ∆χax and ∆χrh, were not reported. However, La Mar and coworkers
returned to cyanometmyoglobin later and determined not only the orientations of
the magnetic susceptibility axes, but also the anisotropies;38 the resulting axial,
∆χax = (2.48 ± 0.30) × 10−8 m3mol−1, and rhombic anisotropy, ∆χrh = −(0.58 ± 0.03) ×
10−8 m3mol−1 were found at 25 °C.38 These values agree well with the theoretical
estimates of Horrocks and Greenberg (∆χax = 2.24 × 10−8 m3mol−1, ∆χrh = −0.60 ×
10−8 m3mol−1).31 (The values calculated from the First Order Zeeman (FOZ) term
only, i.e., the squares of the g-values (Eq. 9), which, for met-MbCN are 3.45, 1.89,
and 0.7239 are as follows: ∆χax = 3.90 × 10−8 m3mol–1, ∆χrh = −1.21 × 10−8 m3mol−1

at 25 °C, both of which are considerably larger than the measured values
(∼30–35% for ∆χax; a factor of two for ∆χrh). Thus as reported previously,30,31

using the g-values may overemphasize both the axial and rhombic anisotropy.)
The axial magnetic anisotropies of ferric cyanide heme complexes are

expected to be larger than those of bis-histidine or His-imidazole complexes,
because the g-values for the latter are not so widely different from each other, as
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in the case of the cyanide complexes, with their large values of gmax, as mentioned
above. For example, the nitrophorin-imidazole complexes, which have g-values
identical to those of cytochromes b5 (3.02, 2.25, 1.46)143 have axial and rhombic
anisotropies calculated therefrom of ∆χax = 2.18 × 10−8 m3mol−1, and ∆χrh = −1.20 ×
10−8 m3mol−1 at 25 °C. Although these values may be larger than would be found
by actual measurement,38 the axial and rhombic magnetic anisotropies are not
much different whether only the FOZ term or the FOZ + SOZ terms are used,
according to Horrocks and Greenberg.30,31 The ∆χrh obtained from the g-values of
[TPPFe(ImH)2]

+, as a function of axial ligand plane angle of the (parallel) imida-
zole ligand planes, was used for the angle plot shown in Figure 11, and thus the
pseudocontact contribution may be somewhat over-estimated, although for bis-
imidazole-coordinated hemins, probably not by much.

In the NMR study of La Mar et al.,38 quantitative determination of the mag-
netic anisotropies as a function of temperature allowed the quantitative separation
of contact and pseudocontact shifts for the iron ligands.38 The heme contact shifts
reflect the expected dominant π spin density at the pyrrole positions, but the meso-
protons were said to exhibit low-field contact shifts indicative of unpaired spin in
a σ orbital. It was felt that such delocalized σ spin density could arise from either
deformation of the heme from planarity or the loss of σ/π separation for the dxz and
dyz orbitals when the major magnetic axis is tilted strongly from the heme normal,
as is experimentally observed.38 The observed anomalous temperature depen-
dences of the heme methyl and axial His ring contact shifts, as well as that of the
rhombic anisotropy, are all consistent with thermal population of the excited
orbital state38 (Section II.C.3).

The use of paramagnetism-based constraints for solution structure refinement
has also been described for a high spin iron(III)-containing protein (metmyoglo-
bin).40 Metmyoglobin is known to have an axial water, and thus this was a study
of a 6-coordinate high-spin ferriheme protein. It was considered a particularly
challenging system due to the unfavorably high ratio between its magnetic sus-
ceptibility and its magnetic anisotropy, coupled with relatively long electron spin
relaxation times.40 The cross-correlation between internuclear dipole–dipole inter-
actions and the time average of the electronic magnetic moment (Curie spin) was
measured for 61 backbone NH nuclear pairs and used as structural constraint.40

The magnetic anisotropy tensor parameters calculated after refinement using the
energy-minimized average structure were found to be ∆χax = −(1.51 ± 0.18) ×
10−8 m3mol−1 and ∆χrh = (1.02 ± 0.18) × 10−8 m3mol−1.40 The average structure has
a backbone RMSD from the X-ray structure of 0.70 Å.40 Thus, the 6-coordinate,
high-spin aqua complex of metmyoglobin is much less anisotropic than the low-
spin cyanide complex discussed above, but with opposite signs of the anisotropies
to those of the cyanide complex.
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Pseudocontact shifts can also be useful in providing structural restraints
in solid-state NMR spectroscopy of microcrystalline proteins that contain para-
magnetic metal ions, and have been used to study the matrix metalloproteinase,
MMP-12, containing cobalt(II).41,42

c. Residual dipolar couplings of proteins for structure determination

The dipole–dipole interaction between magnetic nuclei, the leading term of which
is described in Eq. 11, is actually the basis of the nuclear Overhauser effect
(NOE):

(11)

where the γ values are the magnetogyric ratios for the nuclei i and j, h is Planck’s
constant, r is the distance between the nuclei, θ is the angle between the internu-
clear vector and the applied magnetic field, and the Iz are the spin operators for the
two nuclei. In principle, the interaction would manifest itself as a splitting of NMR
resonances into doublets. When nuclear pairs are directly bonded, as in a 1H–15N
amide pair, for example, the interaction would add to the scalar coupling normally
seen in nondecoupled high-resolution NMR spectra. Variations in scalar cou-
plings due to dipolar effects are not normally observed in high-resolution spectra
because of motional averaging denoted by the brackets in Eq. 11. All motions
occurring on time scales short compared to the reciprocal of the dipolar interac-
tion in Hz (< 10−3 seconds for 1H–15N and r = 1 Å) contribute to the averaging,
including molecular tumbling in solution.

For diamagnetic molecules at moderate field strengths, molecules have little
preference in orientation, the tumbling samples a nearly isotropic distribution, and
the term inside the bracket goes to zero. If, however, a molecule has a preference
in orientation, an average interaction would persist, and the splitting of resonances
would vary from their nominal scalar couplings by an amount that depends on the
angle θ for each N–H bond vector. Actually, most molecules have preferred ori-
entations in the presence of a magnetic field, because most have anisotropic mag-
netic susceptibility tensors, χ. Different orientations result in induced magnetic
moments of different sizes, and the energies of interactions of these moments with
the magnetic field are different. It is clear in Eq. 11 that measurement of residual
dipolar couplings can provide powerful structural constraints through their rela-
tionship to the angle θ and the internuclear distance r. The effects of averaging
simply need to be separated. When many interactions exist within the same mol-
ecule, and they are averaged by the same motions, this separation is possible. The

HDij
i j

zi zj

h

r
I I= -

È

Î
Í

˘

˚
˙ < -È

Î
Í
Í

˘

˚
˙
˙

>
g g

p
q

2

3 1

22 3

2cos
,

29/NMR and EPR Spectroscopy 29

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 29



conditions for structural application are therefore well defined: large anisotropy of
susceptibility, large magnetic field, and numerous interactions, preferably ones
where either r or θ is known.43

In 1995, it was shown by Prestegard and coworkers that the dipolar contribu-
tions to the splitting of 15N resonances of 1H–15N amide pairs in multidimensional
high-field NMR spectra of field-oriented cyanometmyoglobin could be meas-
ured.43 The splittings appeared as small field-dependent perturbations of normal
scalar couplings, usually of the order of up to ±2–3 Hz. The paramagnetic protein
was found to tend to align to a small extent with the magnetic field vector of a
high-field spectrometer, in this first case a 750 MHz NMR spectrometer, so that
the dipolar contributions to the 1H,15N amide couplings were not completely aver-
aged. More than 90 resonances were assigned to specific sequential sites in the
protein. A specially designed two-dimensional HSQC experiment was used to col-
lect data at 750 MHz, from which splittings of the 15N resonance in the indirect
dimension could be measured (coupling-enhanced HSQC). The sequence is based
on a gradient-enhanced water-flip-back-HSQC,44 but incorporates an extra 15N
180° pulse during t1 evolution. The pulse was simultaneous with the usual 180° 1H
pulse, but both were positioned accordion-style to allow pure dipolar splitting evo-
lution for half the period and chemical shift plus dipolar splitting evolution for the
other half the period. This sequence scaled chemical shift dispersion so that a
smaller spectral width and longer evolution time could be used. For the 750 MHz
data set, 200 complex t1 points were collected with a total t2 acquisition time of
182 ms. The total experiment time was 14 hours, with a recycling rate of 0.5 s−1.43

While most variations are small compared to the typical 15N line width, they are
measurably different. Splittings range from 96 to 90 Hz. If scalar couplings alone
were responsible for the splitting, nearly all pairs would be split by 94 ± 1 Hz. The
splittings are also field dependent (∝ B0

2), and thus the dipolar contributions
should increase by a factor of 2.25 in going from 500 to 750 MHz,43 and a addi-
tional factor of 1.44 on going from 750 MHz to currently-available high-field sys-
tems (900 MHz). This field dependence can be exploited to allow separation of the
scalar and dipolar contributions to the observed splitting. The dipolar contribu-
tions could be correlated with predictions based on the known susceptibility and
known structure of the protein. The implication of these residual dipolar couplings
was that they could be used as an additional source of information for protein
structure determination in solution. The same methods have been utilized more
recently for study of methemoglobin45 and a number of other systems.46–50

Since the first report for cyanometmyoglobin,43 a number of ways of increas-
ing the alignment of the paramagnetic molecule with the magnetic field of the
NMR spectrometer have been developed; most of these rely on crowding the mol-
ecules of interest with large substances such as bicelles, phage particles or liquid
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crystals, all of which themselves tend to align with a magnetic field. In many of
these cases no paramagnetic metal is necessary. Residual dipolar couplings of
±10 Hz can be achieved by adjusting the concentration of bicelles in the mixture,
for example, or by changing their axis of alignment by adding a paramagnetic
metal that will bind to the bicelles. In addition, means of attaching a paramagnetic
metal site, usually housing a lanthanide ion with multiple unpaired electrons51,52 or
several lanthanide ions,53 to the protein of interest, have been developed, which
make it possible to apply the technique of partial alignment of any protein with the
strong magnetic field of a high-field NMR spectrometer (750–900 MHz), so that
residual dipolar couplings can be measured and used as an additional kind of
restraint to allow structure determination of larger and larger proteins.54

Applications not only to proteins, but also nucleic acids and carbohydrates are
envisioned,54 and a number of these have already been published.55–78

3. Temperature Dependence of Contact and Pseudocontact Shifts

The temperature dependence of the paramagnetic shifts of paramagnetic com-
plexes in general has often been explained as following the Curie law:2–4,13

(12)

where C is a combination of all the terms present in Eqs. 4 and 9, except in those
cases for which the pseudocontact shift obeys Eq. 10. This is approximately true,
despite the discussion of the pseudocontact shifts of high-spin metalloporphyrins,
which exhibit T−2 dependence (Eq. 10). However, as described previously else-
where,25 in many cases there are excited states that are within 1–3 kT or so of the
ground state, and hence paramagnetic complexes with such a thermally-accessible
excited state do not follow the simple Curie law, but rather an expanded Curie law
that takes into account the excited state:25

(13)

where δn
con is the contact shift of each proton or carbon of interest, F is the Curie

factor that relates the contact shift to the orbital coefficients, T is the absolute tem-
perature, W1 and W2 are the weighting factors for the ground and excited state
orbitals (equal if the spin multiplicities of ground and excited states are the same),
Cn1 and Cn2 are the orbital coefficients for position n in the ground and excited
states (in the ground state the values of Cn1 and Cn2 should be similar to those of
the McConnell equation, ρC, of Eqs. 5 and 6, unless ∆E is small), respectively, ∆E
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is the energy separation between ground and excited states, k is the Boltzmann
constant. Several model ferrihemes and ferriheme proteins,25,79 including a MoV-
appended [(TPP)Fe(NMeIm)2]

+ complex,80 for which one axial ligand is prevented
from rotating by the bulky 2,3-MoV complex, have been analyzed in this manner,
as will be discussed below. The values of ∆E range from very small for nonhin-
dered unsymmetrically-substituted (TPP)FeIII derivatives25 to 160 cm−1 for the
MoV-appended [(TPP)Fe(NMeIm)2]

+ complex,25,80 400–700 cm−1 for cytochrome
b5,

25,81 and 500 cm−1 for Aplysia cyanometmyoglobin.25,82 In these cases ∆E values
represent the difference in energy between the two 3e(π) orbitals (see Figure 2) of
the heme, and hence also the ∆E between the dxz and dyz orbitals of low-spin
iron(III), Figure 1. Another case that has been analyzed in terms of the expanded
Curie law of Eq. 13 involves the so-called spin-admixed S = 3/2–5/2 or 5/2–3/2
states of ferric tetraphenylporphyrin perchlorates, where either the 5/2 or 3/2 state
is the ground state,83 as discussed in Section IV.A.7, and shown in Figure 27.
Therefore, from NMR spectra one not only learns about the electronic ground
state, but also, frequently, the first excited electronic state of the complex. The
temperature-dependence fitting program TDF for Windows, written by Dr. Nikolai
Shokhirev, can be downloaded from the World Wide Web,84 saved in a directory and

32 Walker

Figure 1. Possible lowering of symmetry of the d-orbitals from octahedral symmetry (center)
to either tetragonal or rhombic symmetry. The porphyrin ring itself creates a tetragonal split-
ting, while planar axial ligands and/or macrocycle asymmetry create a rhombic splitting pat-
tern. One of the two patterns on either side of the central octahedral pattern typically occurs
for most metal porphyrinates. Reprinted from Walker, F. A. Coord. Chem. Rev. 1999, 185–186,
471–534 with permission from Elsevier.
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unzipped for use. Assuming that the temperature dependence of the paramagnetic
shifts can be fit by either Eq. 4 + 9 (the Curie law), 4 + 10 (Curie law + 1/T2 term)
or Eq. 13, the system may be considered to be well-behaved, so as to lead to the pos-
sibility of separating the contact and pseudocontact contributions to the paramag-
netic shift. Detailed approaches to this separation will be presented in Section III.B,
after further consideration of the mechanisms of spin delocalization that comprise
the contact term.

B. Nuclear Relaxation and Linewidths

In this section the focus will be on relaxation mechanisms85 that affect only T2, that
is, chemical exchange effects, as well as those that affect both T1 and T2.

1. Chemical Exchange Line Broadening and EXSY Cross Peaks

Line broadening effects on 1D NMR spectra that result from chemical
exchange have been discussed in depth elsewhere.2,4,86,87 Dynamic processes
that can be conveniently monitored are those whose rates are comparable to the
chemical shift differences, νA – νB, in frequency units, between the exchanging
sites A and B.2,4,86,87 Paramagnetism often permits the resolution of magnetically
nonequivalent environments that could not be resolved in a comparable dia-
magnetic system. In addition, since paramagnetism leads to such a large, non-
linear expansion in the chemical shift range, the chemical shift differences
between exchanging environments are likely to be much larger, which permits
the characterization of much faster dynamic processes by line broadening tech-
niques. Two-dimensional NMR techniques based on the NOESY(EXSY) or
ROESY experiments88 permit the measurement of much slower rates of chem-
ical exchange, at temperatures where line broadening is not even apparent. An
example of such a study of a chemical exchange process is the case where the
unsymmetrical axial ligands of [(TMP)Fe(2-MeImH)2]

+ create four pyrrole-H,
four o-CH3, four m-H and two p-CH3 environments that are then connected in
matrices of cross peaks by chemical exchange as the axial 2-methylimidazole
ligands rotate. From the intensity of the cross peaks, the rates of axial ligand
rotation could be measured.89 The rates of axial ligand rotation in the slow
exchange regime could also be measured by saturation transfer90 and by T2

relaxation times,91 the latter technique being useable over the same temperature
range as the older line broadening techniques. Not only the paramagnetic low-
spin iron(III) complexes could be studied by the 2D NMR technique, but also
their diamagnetic cobalt(III) and iron(II) analogs.89,92 This system will be con-
sidered in greater detail in Section IV.A.8.
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2. Proton T1 and T2 Relaxation Times, as Controlled by Electron
Spin Relaxation Times, T1e

All of these relaxation times have important consequences with respect to whether
or not the resonances of interest will be detectable or not.

a. Electron spin relaxation times, T1e or τs

In the case of an example system which has electron spin S = 1/2, the electron spin
relaxation time T1e (sometimes also called τs) must be very short compared to the
inverse of the electron-nuclear hyperfine coupling constant of the nuclei of our
metalloporphyrin complex, T1e ≤ (A/h)−1, and there are additional factors that make
it typically necessary that it be much shorter than that.93 Organic free radicals,
including porphyrin π-cation radicals or their metal complexes, typically have T1es
of 10−5 to 10−7 seconds, which is too long to achieve this averaging, while metal
complexes may have T1es that range from 10−7 to 10−13 seconds.93 Metals that have
the longest T1es include VO2+, Cu2+, Mn2+ and Gd3+,93 and to our knowledge, no pro-
ton NMR spectra (other than those of phenyl ring substituents of TPP derivatives2,4)
of these metalloporphyrins have been reported to date, although the 2H resonances
of CuII porphyrins can be detected by 2H NMR spectroscopy, as discussed in
Section IV.H.1 and shown in Figure 80. Some of these ions have electron configu-
rations that are either d1 or d9, for which there are no low-lying excited states to
which the ground state is connected by spin-orbit coupling (as is the case of low-
spin d5 and d7), and thus long T1es, well-resolved EPR spectra and poorly-resolved
NMR spectra, or else, for S > 1/2 systems such as manganese(II), gadolinium(III),
and to a lesser extent chromium(III) and manganese(IV), the zero-field splitting
constants are small, which leads to long T1es,94 well-resolved EPR spectra and
poorly-resolved NMR spectra; again, 2H NMR spectroscopy of appropriately deu-
terium-labeled complexes makes detection of resonances possible in a number of
cases, as discussed below in Sections IV.E and H.3.

On the other hand, high-spin iron(III) and manganese(III) have large zero-
field splittings94 and give well-resolved NMR spectra. It is sometimes possible to
extend the range of T1es over which resonances can be detected, for example for
chromium(III) porphyrins, by substituting the protons in the complex of interest
with deuterium atoms, which gives a theoretical factor of up to approximately 42
sharpening of the resonances, as discussed in more detail in Section II.D.2.

b. Nuclear spin-lattice relaxation times, T1

The spin-lattice or longitudinal relaxation time of the protons of the metallo-
porphyrin complex under investigation is typically abbreviated T1. T1s are
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typically measured by the Inversion-Recovery experiment, as described in
various textbooks.95–99 T1s must be measured before any 2D NMR experiments
are attempted, and typically in a protein having a paramagnetic metal center
there is a very wide range of proton T1s, from those farthest away and thus
unaffected by the unpaired electron(s) (500 ms − 1 second if the solution has
not been de-gassed with Ar or N2) to shorter than 3 ms for protons bound to the
direct ligands of high-spin iron(III). Although both contact and pseudocontact
relaxation effects may be present, the most common situation is that pseudo-
contact relaxation dominates, especially for nuclei that are not directly con-
nected to the metal through π bonds. Such pseudocontact relaxation results
from dipolar coupling between the electron spin of the metal and the nuclear
spin of the protons of interest within a given molecule, which is not averaged
to zero by rapid rotation of the molecule. Usually, the inverse relaxation times,
or relaxation rates, R1 = T1

−1, are proportional to τc/r
6, where τc is the rotational

correlation time of the molecule. A more detailed look at the dependence of R1

on molecular correlation time, however, shows that the dependence is actually
given by:

(14)

where µ0 is the permeability of free space, gN is the nuclear g-value, µN is the
nuclear Bohr magneton (also symbolized as βN), 〈g〉 is the average electronic g-
value of the metal complex, µB is the electron Bohr magneton (also symbolized as
β in some of the EPR literature), S is the electron spin of the metal complex, r is
the distance between the electron and the nucleus of interest, ωI is the nuclear
Larmor frequency and ωS is the Larmor frequency of the electron.93 Of course,
there may be an added contact contribution to the R1s of Eq. 14, especially for
protons very near the metal.

For high-spin metals with zero-field splittings, it has been shown that although
the exact equation governing T1e differs for the various metal ions being consid-
ered,94 the electron spin relaxation rate for a given metal ion can always be
expressed as:

T1e
−1 ∝ D2f(τc), (15)
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where D is the zero-field splitting constant and τc is the rotational correlation time.
Thus, linewidths (LW) for high-spin metal complexes should be given by:

LW ∝ D−2. (16)

This relationship holds best for FeIII porphyrinates, where linewidths decrease in the
order N3

− > Cl− > Br− > I−.94 Thus, Fajer and coworkers100 and the author’s coworkers101

have used this fact to choose I− as the best anion to produce the sharpest lines for
high-spin FeIII chlorins, oxochlorins and dioxoisobacteriochlorins.

Importantly, in connection with the basic τcr
−6 dependence of R1 is that the res-

onances of protons closest to the metal center typically have the shortest T1s and
thus their connectivities are hardest to detect in 2D NMR experiments. Because τc

depends on solvent viscosity and temperature, changes in any of these factors may
make significant changes in the T1s of the protons, and may thus determine
whether 2D cross peaks may be detected or not.

The excellent resolution of the 1H NMR spectra of dicyanoiron(III) com-
plexes of 2,4-disubstituted deuteroporphyrins was used by La Mar and cowork-
ers to investigate in detail the proton pseudocontact relaxation by delocalized
spin density.102 If only the unpaired electrons on the metal contribute, nuclear
relaxation of protons in low-spin iron(III) porphyrins by T1 and T2 processes
should be given by:

R1 = T1
−1 = 6Kr−6T1e, (17)

(18)

where K = (1/15)γH
2〈g〉2(µB)2S(S + 1).102 This should mean that the T1s of all ring

CH3 should be the same, since r−6 is identical for all ring CH3. However, there is a
marked difference in the T1s of the four methyl groups of natural hemin deriva-
tives that increases as the spread of the methyl resonances increases; the methyl
with the largest paramagnetic shift has the shortest T1.

102 These results were
explained in terms of a sum of metal-centered pseudocontact relaxation and the
pseudocontact relaxation by the delocalized spin density, ρC, in the aromatic car-
bon to which the methyl group is attached, which yields a modification of Eq. 17:

R1 = T1
−1 = 6K[RM

−6 + ρC
2RL

−6]T1e, (19)

where RM is the distance from the metal center to the proton of interest, and RL is the
distance from the aromatic carbon to the proton. The quantity ρC is proportional to
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the observed contact shift, as described by Eqs. 4 and 5. Thus, in line with the pre-
dictions of Eq. 19, a linear relationship was observed between the observed T1

−1

and (δcon)
2. From the intercept, assuming RM = 6.15 Å, T1e was determined to be

1.8 × 10−12 seconds, and independent of the basicity of the porphyrins in these
model compounds.102 The slope of this line indicates that RM

−6 = ρC
2RL

−6 for a con-
tact shift of −19 ppm. Assuming RL ∼1.9 Å, this yields ρC = 0.03. Thus, 0.03 of an
unpaired electron in a carbon p orbital causes paramagnetic pseudocontact relax-
ation of the appended methyl proton of a magnitude comparable to that from the
iron center,102 and pseudocontact relaxation from both ligand-centered and metal-
centered spin density must be considered in analyzing heme methyl T1s, not only
in model complexes, but also in heme proteins.

Ligand-centered pseudocontact relaxation is probably a contributor to the
short T1s of the pyrrole-H of TPP complexes of low-spin iron(III) and the meso-H
of OEP and natural porphyrin complexes of high-spin iron(III), since RL ∼1.08 Å.
This could make the ligand-centered pseudocontact relaxation term 33 times
larger for a pyrrole-H than a pyrrole-CH3 with the same magnitude contact shift.
The difference in T1s observed for low-spin iron(III) complexes of β-pyrrole-
substituted porphyrins such as OEP and the natural porphyrins102 as compared to
those of TPP and other meso-substituted porphyrins are approximately of this
magnitude.3 However, another possible contribution to the short T1s of the pro-
tons of imidazole and pyridine complexes of (TPP)FeIII could be the rapid mod-
ulation of the chemical shifts of the pyrrole-H in complexes where planar axial
ligands rotate synchronously or asynchronously at a rate comparable to the
energy separation of the 3e(π) orbitals.103 This energy separation can be approx-
imated as that between the dxz and dyz orbitals, as calculated from the EPR g-
values (Section IV.A.8.a). This energy separation is of the order of up to
540–800 cm−1, depending on the value chosen for the spin-orbit coupling con-
stant,2,4 (see Section IV.A.8.a). This energy separation translates to a ∆E of up to
1.6–2.4 × 1013 s−1. In comparison, the energy barrier to rotation of nonhindered
imidazoles on (TPP)FeIII has been estimated as 3.3 kJ/mol for synchronous and
5.4 kJ/mol for asynchronous rotation.90 These barriers lead to calculated rate
constants of 1.6 × 1012 s−1 for synchronous rotation and 7.2 × 1011 s−1 for asyn-
chronous rotation of ligands. The fact that the rate constant for synchronous
rotation of axial ligands is within a factor of ten of the energy separation of the
3e(π) orbitals suggests that this mechanism of shortening of the T1 and T2 relax-
ation times is probably very important for low-spin (TPP)FeIII complexes. In
support of this, TPP-related ferriheme complexes that have axial ligands that are
“fixed” in orientation (i.e., that are rotating slowly on the NMR timescale) have
much longer T1s (up to 50 ms)80,103 than do simple, unhindered [(TPP)FeIIIL2]
complexes (9 ms or shorter).104
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c. Nuclear spin–spin relaxation times, T2

When chemical exchange is absent, spin–spin proton or transverse relaxation time
in a paramagnetic metal complex is T2, for which the inverse (R2) is also often pro-
portional to τc/r

6 if pseudocontact relaxation dominates. But the more detailed
dependence on correlation time τc has a different relationship involving nuclear
and electronic Larmor frequencies:

(20)

where all terms have the same definitions as in Eq. 14. Of course, there may be
added to Eq. 20 a contact contribution,93 especially for protons very close to the
metal, and in addition, there may be an additional term, especially for metals
which have multiple unpaired electrons, due to Curie relaxation. This term is
another type of pseudocontact relaxation which is proportional to Bo

2S2(S + 1)2τc/
T2r

6,35 where Bo is the magnetic field, and is thus most noticeable at very high
magnetic fields for large values of S. [It has not been possible to detect it
for low-spin iron(III) porphyrins at 500 MHz.103] Most metalloporphyrins are
not in the extreme narrowing limit at most common NMR frequencies and in
most solvents, and so T2 is usually shorter than T1. For cases in which there is
sizable magnetic anisotropy, linewidths become broader due to this factor,
which shortens the electronic T1e (Section II.B.2.a). Sternlicht first derived the
expression for the nuclear relaxation rate for complexes possessing magnetic
anisotropy:105

(21)

where 〈g〉2 is the square of the average g-value, r is the proton-metal distance,
θ is the angle between the z-axis and the vector r, and all other quantities
have their usual definitions. Thus, if g|| is aligned along the z-axis of the com-
plex, as is usually the case, and only the pyrrole-H, for which θ = 90°, are
considered, the lines will be broadened in proportion to the size of 〈g〉2 + g⊥

2.
This relationship provides an alternate means of accounting for the linewidths
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of the pyrrole-H resonances of [(TPP)FeL2]
+/− complexes for L = CN− as com-

pared to ImH, discussed in the section above (where the g-values are 0.83 and
1.96, respectively, based on the g-values listed in Table 12), but may not
account for the linewidths of low-spin cobalt(II) porphyrins, discussed in
Section IV.C.1.

C. Spin Density and Bonding: Mechanisms of Spin Delocalization

Unpaired electrons of 3d metalloporphyrins of various oxidation and spin states
are expected to be mainly localized either on the metal or on the porphyrin ring.
If the unpaired electron is largely localized on the metal, it is expected to be
located in one or more of the metal d-orbitals, while if it is localized on the por-
phyrin ring, it is expected to be found in either the HOMO (for metalloporphyrin
π-cation radicals, [(P−•)M]+) or the LUMOs (for π-anion radicals, [(P3−•)M]−, or
dianions, [(P4−•)M]2−). For metalloporphyrins in which the unpaired electron is
located in one or more of the d-orbitals, spin delocalization can occur through
either σ or π orbitals. In the latter case, the spin transfer can arise through either
ligand-to-metal (L → M) spin transfer (the usual situation), which involves over-
lap of a filled π orbital with a half-filled dπ orbital, or rarely, by metal-to-ligand
(M → L) spin transfer or “back-bonding”, which involves overlap of an empty π
orbital with a half-filled dπ orbital. Thus, an understanding of the symmetry prop-
erties and relative energies of the metal and porphyrin orbitals will be of value in
understanding the possible mechanisms of spin delocalization to the protons on
the periphery of the porphyrin ring.

1. The Metal Ion

The relative energies of the five d-orbitals are generally expected to be as shown
in one of the sections of Figure 1, although individual variations in these relative
energies are observed and are discussed in Section IV. The relative energies of the
d-orbitals, beginning in the center of Figure 1, of an ideally octahedral complex
(Oh point group) is shown, but it is not expected that the porphyrin will (probably
ever) have the same ligand field as the axial ligands. Therefore, we descend to
tetragonal symmetry by going to the right or the left of the center of the diagram,
to the right if the axial ligands are of stronger field than the porphyrin ring, to the
left if they are of weaker field; typically “stronger field” or “weaker field” is con-
trolled by π-donor and π-acceptor properties of the axial ligands. Strong π-donor
ligands (highly basic pyridines such as 4-dimethylaminopyridine or almost any
imidazole) typically shift the system to the right side tetragonal section of the
diagram, whereas strong π-acceptor ligands (cyanide ion, organic isocyanides,
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low-basicity pyridines) typically shift the system to the left side tetragonal section
of the diagram. Whether the electrons will be paired (low-spin) or unpaired (high-
spin) depends on the splitting between the three lower-energy d-orbitals and the
two higher-energy d-orbitals, which typically depends on the σ-donor strength of
the axial ligands, and/or on whether the coordination number is five rather than
six. Whether the orbitals are further split to rhombic symmetry depends on the
nature of the axial ligands and their orientations (planar, in parallel, but not per-
pendicular planes) and on the electron configuration of the metal.

Metalloporphyrins which have been successfully studied by NMR spectroscopy
are listed in Table 7. For many of these the metal may be either high-spin, in some
cases intermediate-spin, or low-spin. Thus, metalloporphyrins have a rich variety of
potential electron configurations. The valence electrons are almost invariably located
in the 3d orbitals of the metal, except in the relatively rare cases of true π-cation rad-
icals of PFeII(NO), PRuII(CO) or one-electron oxidized cobalt(III) porphyrins or
related macrocycles or of π-cation radicals of bromoiron(III) oxophlorins,106 but
probably not the supposed π-cation radicals of iron(II) complexes of reduced hemes
bound to organic isonitrile ligands,107 which are more likely low-spin iron(III) com-
plexes of the (dxz,dyz)

4(dxy)
1 ground state. In 4-, 5- and 6-coordinate metallopor-

phyrins, the d-orbitals consist of three general symmetry types: (1) The σ-symmetry
orbitals that interact with the porphyrin nitrogens and with axial ligands (strictly
speaking, in the idealized D4h symmetry of 4- and 6-coordinate metalloporphyrins,
these orbitals are of a1 (dz2) and b1 (dx2−y2) symmetry, but in any case, they are engaged
in σ-bonding interactions only); (2) the dπ orbitals, dxz and dyz, which can engage in
π-bonding with filled (the common situation) or empty (uncommon) π-symmetry
orbitals of the porphyrin ring as well as the axial ligands; and (3) the dxy orbital, which
is nonbonding, both in relation to the porphyrin ring and the axial ligands, at least
when the porphyrin ring is planar. However, it becomes capable of π-bonding if the
porphyrin ring is ruffled, as discussed in Section II.C.2, or if the metal is 5-coordinate
and significantly out of the plane of the bonding nitrogens of the porphyrin or other
macrocycle, as discussed in Sections II.C.4 and IV.A.6.b,c.

2. The Porphyrin Ring

Both 4- and 6-coordinate metalloporphyrins have effective D4h symmetry, if the
effects of planar axial ligands and potentially unsymmetrically-placed porphyrin
substituents are neglected. Each porphyrin nitrogen supplies a σ-symmetry lone
pair that points directly toward the porphyrin nitrogens along the x, -x, y and -y
axes, and a single π-symmetry p-orbital that is perpendicular to the plane of the
porphyrin ring, the pz orbital of the bonding nitrogen. Not only does the bonding
nitrogen have an available π-symmetry pz orbital, but so do each of the Cα, Cβ and
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Table 7. Oxidation and spin states of metalloporphyrins for which NMR spectra have been
reported.

Metal Oxidation state Spin state Electron configuration

Cr II S = 2 High-spin (dxy)1(dxz,dyz)2(d z2)1

III S = 3/2 High-spin (dxy)1(dxz,dyz)2

IV S = 0 Diamagnetic (dxy)2

Mn II S = 5/2 High-spin (dxy)1(dxz,dyz)2(d z2)1(dx2–y2)1

III S = 2 High-spin (dxy)1(dxz,dyz)2(d z2)1

S = 1 Low-spin? (dxy)2(dxz,dyz)2

IV S = 3/2 High-spin (dxy)1(dxz,dyz)2

Fe I S = 1/2 Low-spin (dxy)2(dxz,dyz)4(d z2)1

II S = 0 Low-spin (diamagnetic) (dxy)2(dxz, dyz)4

S = 1 Intermediate-spin (dxy)2(dz2)2(dxz, dyz)2

S = 2 High-spin (dxy)2(dxz,dyz)2(dz2)1(dx2–y2)1

III S = 1/2 Low-spin (dxy)2(dxz,dyz)3 or (dxz,dyz)4(dxy)1

S = 3/2 Intermediate spin (dxy)2(dxz,dyz)2(d z2)1

S = 5/2 High-spin (dxy)1(dxz,dyz)2(dz2)1(dx2–y2)1

IV S = 1 Low-spin (dxy)2(dxz,dyz)2

V? S = 3/2? High-spin (dxy)1(dxz,dyz)2?
Ru II S = 0 Diamagnetic (dxy)2(dxz,dyz)4

III S = 1/2 Low-spin (dxz,dyz)4(dyz)1

Co II S = 1/2 Low-spin (dxy)2(dxz,dyz)4(dz2)1

S = 3/2 High-spin (dxy)2(dxz,dyz)3(dz2)1(dx2–y2)1

III S = 0 Diamagnetic (dxy)2(dxz,dyz)4

S = 1 Intermediate-spin (dxy)2(dxy)2(dxz,dyz)2?
Rh II S 0 = 1 /2 Low-spin (dxy)2(dxz,dyz)4(dz2)1

III S = 0 Diamagnetic (dxy)2(dxz,dyz)4

Ir III S = 0 Diamagnetic (dxy)2(dxz,dyz)4

Ni II S = 0 Low-spin (diamagnetic) (dxy)2(dxz,dyz)4(dz2)2

S = 1 High-spin (dxy)2(dxz,dyz)4(dz2)1(dx2–y2)1

Cu II S = 1/2 (dxy)2(dxz,dyz)4(dz2)2(dx2–y2)1

Ag II S = 1/2 (dxy)2(dxz,dyz)4(dz2)2(dx2–y2)1

Ce IV S = 0 Diamagnetic f0

III S = 1/2a f1

La III S = 0 f0

Pr III S = 0a f2

Nd III S = 3/2a f3

Sm III S = 5/2a f5

Eu III S = 3a f6

Gd III S = 7/2a f7

Tb III S = 3a f8

Dy III S = 5/2a f9

Ho III S = 2a f10

Er III S = 3/2a f11

Tm III S = 1a f12

Yb III S = 1/2a f13

Lu III S = 0 f14

aFor the lanthanides, S is not a good quantum number.
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Cm carbons of the porphyrin skeleton. Earlier108–112 and recent workers113–116 have
developed more-or-less sophisticated molecular orbital treatments of the por-
phyrin ring and related macrocycles. In each of these treatments, π molecular
orbitals are constructed based on the symmetry properties of the idealized D4h-
symmetry porphyrin ring. Hückel MO treatments are qualitatively useful if exact
energy separations are not needed.117 A program has been developed which utilizes
the Huckel MO treatment and allows visualization of the molecular orbitals of the
porphyrin and related macrocycles, and is available on the Web.118 The 24 pz

orbitals of the porphine macrocycle are thus combined to produce 24 molecular
orbitals (2 a1u, 4 a2u, 3 b1u, 3 b2u, and 6 eg sets), 13 of which are filled by the 26 pz

electrons of the 24 atoms of the porphyrin nucleus. Although the theories differ in
detail, all agree that the frontier and near-frontier orbitals are, in order of increas-
ing energy, 3e(π) < 1a1u(π) ∼ 3a2u(π) < 4e(π*), using the notation of Longuet-
Higgins, et al.108 The 3e(π), 1a1u(π) and 3a2u(π) orbitals are filled, while the 4e(π*)
orbitals are empty. All theories agree further that the latter are the LUMOs of the
porphyrin ring, while the HOMO(s) may be either 1a1u(π), 3a2u(π), or the dxy or dπ
orbitals, depending on the oxidation state of the metal, the porphyrin and degree
of reduction of the macrocycle (chlorins and isobacteriochlorins), substituents119

and the axial ligand(s) present. The symmetry properties and electron distributions
predicted are shown in Figure 2, left and right, which have been calculated using
the program MPorphW.118 The two pictures show the electron density distributions
observed if the nodal planes of the π-symmetry orbitals are placed along the por-
phyrin nitrogens, as usually shown (Figure 2, left), or along the meso positions, an
equivalently correct representation (Figure 2, right). As will be shown below, the
orbitals of Figure 2 left, are similar to those of the chlorin ring, while those of
Figure 2 right, are similar to those of most other macrocycles.

There is at least one case where the metal dxy orbital of a d1 metalloporphyrin
lies lower in energy than the highest-energy filled porphyrin orbital, and thus gives
rise to a non-Aufbau filling of the orbitals. This is the case of the VIV=O porphyrin
complexes of both OEP and TPP, as well as the phthalocyanine complex (Pc).120 The
EPR spectra of these complexes are indeed those of the (dxy)

1 metal-based electron
configuration,121,122 yet one-electron oxidation removes an electron from the por-
phyrin ligand rather than from the b2(dxy) orbital,123 and one-electron reduction
places an electron into an empty porphyrin-based orbital rather than with the single
electron in the b2 (dxy) orbital.124 Similar behavior has been observed for oxoiron(IV)
porphyrinates.125 These observations have been interpreted in the past to mean that
the valence porphyrin orbitals are very close in energy to the metal-based orbitals.

To determine the relative energies and nature of the positive ion states of
VO(OEP) in the gas phase, the valence photoelectron spectra of this and related
porphyrin and phthalocyanine molecules have been collected.120 The photoelectron
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spectra show that the lowest energy ionization of VO(OEP) and of vanadyl phthalo-
cyanine, VO(Pc), in the gas phase is from a filled ligand-based orbital, as found
for the oxidation of VO(OEP) in condensed phases.123 The photoelectron spectra
also show the unusual result that ionization from the singly occupied metal d

29/NMR and EPR Spectroscopy 43

Figure 2. Frontier molecular orbitals of the porphyrin ring, including the mainly metal
dπ–e(π) combination orbitals that are usually the HOMOs and/or SOMOs of a metallopor-
phyrin. Two equivalent representations of the orbitals are shown, with nodes through the nitro-
gens (left) or the meso positions (right). In practice, when axial ligands are also bound to the
metal, nodes could be placed at any arbitrary angle in between these two, as long as the
nodes of the two orbitals are at right angles to each other. The actual positions of the nodes
will depend upon the orientation of planar axial ligand(s).8 The relative sizes of the circles at
each atom represent the relative orbital electron density coefficients, Ci

2, which should be
closely related to spin density coefficients, ρC. Calculated using the program MPorphW.118
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orbital of these molecules requires considerably more energy (at least 1 eV) than
ionization from the 3a2u(π) and 1a1u(π) doubly occupied porphyrin orbitals, and
that the energies associated with high-spin stabilization are extremely small. These
observations imply a non-Aufbau occupation of the molecular orbitals. Electronic
structure calculations indicate that this non-Aufbau behavior is strongly favored
by the electron–electron repulsion energies, regardless of electron relaxation ener-
gies with ionization, correlation energies, exchange energies, or other contribu-
tions. The large energy associated with this non-Aufbau behavior of vanadyl
porphyrins suggests that such behavior may be important in the chemistry of other
metalloporphyrins, certainly those of the +4 state for first-row transition metals,
and the fundamental basis for this behavior may have important implications for
the most stable states of other molecules.120

In spite of the non-Aufbau filling of the orbitals of vanadium(IV)120 and
iron(IV)125 porphyrins, for the vast majority of cases of first-row transition metals
in the +2 and +3 oxidation states the dxy and dπ orbitals are believed to lie at sim-
ilar or perhaps higher energy than the porphyrin or related macrocycle HOMO,
and thus the dπ-e(π) combined orbital set has been included in Figure 2, just above
the 1a1u(π) and 3a2u(π) orbitals, in addition to the 3e(π) porphyrin-only orbitals,
which are lower in energy than 1a1u(π) and 3a2u(π). The dπ-e(π) set of Figure 2 are
approximately 75% metal in character, and the orbital coefficients depicted are
very similar in ratio to those of the porphyrin-based 3e(π) orbitals.

For electronic absorption spectra, excitations from 1a1u(π) and 3a2u(π) to 4e(π*)
give rise to the so-called α, β and Soret bands in the visible spectra109–112 while exci-
tations from 1a1u(π) and 3a2u(π) to dπ-e(π) give rise to the near infrared charge trans-
fer transitions that have been studied for heme models and proteins by MCD
spectroscopy.126,127 Porphyrin π-cation radicals [H2P

•]+, or their metal(II)-bound
counterparts, [MIIP−•]+ have either a2u(π) or a1u(π) unpaired electrons, depending on
whether they do or do not have meso substituents, respectively,128 although this can
change with the oxidation state and coordination number of the metal and other fac-
tors.128 However, although either the 1a1u(π) or 3a2u(π) orbital is typically the
HOMO of the porphyrin ring itself (excluding the largely metal-based dπ-e(π)
orbitals), neither of these orbitals have the proper symmetry to overlap with the dπ

orbitals of the metal if the porphyrin ring is planar. In this case, only the 3e(π),
which are lower in energy than either 1a1u(π) or 3a2u(π), and can form the depicted
dπ–e(π) hybrids, and the 4e(π*) orbitals, which are higher in energy than either
1a1u(π) or 3a2u(π), have the proper symmetry for overlap with the metal dπ orbitals.
The 4e(π*) orbitals were earlier believed to interact strongly with the dπ orbitals in
5-coordinate FeII, FeIII and NiII porphyrin complexes.2–7 However, as will be shown
later in Sections II.C.3 and IV.A.4.a(i), there is no longer any evidence that the
4e(π*) orbitals are involved in spin delocalization in any of the metalloporphyrin
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complexes to be discussed, even though they have proper symmetry to interact with
the dπ orbitals via M → P π bonding. Since the 3e(π) orbitals are filled, the type of
overlap interaction that can occur between them and the metal dπ orbitals is P → M
(or, more generally, L → M) π bonding. Clearly, the only way in which this type of
bonding interaction can lead to spin delocalization from metal to porphyrin π sys-
tem is if the metal dπ orbitals are partially, but not completely, filled. Thus, spin
delocalization via interaction between the filled 3e(π) orbitals and the metal dπ

orbitals can occur only if the metal electron configuration is (dxz,dyz).
1–3

In cases where the porphyrin ring is strongly ruffled, the pz orbitals of the por-
phyrin nitrogens are twisted away from the normal to the mean porphyrin plane,
and thus have components of the pz orbitals of the nitrogens that lie in the mean (xy)
plane of the macrocycle. These components of the “twisted” pz orbitals have the
proper symmetry to interact with the metal dxy orbital, as shown in Figures 3129 and
4c,130 and an interaction such as that shown presumes that the energies of the metal
and interacting porphyrin orbitals are quite similar, unlike the case for the vanadyl
porphyrin discussed above. Consistent with this presumption, while VIV=O por-
phyrins have no distortion of the porphyrin ring other than a slight doming that
places the metal somewhat above the plane of the four nitrogens in the direction
of the oxo group, low-spin FeIII porphyrins having two π-acceptor axial ligands
such as t-BuNC, are strongly ruffled, even though the axial ligands are small. The
porphyrin orbital that has proper symmetry to interact with the metal dxy orbital in
this case is the 3a2u(π) orbital,129 Figure 2. (Such a porphyrin-metal dxy-a2u(π) com-
bined orbital has not been depicted in Figure 2, but it would presumably lie above
the dπ-e(π) set of the left or right sides of Figure 1, respectively.)
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Figure 3. Possible interactions of the dxy orbital with the porphyrin nitrogens in the case of
strong S4 ruffling. The remaining nitrogen pz projections have proper symmetry to allow delo-
calization via the a2u(π) porphyrin orbital. Modified from Safo, M. K.; Walker, F. A.;
Raitsimring, A. M.; Walters, W. P.; Dolata, D. P.; Debrunner, P. G.; Scheidt, W. R. J. Am. Chem.
Soc. 1994, 116, 7760–7770, with permission from the American Chemical Society.
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A ruffled conformation of a metalloporphyrin also allows an additional nontra-
ditional interaction between a metal d-orbital and a porphyrin π orbital: In a ruffled
conformation the dx2−y2 orbital can interact with the porphyrin 1a1u(π) orbital; these
interactions are shown in Figure 4d. As a result of such a ruffled conformation, a
metalloporphyrin with an unpaired electron in the dxy orbital would be expected to
have spin delocalization to the porphyrin 3a2u(π) orbital, while one with an
unpaired electron in the dx2−y2 orbital would be expected to have spin delocalization
to the porphyrin 1a1u(π) orbital. Conversely, if a metalloporphyrin is highly sad-
dled, the interactions of these two orbitals with the two aforementioned π orbitals
is reversed; in this case, as shown in Figure 4a, when the porphyrin is saddled, the
dxy orbital has proper symmetry to interact with the 1a1u(π) orbital, and delocaliza-
tion from dxy to 1a1u is allowed, while as shown in Figure 4b, the dx2−y2 orbital has
proper symmetry to interact with the 3a2u(π) orbital and delocalization from dx2−y2 to
3a2u(π) is allowed. The dxy-1a1u(π) interaction is clearly important in the case of the
bis-t-BuNC complex of OETPPFeIII discussed in Section IV.A.8.c.

If the unpaired electron is mainly localized in a porphyrin π-symmetry orbital,
rather than in a metal d-orbital, as would be the case for PFeII π-cation radicals,
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Figure 4. Molecular orbitals based on spin-restricted calculations which depict the bonding
interactions between (a) dxy and 1a1u(π) and (b) dx2–y2 and 3a2u(π) for saddled porphyrins, and
the bonding interactions between (c) dxy and 3a2u(π ) and (d) dx2−y2 and 1a1u(π) for ruffled por-
phyrins. The corresponding orbital contributions and the effective orbital overlap in space are
also shown under each molecular orbital. Reprinted from Cheng, R.-J.; Wang, Y.-K.; Chen,
P.-Y.; Han, Y.-P.; Chang, C.-C. Chem. Commun. 2005, 1312–1314, with permission of the
Royal Society of Chemistry.

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 46



then the system is described as a metalloporphyrin π-cation or -anion radical. The
electron configuration of π-cation radicals, [MII(P−•)]+, is typically either (1a1u)

1 or
(3a2u)

1, since one or the other of these orbitals is typically the HOMO of the por-
phyrin π system. In the case of the (3a2u)

1 π-cation radical, confusion can arise as
to whether the electron is mainly porphyrin-based or mainly metal-based with a
half-filled dxy orbital. (Simple Hückel MO theory, assuming a flat porphyrin ring,
is not able to show this interaction.) Both NMR and EPR spectroscopy are useful
for differentiating between these two, for the NMR spectra of porphyrin-based
radicals usually have very large spin density at the meso-carbons, and EPR spec-
tra of porphyrin-based radicals are extremely sharp (unless the metal has unpaired
d-electrons, as for [FeIV=O P−•] Compound I centers discussed in Section IV.A.13),
with both g|| and g⊥ being slightly greater than 2.0 and ranging from 2.001 to
2.003, while for metal-based low-spin d5 configuration (dxz,dyz)

4(dxy)
1 ground state

systems g|| is less than 2.0 while g⊥ is greater than about 2.2 in most cases,131 as
discussed further in Section IV.A.8.c (see, however, Ref. 132). π-Anion radicals
typically have the electron configuration (4e)1, and dianions (4e)2, and again have
g-values ranging from 2.001 to 2.003.

In the case of chlorins (dihydroporphyrins), Structure 4, the chemical reduc-
tion of one pyrrole ring reduces the symmetry of the molecule, and thus removes
the degeneracy of the 3e(π) and 4e(π*) orbitals. Hückel molecular orbital cal-
culations118,133 predict the electron density pattern and nodal properties shown in
Figure 5 for the corresponding chlorin π orbitals. An important feature of these
modified orbitals is the fact that the former 1a1u(π) orbital, in the chlorin case of
Figure 5 denoted A−1, has the proper symmetry at the nitrogens of rings II
and IV to allow overlap with a dπ orbital, dxz in the coordinate system shown.133

This has important consequences for the pattern of spin delocalization observed
for both high- and low-spin iron(III) complexes of chlorins, discussed in
Sections IV.A.6.c and IV.A.8.i, respectively. Similar modifications of the electron
density distribution and symmetry properties of the A,B-tetrahydroporphyrins,
better known as isobacteriochlorins, Structure 5, and dioxoisobacteriochlorins
related to heme d1,

22 Structure 6, are also expected. The electron density pattern
and nodal properties of the corresponding orbitals of isobacteriochlorins calcu-
lated with the program MPorphW,118 are shown in Figure 6. In each case of
lower than four-fold symmetry, the orbitals are labeled A (antisymmetric with
respect to the two-fold axis) or S (symmetric with respect to the twofold axis),
and are numbered 1, −1 and −2, depending on whether they are empty, highest
filled or next-highest filled, respectively. The dπ-e(π) type orbitals are labeled
d–A−2 and d–S−2 in each MO diagram. However, the electron density pattern for
the bacteriochlorins, which have trans-saturated pyrrole rings, and their rela-
tives, the trans-dioxobacteriochlorins, both of which have a 2-fold rotation axis
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Figure 5. Frontier molecular orbitals of the chlorin ring, including the mainly metal dπ–e(π)
combination orbitals that are usually the HOMOs and/or SOMOs of a metalloporphyrin. The
relative sizes of the circles at each atom represent the relative orbital electron density coeffi-
cients, Ci

2, which should be closely related to spin density coefficients, ρC. Calculated using
the program MPorphW.118
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Figure 6. Frontier molecular orbitals of the isobacteriochlorin ring, including the mainly
metal dπ–e(π) combination orbitals that are usually the HOMOs and/or SOMOs of a metallo-
porphyrin. The relative sizes of the circles at each atom represent the relative orbital electron
density coefficients, Ci

2, which should be closely related to spin density coefficients, ρC.
Calculated using the program MPorphW.118
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perpendicular to the plane of the macrocycle, have higher symmetry, and do not
show the mixing of the 1a1u(π) and dxz orbital.

The corrole ring system (Structure 7) is closely related to the porphyrins,
and they also have frontier orbitals corresponding to those of the above-
mentioned ring systems. These orbitals of the corrole ring, calculated with
the program MPorphW,118 are shown in Figure 7, where it is interesting to
note that the energies of the S−1 and d-S−2 and d-A−2 orbitals are inverted.
Perhaps this helps to explain the ease of removal of one π electron from the
corrole ring, which will be discussed in Section IV for the Fe, Co, Ni, Mn and
Cu corroles.

3. The Effect of Axial Ligand Plane Orientation on the Combined
Contact and Pseudocontact Shifts of Low-Spin Ferriheme Proteins
and Synthetic Hemins with Hindered Axial Ligand Rotation

Low-spin ferriheme complexes with the electron configuration (dxy)
2(dxz,dyz)

3, or
any other system which has one or two unpaired electrons in the dπ orbitals, and
also has one or two axial ligands with a π-symmetry lone pair of electrons that
can act as a π-donor to the metal (in addition to the σ-symmetry lone pair), may
be able to control the electron density distribution at the heme β- and meso-
carbons. This should be evident from the two sets of molecular orbitals for the
porphyrin ring shown in Figures 2A and B, where the p-orbitals in the center of
Figure 2A are shown with their nodal planes along the N–Fe–N axes of the por-
phyrin at 90° angles to each other, while the p-orbitals in the center of Figure 2B
are shown with their nodal planes along the Cmeso–Cmeso positions, also at 90°
angles to each other for the two orbitals. These p-orbitals in fact represent the π-
symmetry lone pair of electrons provided by a ligand, and the implication is that
a π-donor ligand can determine the orientation of the nodal plane of the half-
filled metal dπ orbital, and consequently, the particular 3e(π) orbital of the por-
phyrin used for porphyrin → metal π donation and hence spin delocalization to
the porphyrin ring. As also stated in the caption of Figure 2, nodes could be
placed at any arbitrary angle in between these two, as long as the nodes of the
two orbitals are at right angles to each other. The actual positions of the nodes
will depend on the orientation of planar axial ligand(s).8 The relative sizes of the
circles at each atom represent the relative orbital electron density coefficients,
Ci

2, which should be closely related to the relative spin density coefficients, ρC,
and thus the contact shift at each atom, discussed in Section II.A.1, Eqs. 3–6. For
a system having the x- and y-axes of the heme oriented as shown in Figure 8, the
dependence of the contact shift on the orientation of the nodal plane of the axial
ligand should change as shown in Figure 9.
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Figure 7. Frontier molecular orbitals of the corrole ring, including the mainly metal dπ–e(π)
combination orbitals that are usually the HOMOs and/or SOMOs of a metalloporphyrin. The
relative sizes of the circles at each atom represent the relative orbital electron density coeffi-
cients, Ci

2, which should be closely related to spin density coefficients, ρC. Note that although
there is no line connecting the directly-bonded pyrrole rings, the calculations were done
assuming a bond. Calculated using the program MPorphW.118
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Figure 8. Heme ring with definition of axes (right-hand coordinate system) and axial ligand
rotation angle, γ0, and position of the magnetic axis χxx if counterrotation by an angle γ takes
place. If the axial ligand plane is aligned along the x axis of the heme group, as shown, then
the expectation is that the minimum magnetic susceptibility tensor component, χxx, will be
aligned coincident with the axial ligand plane, along the molecular x axis. As the ligand
rotates counterclockwise, χxx rotates in a clockwise direction in the majority of cases.
Reprinted from Shokhirev, N. V.; Walker, F. A. J. Am. Chem. Soc. 1998, 120, 981–990, with
permission from the American Chemical Society.

It has also been shown that as the angle of the nodal plane of the axial ligand
rotates, the angle of the χxx and χyy tensors (as well as gxx and gyy) should change
in the opposite direction, as shown in Figure 8, according to the principle of the
counter-rotation of the g(χ)-tensor.134 In ESEEM (Electron Spin Echo Envelope
Modulation) spectroscopic studies of certain model ferriheme complexes it
became clear that while the orientation of gzz is the same for all complexes stud-
ied (pyrazole,135 3-aminopyrazole,136 4-dimethylaminopyridine137 and imidazole137

complexes of model hemes, and the histamine complex of the heme protein
nitrophorin 1,138 as well as the imidazole complex of iron(III) octaethylchlorin139),
the orientations of gxx and gyy differ in a manner that suggests that as the axial
ligands rotate counterclockwise by an angle γ0 from being eclipsed with the
porphyrinate nitrogens, gxx and gyy rotate clockwise by an angle γ = −γ0, as dia-
grammed in Figure 8. It was also possible to demonstrate theoretically that this
should be the case for most ferriheme systems.140 Hence, when the (parallel) axial
ligands lie over the porphyrin nitrogens, their nodal planes are aligned along gxx,
while when they lie over the porphyrin meso positions, their nodal planes are
aligned along gyy. This finding has considerable importance for NMR studies of
ferriheme proteins, and counter-rotation of the g-tensor with rotation of axial ligands
away from the porphyrin nitrogen axes can now be expected to occur in almost all
cases.7,137 Therefore, the dependence of the pseudocontact shift on the orientation
of the nodal plane of the axial ligand should change as shown in Figure 10, where
the magnetic anisotropy has been calculated from the g-values, Eq. 9. As can be
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seen, for the imidazole-coordinated hemes whose contact and pseudocontact shift
data were used in these calculations,8 the contact shift is by for the most important
at the β-pyrrole positions, while the pseudocontact shift is most important at the
meso positions.

29/NMR and EPR Spectroscopy 53

Figure 9. Plot of the dependence of the contact shifts of a symmetrical hemin on the orien-
tation of a planar axial ligand (or two parallel axial ligands). Pictures of the spin density dis-
tribution for key angles (0°, 45°, 60°) are shown in the inserts. The plot is general, as if for
octamethylhemin; in reality, the two α-protons of the 6,7 positions of naturally occurring
hemins will have different contact shifts, because of the particular dihedral angle of each of
the α-CH2 protons of the propionates, and the 2,4-positions of protohemin will have different
contact shifts, because of the presence of vinyl groups. The 2,6-positions of the symmetrical
hemin are represented by a dashed line. • β-alkyl positions 1 and 5; � β-alkyl positions 2 and
6; º β-alkyl positions 3 and 7; � β-alkyl positions 4 and 8; » α and γ meso-H; + β and δ meso-
H. Reprinted from Shokhirev, N. V.; Walker, F. A. J. Biol. Inorg. Chem. 1998, 3, 581–594, with
permission from Elsevier Publishing Company.
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The combination of the contact and pseudocontact contributions to the para-
magnetic shift as a function of the angle of the axial ligand, γ, Figure 8 is as
shown in Figure 11, when allowance is made for the substituent effect of the
vinyl groups (which shifts the 1-Me and 3-Me to somewhat less positive chemi-
cal shifts than otherwise expected).8 This angular dependence has been found to
apply to a large number of ferriheme proteins,8,141–150 as well as to the mono-
MoIV=O-substituted derivative of [TPPFe(NMeIm)2]

+ (Figure 14) and a number
of other model heme systems. A program is available on the internet that calcu-
lates the relative heme methyl shifts.151 Other similar methods, which emphasize
only the contact interaction, have also been developed,152–154 but have been used
only in equation form. A variation of this angle plot, for high-spin iron(III)
porphyrins,141 shown in Figure 60 below, which is 90° shifted from that shown in
Figure 11, and is also available.151 The reasons for the 90° shift are discussed in
Section IV.A.10.a(i).
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Figure 10. Plot of the dependence of the dipolar (pseudocontact) shift on the orientation of
a planar axial ligand (or two parallel axial ligands). Again, the plot is general, as if for
octamethylhemin. Counter-rotation of the in-plane g-tensor with rotation of the axial ligands
was assumed.88 • β-alkyl positions 1 and 5; � β-alkyl positions 2 and 6; � β-alkyl positions
3 and 7; � β-alkyl positions 4 and 8; � α and γ meso-H; + β and γ meso-H. The 2,6 positions
are represented by a dashed line. Reprinted from Shokhirev, N. V.; Walker, F. A. J. Biol. Inorg.
Chem. 1998, 3, 581–594, with permission from Elsevier Publishing Company.
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4. Mechanisms of Spin Delocalization through Chemical Bonds,
and Strategies for Separation of Contact and Pseudocontact Shifts

In Section II.A.1, it was mentioned that the McConnell Eqs. 5 and 6 and the oppo-
site sign of Q for spin density in π and σ carbon orbitals make it possible for spin
delocalization through the σ and π systems to be differentiated. Thus, all para-
magnetic shifts of protons that are connected to the unpaired electron only by σ
bonds should be in the same direction, whether the proton is directly attached to a
conjugated π system or is separated by one or more saturated C–C bonds. On the
other hand, if π delocalization mechanisms are involved, the same theory predicts
that the sign of the contact shift of the proton bound to the carbon atom that is part
of the π system will be opposite to that of a proton that is separated by a saturated
C–C bond (Section I.A.1). Thus, π spin delocalization is characterized by a rever-
sal in the sign of the paramagnetic shift when a proton that is directly attached to
a carbon which is part of a π system is replaced by an aliphatic group such as –CH3

or –CH2–. Therefore, by judicious choice of model hemes, such as those shown in
Structure 2, with R2 – R18 = H and R5 – R20 = phenyl or alkyl, as contrasted
to Structure 3, with R2 – R18 = alkyl and R5 – R20 = H, it has been possible to
assign the mechanism of spin delocalization to the β-pyrrole and meso positions
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Figure 11. Relative chemical shifts of the heme methyls vs. ligand plane angle or effective
ligand plane angle if two planar ligands are present, as calculated for low-spin ferrihemes.
Reprinted from Shokhireva, T. Kh.; Smith, K. M.; Berry, R. E.; Shokhirev, N. V.; Balfour, C.;
Zhang, H.; Walker, F. A. Inorg. Chem. 2007, 46, 170–178, with permission from the American
Chemical Society.
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of the porphyrin ring for a number of oxidation and spin states of a number of
metalloporphyrins.2,4

Some generalizations can be made as to the relative importance of the con-
tact and pseudocontact contributions by analysis of the pattern of paramagnetic
shifts for a newly-discovered spin or oxidation state of a metalloporphyrin. For
example, if the sign of the paramagnetic shift reverses when protons directly
bound to the aromatic carbons of the macrocycle or the axial ligands are replaced
by methyl or other alkyl groups, then it may be assumed that the π contact con-
tribution dominates the paramagnetic shift at that position. If so, then the nodal
properties of the porphyrin or axial ligand π orbital involved may allow one to
evaluate the residual pseudocontact contribution to the paramagnetic shift. For
example, in low-spin iron(III) porphyrins having a (dxy)

2(dxz,dyz)
3 ground state,

the paramagnetic shifts at the β-pyrrole positions (Structure 3, R2 – R18) reverse
in sign when −H is replaced by −CH2CH3, while those at the meso positions
(Structure 2, R5 – R20) are small and shifted to lower shielding for both −H
and −CH2R. Thus, it was concluded that the contact contribution results from π-
symmetry spin delocalization which involves the 3e(π) orbitals of the porphyrin,
since these orbitals have nodes at the meso (R5 – R20) positions, while the 4e(π*)
orbitals have much larger coefficients for the wave functions of the meso carbons
than for those of the β-pyrrole carbons,108 as shown in Figure 2. Thus, any
observed paramagnetic shifts of meso substituents were assumed to be caused by
the pseudocontact contribution. In tetraphenylporphyrin complexes such as
[(TPP)Fe(NMeIm)2]

+, the phenyl ortho-, meta- and para-H paramagnetic shifts
were found to be directly proportional to the calculated geometric factors for
those protons. Thus, scaling the ortho- or meta-H paramagnetic shifts by the ratio
of the axial geometric factors for those protons to the axial geometric factor for
the β-pyrrole protons allowed estimation of the axial pseudocontact contribution
to the paramagnetic shift of the β-pyrrole protons.2,4 The same procedure was
found to be less successfully applicable to other axial ligand complexes of
(TPP)FeIII, as will be discussed in Section IV.A.8, because alternation in the sign
of the meso-phenyl-H paramagnetic shifts (o-, p-H of opposite sign to m-H) indi-
cated the existence of significant π contact contribution to the paramagnetic shifts
of those protons, in the order imidazoles < cyanide < pyridines.2,4 Such alternation
in sign (for low-spin iron(III) porphyrins) is now usually taken as an indication
of the (dxz,dyz)

4(dxy)
1 ground state, with significant delocalization that involve the

3a2u(π) orbital, as is the case for [(TPP)Fe(t-BuNC)2]
+.155

Whenever the dx2−y2 orbital is half occupied it has been found that there is a
large σ contact contribution to the paramagnetic shifts of the β-pyrrole protons;
this provides a major difference in the pattern of spin delocalization of high-spin
iron(III) (d5) and manganese(III) (d4) porphyrins.2,4 Such a σ contact contribution
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can be readily recognized by its attenuation as aliphatic carbons are inserted
between the porphyrin ring and the protons. The presence of large σ spin density
at the pyrrole positions does not rule out the possibility of large π spin density
at the meso positions, if the dπ orbitals of a 6-coordinate high-spin metal center
contain at least one unpaired electron, or if the metal is 5-coordinate and located
out of the mean plane of the porphyrin, in which case an unpaired electron in the
dz2 orbital can directly overlap with the porphyrin 3a2u(π) orbital to allow large
π spin delocalization to the meso carbons (see Section IV.A.4.a(i));156 high-spin
iron(II) and -(III) and nickel(II) porphyrins exhibit such a pattern of contact
shifts, plus a much smaller pseudocontact shift term in the case of the iron com-
plexes that is readily separable from the contact contribution because it varies
according to 1/T2,2,4 Eq. 10. It should be noted that this dz2–3a2u(π) interaction for
5-coordinate high-spin d6 and d5 iron porphyrins now replaces the earlier expla-
nation of π spin density at the meso-carbons of 5-coordinate metalloporphyrins
with a half-filled dz2 orbital, that of mixing of the filled 3e(π) orbitals with the
empty 4e(π*) orbitals, so that there is currently no need to invoke the participa-
tion of the 4e(π*) orbitals in spin delocalization in these systems.156 Comparison
of 5- and 6-coordinate high-spin iron(III) porphyrins and related macrocycles
indicates a large σ spin density at the meso as well as β-pyrrole positions of
the 6-coordinate complexes, but σ spin density only at the β-pyrrole, but π spin
density at the meso positions for 5-coordinate complexes, as discussed in
Section IV.A.6.b,c.

Cases for which the pseudocontact contribution dominates the paramagnetic
shifts are readily recognized by the direct proportionality of the paramagnetic
shifts to the geometric factors of the protons of interest. Several examples of this
situation are the paramagnetic shifts of the phenyl protons of [(TPP)Fe(R-Im)2]

+

complexes, as discussed in Section IV.A.8.b, the π-cation radicals of iron(III) por-
phyrins, as discussed in Section IV.A.11, and of cobalt(II) porphyrins, as discussed
in Section IV.C.1.

D. Methods of Assignment of the 1H NMR Spectra of Paramagnetic
Metalloporphyrins

1. Substitution of H by CH3 or Other Substituent

The original assignment of pyrrole-H, meso-H, o-, m-, and p-phenyl-H of
symmetrically-substituted model hemes was made by this method,2,4 and it
needs no further elaboration. Balch and Renner157 used it to assign the phenyl
resonances of the ferryl porphyrin complexes, [(TPP)FeIV=O], discussed in
Section IV.A.13, and the author’s group used it for assigning and interpreting
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the nature of the β-pyrrole and meso resonance shifts of iron(III) corrolate
π-cation radicals.114,158,159

2. Deuteration of Specific Groups

Methods have been developed by Smith, Goff, Dolphin, Strauss, and others, for
specifically deuterating certain positions of both naturally-occurring and synthetic
porphyrins or metalloporphyrins, as summarized in detail previously.3 Although
2H NMR investigation of deuterium-labeled diacetyldeuterohemin incorporated
into sperm whale myoglobin was reported early,160 Goff and coworkers161–164 and,
more recently, Balch and coworkers,165 have repeatedly demonstrated the utility of
2H NMR spectroscopy for assignment, and indeed, detection of resonances in
model hemes. As pointed out, the linewidths of 2H resonances, in Hz, could be nar-
rowed by as much as (γD/γH)2; that is, to 1/42 the line widths of the 1H signals,161

although experimentally, the pyrrole-H and pyrrole-D linewidths of [(TPP)FeCl]
differ by only a factor of 10 (280 Hz and 28 Hz, respectively). The o-D of [(d20-
TPP)FeCl] are much sharper than the o-H of [(TPP)FeCl], and the m-D occur as a
singlet, due to averaging of the two m-D environments of this 5-coordinate com-
plex on the shorter time scale (lower frequency) of deuterium NMR.161 Godziela
and Goff utilized the increased sharpness of 2H resonances to detect the pyrrole-D
resonance of [(pyrrole-d8-TPP)CuII] (1150 Hz wide at half-height) and meso-D
resonance of [(d4-OEP)CuII] which are totally undetectable in the protonated
analogs,164 and Li and Goff utilized this increased sharpness of 2H resonances of
the −CD3 and −C2D5 groups, and wider spectral bandwidth (in terms of ppm avail-
able for 2H to detect the α-D of iron(III) alkyl complexes,163 which were previ-
ously undetected.166 Karlin and coworkers have used pyrrole-deuterated TPP
derivatives to good advantage to assign the pyrrole resonances of their cytochrome
c oxidase models, as discussed in Section IV.A.4.a(iii). Chromium(III) porphyrins,
whose 1H resonances are very poorly resolved,94 show well-resolved 2H resonances
for the pyrrole-D (−16.7 ppm at 24 °C) and phenoxide-D of [(TPP)Cr(OPh)],165 as
shown in Figure 12.

Specifically methyl-deuterated hemins were employed by La Mar, Smith and
coworkers167–169 to assign the methyl resonances of model hemes and heme pro-
teins, and the author’s group have used them to assign the heme methyl resonances
of nitrophorins 1 and 4.143,170 Strauss and coworkers171 and Balch et al.165 have used
both 1H and 2H NMR spectroscopy in a complementary fashion to show that the
signals that disappear from the 1H spectrum upon deuteration are the only ones
that appear in the 2H spectrum. In many cases it is now possible to use 2D 1H
NMR techniques to carry out these assignments, if T1 and T2 relaxation times are
long enough, as discussed in Section II.D.5.
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3. 2D 13C Natural Abundance HMQC Spectra and Specific
or Complete 13C Labeling of Protohemin for the Assignment
of Heme Resonances in Proteins

A method that can be used by all researchers who have access to an inverse het-
eronuclear broadband or 13C (1H detect) probe is the 1H{13C}-HMQC experiment.
This allows correlation of the 13C and 1H chemical shifts of heme substituents
and is especially useful for paramagnetic heme proteins, where some heme reso-
nances are invariably buried under the protein resonance envelope,141–146,172–179

but the author’s group has also used it to investigate the chloroiron(III) corrolate
π-radicals, [FeIIICl(Corr)2−•],159 which are neutrally-charged species, as discussed
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Figure 12. 46.0 MHz 2H NMR spectra of (A) [(d8-TPP)CrIII(OPh)(THF)] and (B) [(d8-
TPP)CrIII(OPh-d5)(THF)] in THF solution at 24 °C, with chemical shift scale in ppm. Resonance
assignments: pyrr, pyrrole deuterons; o, m, p = ortho, meta, para deuterons of the phenoxy
ligand. Reprinted from Balch, A. L.; Latos-Graz.yński, L.; Noll, B. C.; Olmstead, M. M.;
Zovinka, E. P. Inorg. Chem. 1992, 31, 1148–1151, with permission from the American
Chemical Society.
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further in Section IV.A.11.e. Turner has used this method to aid the assignment of
heme proteins since 1995,173–179 and it is particularly useful for the bis-histidine
bound tetra-heme cytochromes c3.

173,179 We have also found these spectra to be very
helpful in identifying and confirming the 1H chemical shifts of heme and nearby
protein substituents whose resonances may or may not be resolved outside the pro-
tein resonance envelope. By using the information obtained from the HMQC spectra
the author’s group has been able to assign most, if not all, of the heme substituent
resonances of the axial ligand complexes of the nitrophorins,141–145 and an example
spectrum is shown in Figure 64. These heme resonances are fairly easy to assign
because of their unique 1H,13C shifts. Model heme complexes have also been
assigned with the aid of 1H{13C}-HMQC spectra,228 as shown below in Figure 15.
The unique shifts are a result of a combination of the contact, pseudocontact and
diamagnetic contributions to the chemical shifts of both nuclei,172 which shift these
cross peaks well outside the normal ranges observed for the two nuclei in diamag-
netic compounds, and thus make them easy to recognize and assign.

To observe these 1H,13C cross peaks in the HMQC spectrum of a low-spin
Fe(III) heme protein requires at least a 1 mM concentration (2 mM is preferable)
of ferriheme protein at 13C natural abundance, and requires an approximate 24-
hour experiment time. Any modern NMR spectrometer equipped with an inverse
(1H observe) 13C or broadband probe can be used, and 500 MHz as the 1H Larmor
frequency is certainly sufficient for all systems that have been investigated thus
far. All of the 1H{13C}-HMQC spectra presented in the author’s group papers have
been recorded at 500 MHz. Since inverse 13C or inverse broadband probes are
common on modern spectrometers, the use of this experiment is strongly recom-
mended to find the heme 1H resonances which are obscured by the protein reso-
nances, and to then look for these resonances in the WEFT-NOESY spectra of the
proteins, to permit complete assignment of the heme resonances. Protein side
chains that are close to the heme iron, especially the histidine ligand β-CH2 and α-
CH cross peaks, as well as methyl-, methylene- and aromatic-containing side
chains of amino acids that are within ∼4 Å of Fe also have unusual 1H,13C chem-
ical shifts because of the pseudocontact interaction, and can then be followed in
the NOESY spectra to assign the side chains of those amino acids.

Another method for assigning heme resonances that relies on correlations to
the 13C chemical shifts of the heme has been used by Rivera and coworkers to pre-
pare specifically 13C-labeled heme precursors, δ-aminolevulinic acid molecules
labeled at one of the four carbons of that molecule.180 The first committed pre-
cursor in the biosynthetic pathway to heme and other tetrapyrrole synthesis is
δ-aminolevulinic acid (ALA), as shown in Figure 13.181 Condensation of two mol-
ecules of ALA results in porphobilinogen (PBG), the building block of tetrapyr-
role synthesis, Figure 13.182 Subsequently, four molecules of PBG are initially
condensed head-to-tail to form the hydroxymethyl bilane (HMB) intermediate.
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This intermediate is cyclized to uroporphyrinogen III (uro’gen III) with rearrange-
ment of ring D, as shown in Figure 13. The next step on the route to heme is the
decarboxylation of the four acetate groups in uro’gen III by a single enzyme, uro-
porphyrinogen decarboxylase, to produce coproporphyrinogen III (copro’gen III,
Figure 13). This step is followed by oxidative decarboxylation of propionates in
pyrrole rings A and B of copro’gen III to give protoporphyrinogen IX. These
decarboxylations are again carried out by a single enzyme, copro’gen oxidase, and
involve the removal of six hydrogen atoms, one from each of the meso positions
and two from nitrogen atoms. The last step in the biosynthesis of heme is the inser-
tion of Fe2+ into the macrocycle by the enzyme ferrochelatase, which is not
included in Figure 13. The many details of porphyrin biosynthesis can be found in
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Figure 13. Schematic representation of the heme biosynthetic pathway in which δ-aminole-
vulinic acid is the first committed precursor. The introduction of iron into protoporphyrin IX,
which is catalyzed by ferrochelatase, is not shown in the scheme. When [3-13C]-δ-ALA is used
as heme precursor, heme labeled at positions denoted by � in structure A is obtained. When
[1,2-13C]-δ-ALA is used as heme precursor, heme labeled at positions denoted by º in struc-
ture B is obtained. Reprinted from Rodriguez-Marañón, M. J.; Qiu, F.; Stark, R. E.; White, S. P.;
Zhang, X.; Foundling, S. I.; Rodriguez, V.; Schilling, III, C. L.; Bunce, R. A.; Rivera, M.
Biochemistry 1996, 35, 16378–16390, with permission from the American Chemical Society.

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 61



the reviews cited here181–184 and in references therein, which describe the careful
and elegant work carried out in the course of approximately two decades that led
to the elucidation of the biosynthesis of heme, chlorophylls and vitamin B12. It has
been found that the expression of the genes for several heme proteins in E. coli
leads to the induction of heme synthesis, and that if the desired 13C-labeled δ-
aminolevulinic acid is provided in the bacterial growth medium, the heme will be
labeled180,185 at the positions shown in Figure 13 for 1,2-186 as compared to 3-13C-
labeled ALA.180 Usually it is necessary to use minimal media to insure that the
bacteria will not synthesize their own (unlabeled) ALA.185 Totally labeled 13C-
ALA is commercially available, and has been used to label all carbons of proto-
hemin in proteins.186 3-13C-labeled ALA is also commercially available
(Cambridge Isotope Laboratories for both). Methods for synthesis of the 13C
labeled isomers of δ-aminolevulinic acid that are not available commercially have
been developed,187 and thus specifically 13C-labeled hemes can be synthesized and
used for NMR investigations. Specific 1H/13C/13C experiments have been devel-
oped,188,189 and used to completely assign the 13C heme resonances of rat outer
mitochondrial membrane (OM) cytochrome b5.

190 It is also very useful for assign-
ing particular heme resonances, as shown in a very readable article in Inorganic
Chemistry,191 where the meso-carbon resonances of high-spin wild-type sperm
whale-Mb (known to be 6-coordinate with a water bound to the sixth position of
iron(III)), and its H64V mutant (known to be a 5-coordinate complex), were used
to illustrate how specifically 13C-labeled hemins can be used to assign the meso-
carbon chemical shifts, and thus the coordination number of the high-spin heme.
This methodology was then used to determine that a recently-discovered ferri-
heme protein from Shigella dysenteriae (ShuT) is 5-coordinate.191

4. Saturation Transfer NMR Experiments

Wüthrich and coworkers used these methods in 1980 to assign the heme reso-
nances of ferricytochrome b5 which was in chemical exchange with ferrocy-
tochrome b5, the heme resonances of which had been assigned by NOE
techniques.192 However, for hemes and metalloporphyrins in general outside the
proteins, it was earlier thought that electron exchange may be sufficiently rapid so
that in many cases separate resonances from the reduced and oxidized metal states
of the complexes are not observed.193–196 We have not found this to be generally
true for model hemes at proton frequencies of 300 MHz or higher for either elec-
tron exchange or ligand exchange. We have thus used saturation transfer to assign
resonances of the high-spin complexes of both model hemes and heme proteins,
for which the low-spin resonances have been assigned by mainly 2D NMR tech-
niques.115,141–146 In the case of other types of chemical exchange, for example,
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ligand exchange197,198 or ligand rotation,90 saturation transfer provides an effective
means of assigning proton resonances of groups that are interchanged by means of
the chemical exchange process, and also of estimating the rates of the process
(with a cautionary note about possible contributions from spin diffusion).90

The most common current presentation of saturation transfer spectra is as dif-
ference spectra, called by some STD spectra, where an off-resonance saturation
control spectrum is subtracted from each of the on-resonance saturation transfer
spectra to give a large negative-pointing peak for each high-spin resonance which
is irradiated, and a small negative-pointing peak for the low-spin resonance to
which it is linked by saturation transfer, as shown in Figure 36 for assignment of
part of the resonances of trans-OECFeCl, and Figure 59 for assignment of the
heme resonances of high-spin NP2.

5. NOE Difference Spectroscopy

La Mar and coworkers19,199–203 have used this technique extensively to assign the
resonances of the heme group in ferriheme proteins; it is much more easily applied
to large molecules, such as proteins, than to small, such as model hemes, since the
large size of the proteins insures that the NOE will be negative. On the other hand,
for model hemes in liquids of low viscosity, the rotational correlation time, τc, is
in the intermediate motion limit,203 such that the predicted steady-state NOE
enhancement, though negative at low temperatures (−70 °C or lower in CDCl3 or
CD2Cl2), is small. This was earlier thought to be the reason that steady-state NOEs
were sometimes not observed for model hemes,203 although Barbush and Dixon204

showed that the dicyanoiron(III) complex of protohemin gave small NOEs (1%
negative) in DMSO-d6 at 30 °C. Thus, the more serious limitation is that para-
magnetic relaxation undermines the NOE.205 However, if paramagnetic relaxation
is independent of motion, as has been found to be the case, then it is possible to
recover the NOE by slowing down the rate of molecular reorientation for both
low-spin iron(III)206 and high-spin iron(III) complexes.133 Few model hemes are
soluble in highly viscous solvents other than ethylene glycol or supercooled
DMSO, and this may limit the application of NOE difference spectroscopy to
model hemes. However, we have found that in general, at room temperature in
CD2Cl2 or CDCl3, positive steady-state NOEs of metalloporphyrins can be readily
detected by NOE difference spectroscopy,115,207 which is more successful than
NOESY experiments, which depend on transient NOEs. At temperatures of
−70 °C and below, negative steady-state NOEs of metalloporphyrins of the size of
metal TPPs in these same solvents can be readily detected by NOE difference
spectroscopy.115,159,204 The case of a MoV-appended (TPP)FeIII bis-N-methylimidazole
complex, where two NOEs were detected at −58 °C in CD2Cl2,

80 is discussed in
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the next Section II.D.6, and shown in Figure 17b; however, this is very close to
the temperature where the sign of the NOE changes from positive to negative,
which makes the NOEs very weak.

6. Two-Dimensional NMR Techniques

In addition to the natural-abundance 1H{13C}-HMQC experiment discussed earlier
in Section II.D.3, both 1H-1H scalar couplings and through-space NOEs can be
detected for paramagnetic complexes under favorable circumstances. In terms of
scalar-coupled systems, COSY (homonuclear correlation spectroscopy),203,208–214

TOCSY (Total Correlation SpectroscopY, the rotating frame analog of COSY),
HETCOR (heteronuclear correlation spectroscopy),215,216 HMQC (heteronuclear
multiple quantum correlation)141–145,159,172–179 and HMBC217 (heteronuclear multiple
bond correlation) spectra of paramagnetic iron porphyrins have been reported. The
success of these experiments is strongly limited by the short T2 relaxation times of
most paramagnetic complexes. For bis-N-methylimidazole complexes of iron(III)
tetraphenylporphyrins, typical T2s of the pyrrole-H are 8–9 ms,209 or shorter,104

while for dicyano and monocyano, monoimidazole complexes of β-pyrrole sub-
stituted iron(III) porphyrins, T2s are usually much longer (T2s for the ring CH3s of
(cyano)(imidazole)protohemin IX are 36–40 ms, and those of the meso-H are
21–32 ms),218 as discussed in Section II.B.2.b. Short T2 relaxation times can lead
to significant cancellation of the antiphase components when J is small, and may
prevent detection of cross-peak intensity.219 However, on the positive side, the fact
that T2s are short for paramagnetic complexes means that the experiments can be
run much faster than for diamagnetic compounds, since it makes no sense to
acquire data over more than about 1.5–2T2. In fact, if the acquisition time in t2 is
much longer than 2 × (longest T2), significant cross peak intensity is lost.209

Because of the need to keep the acquisition time, At, short, of necessity the
digital resolution of 2D NMR experiments for paramagnetic compounds
decreases, since At = N/F, where N is the total number of real data points in the t2

dimension and F is the spectral bandwidth. Likewise, acquiring many blank data
blocks in the t1 dimension only adds to the total experiment time, so the number
of t1 blocks typically acquired for model hemes with very short T2s may be 256,
128 or even 64, yielding even poorer digital resolution in the t1 dimension.
However, this is often not a problem because of the large dispersion of the signals
of many paramagnetic complexes. The apparent digital resolution can be improved
by zero-filling one or more times in either or both dimensions. DQF-COSY exper-
iments often give better resolution than magnitude COSY experiments.212 An
example of a magnitude COSY spectrum, that of [(OEOP)FeIII(CN)2],

220 is shown
in Figure 14.
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There have been reported fewer examples of heteronuclear correlation spectra
of paramagnetic iron porphyrins, but the 13C–1H heteronuclear correlation
(HETCOR) map of dicyanoprotohemin IX has been reported,221 as has that of
Geleorhinus japonicus (shark) metcyanomyoglobin.215 Timkovich has reported the
relayed 1H{13C} scalar correlation spectrum (HMQC) and the long-range 1H–13C
scalar correlation (heteronuclear multiple-bond correlation, or HMBC) spectrum
of dicyanoprotohemin IX,216 Banci et al. have reported the 1H{13C} HMQC spec-
tra of the bis-(imidazole) complex of protohemin IX, as well as metmyoglobin
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Figure 14. (A) 1H NMR 1D and (B) M-COSY spectrum of [(OEOP)FeIII(CN)2] in CDCl3 at
20 °C. Reprinted from Gregson, A. K. Inorg. Chem. 1981, 20, 81–87, with permission from
the American Chemical Society.
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cyanide and ferricytochrome b5,
222 and Latos-Grażyński and coworkers223 have

reported the 1H{13C} HMQC spectrum of a monopyrrole substituted TPP deriva-
tive, [(2-Cl-TPP)Fe(CN)2]

−. Part of the 2D map of the latter complex is shown in
Figure 15. As mentioned above in Section II.D.3, the natural-abundance 1H{13C}-
HMQC experiment is very helpful in the assignment of heme resonances within
proteins, although only low-spin ferriheme proteins can be studied. Skidmore and
Simonis have shown that the HMBC correlations of the α-C and β-H of an unsym-
metrically phenyl-substituted derivative of [(TPP)Fe(NMeIm)2]

+ could be
observed, despite the short T1s and T2s of the protons.217

2D Spectra using the NOESY/EXSY (Nuclear Overhauser enhancement and
chemical Exchange SpectroscopY) and ROESY (Rotating frame Overhauser and
chemical Exchange SpectroscopY) techniques can also be valuable in obtaining
dynamic and three-dimensional structural information concerning model hemes.
The observation of NOESY cross peaks depends on the mixing time, τm, being of
the order of the T1 relaxation times of the protons between which an NOE is
expected.104 Since the T1s of protons of paramagnetic iron porphyrins can be
8–9 ms or shorter, and decrease as the temperature is lowered104,224 (in comparison,
T1s of ring CH3s of dicyanoprotohemin IX are in the range of 150–190 ms102), it
is important to find experimental conditions that will maximize the lengths of the
T1s. Degassing the sample with argon can lengthen the T1s by 1–3 ms,104 which
can make the difference between an unsuccessful and a successful experiment in
some cases. Latos-Grażyński and coworkers223 have used a combination of COSY
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Figure 15. The pyrrole region of the 300MHz 1H-13C HMQC spectrum of [(2-Cl- TPP)FeIII(CN)2]−

in methanol-d4 at 294 K. Reprinted from Wojaczynski, J.; Latos-Graz.yński, L.; Hrycyk, W.;
Pacholska, E.; Rachlewicz, K.; Sz. terenberg, L. Inorg. Chem. 1996, 35, 6861–6872, with
permission from the American Chemical Society.
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and NOESY spectra to assign the pyrrole-H resonances of [(2-Br-TPP)Fe(CN)2]
−,

as demonstrated in Figure 16. The author’s research group has used NOESY spectra
acquired at several (low) temperatures to measure the rate constants for chemical
exchange due to axial ligand rotation89 and to investigate the three-dimensional
structure (at −74 °C) of [(TMP)Fe(2MeImH)2]

+ in CD2Cl2.
104 Chemical exchange

is evidenced by cross peaks between all protons of a given type whose magnetic
environments are interchanged by the chemical exchange process,89 as is dis-
cussed further in Section IV.A.8.l, whereas at very low temperatures, only the true
NOE cross peaks are observed.104 From the rotating frame NOE cross peaks of the

29/NMR and EPR Spectroscopy 67

Figure 16. 2D 1H NMR spectra of [(2-Br-TPP)FeIII(CN)2]− in methanol-d4 at 293 K. The upper
box presents the COSY map of the pyrrole region, while the lower one shows a fragment of
the NOESY spectrum with cross-peaks derived from contacts of o-phenyl and pyrrole protons.
These contacts are indicated by solid arrows in the molecular scheme. Dashed arrows corre-
spond to COSY cross- peaks. Two ortho protons on each phenyl ring are equivalent. Reprinted
from Wojaczynski, J.; Latos-Graz.yński, L.; Hrycyk, W.; Pacholska, E.; Rachlewicz, K.;
Szterenberg, L. Inorg. Chem. 1996, 35, 6861–6872, with permission from the American
Chemical Society.
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ROESY spectrum, the low-temperature, three-dimensional structure of the com-
plex was deduced,225 as discussed in Section IV.A.8.b(iii). In another example, a
combination of chemical exchange and NOE cross peaks are observed for mono-
o-phenyl substituted derivatives of [(TPP)Fe(NMeIm)2]

+ due to hindered rotation
of one of the axial ligands.226

Mixed success appears to have been experienced with rotating frame experi-
ments using paramagnetic complexes. TOCSY spectra of [(OETPP)Fe(NMeIm)2]

+

have readily been obtained;214 here the T1s and T2s of the α-CH2 protons of the
ethyl groups are much longer than those of the pyrrole-H of the TPP derivatives.
ROESY spectra provide an excellent method for distinguishing cross peaks result-
ing from NOEs (ROEs) and chemical exchange in model hemes.225,227 However, in
one case cross peaks observed in the NOESY experiment were not seen in the
ROESY map.227 A combination of COSY and NOE difference spectra, together
with proton T1s, were utilized to totally assign the pyrrole-H resonances of an
unsymmetrically substituted low-spin iron(III) porphyrin having a bulky oxo-
molybdenum(V) substituent bound to the 2,3-phenyl positions of one phenyl ring,
as shown in Figure 17 for [((2,3-MoOL)TTP)Fe(NMeIm)2]

+.80 Scalar couplings
between resonances 2,6 and 4,8 are seen in the COSY spectrum, Figure 18, left
panel. NOE difference spectra showed that peaks 2 and 4 were in close proximity,
Figure 18, right panel. These assignments for the long-T1 and -T2 protons led to
two possible assignments of peaks 2, 4, 6 and 8; peaks 1, 3, 5 and 7, however,
could be unambiguously assigned to protons h, a, g and b, respectively, on the
basis of their short T1s and T2s, leading to the two possible assignments of the eight
pyrrole-H resonances shown in Figure 18. Since the sharper half of the pyrrole-H
resonances observed are correlated either by scalar or by pseudocontact coupling,
it is clear that the observed eight pyrrole-H resonances must arise from a single
molecular species and not from multiple species with different structures; the
broader half of the resonances arise from the four pyrrole-H that are closest to the
Mo(V) center.

Earlier COSY and NOESY studies of other unsymmetrically substituted
derivatives of [(TPP)Fe(NMeIm)2]

+ which showed the existence of two sets of
COSY cross peaks and two different sets of NOESY cross peaks that appeared to
allow the complete assignment of the four pyrrole-H resonances observed for
these complexes211 was later shown not to have any NOESY cross peaks, when
phase-sensitive NOESY experiments were utilized,103 and it was also shown in the
latter work that the short T1s of the protons (9 ms) for the distance over which the
NOE would have to be transferred from one pyrrole ring to the adjacent one
(5.4 Å) precludes detection of NOESY cross peaks for these complexes,103 as well
as for [(TMP)Fe(2MeImH)2]

+, where T1s are much longer (35 ms). (The steady-
state NOE difference spectra used for the Mo-appended (TPP)FeIII complex of
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Figure 17, right panel80 can detect much smaller NOEs than can the NOESY
experiment, where transient NOEs are measured.) The magnitude NOESY exper-
iments utilized in the earlier work produced cross peaks that were consistent with
the expected shape of the π orbital utilized for spin delocalization,211 but probably
resulted from overlap of ridges in the magnitude NOESY spectra.

III. Spectral Analysis

A. Resolution and Assignment

The facility with which well-resolved 1H (and 13C) NMR spectra of paramagnetic
metalloporphyrins can be obtained depends completely on the nature of the metal
ion and its oxidation and spin states. Narrow lines are observed under the condi-
tion T1e ≤ (A/h)−1 (see Section II.B.2.a), and in fact, T1e ≤ τc.

2,4 As mentioned
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Figure 17. Left: 500MHz COSY map of the pyrrole-H region of [((2,3-MoOL)TTP)
FeIII(NMeIm)2]+ at 300 K. Note the cross peaks between resonances 2 and 6 and resonances 4
and 8, which indicate in each case that the pair of pyrrole protons are scalar coupled and are
therefore in the same pyrrole ring. Reprinted from supplementary Figure S3 from Basu, P.;
Shokhirev, N. V.; Enemark, J. H.; Walker, F. A. J. Am. Chem. Soc. 1995, 117, 9042–9055.
Right: 500MHz NOE difference spectrum for [(2,3-MoL)TTP)(NMeIm)2]Cl in CD2Cl2 at 215 K,
showing the peak irradiated and the NOE observed. Reprinted from Basu, P.; Shokhirev, N. V.;
Enemark, J. H.; Walker, F. A. J. Am. Chem. Soc. 1995, 117, 9042–9055, with permission from
the American Chemical Society.
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Figure 18. (a) Structure, (b) 500 MHz 1D spectrum of the pyrrole protons of [((2,3-
MoOL)TTP)FeIII(NMeIm)2]+ at 296 K in CD2Cl2. Peak numbering increases in order from lower
to higher shielding. This is, not coincidentally, the order of increasing contact shifts of the pyr-
role protons. (c) Two possible assignments of the pyrrole resonances of [((2,3-
MoOL)TTP)Fe(NMeIm)2]+. Part A shows the assignment most consistent with the isotropic
shifts of the protons Hc, Hd, He and Hf. Reprinted from Basu, P.; Shokhirev, N. V.; Enemark,
J. H.; Walker, F. A. J. Am. Chem. Soc. 1995, 117, 9042–9055, with permission from the
American Chemical Society.
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above, VO2+, Cu2+, Mn2+ and Gd3+ do not satisfy this condition and have few if any
resolved resonances for any of their complexes. Cu2+, with T1e values > 10−9 sec-
onds, comes the closest to violating this rule, especially in cases where it forms
dimeric complexes,228 but there are no reports of the 1H NMR spectra of copper(II)
porphyrins. However, as mentioned above, Godziela and Goff have observed the
pyrrole-D resonance of [(d8-TPP)Cu], as well as the deuterium resonances of [(d20-
OEP)Cu] and the silver(II) analog.164 The 1150-Hz linewidth of the 2H signal from
the pyrrole-D resonance of [(d8-TPP)Cu] (see Figure 80) would predict a
linewidth of up to 48.3 kHz for the corresponding 1H resonance of the protonated
analog, which explains the fact that no such 1H resonance has been detected.
Chromium(III) porphyrins, with T1e values > 5 × 10−10 seconds, give extremely
broad 1H spectra, but much better resolved 2H spectra,165 as shown in Figure 12.
The linewidth of the 2H resonance of the pyrrole-deuterons is about 125 Hz, which
represents a major decrease over the greater than 3 kHz (undetectable) linewidth
of the 1H resonance of (TPP)CrCl,94 and the difference between detectable and
nondetectable signals. 1H linewidths of up to 250–300 Hz are observed for high-
spin iron(III) and manganese(III) porphyrins, but the larger range of shifts for the
iron(III) porphyrins make it much easier to assign the spectra than for the man-
ganese(III) analogs.

Most probably one of the simplest low-spin iron(III) porphyrin proton NMR
spectra is that of [(TPP)Fe(NMeIm)2]

+, shown in Figure 19. All resonances are
well-resolved at 300 MHz, much better so than the original 100 MHz spectrum of
the same complex shown in Figure 4 of Ref. 2. In comparison, the spectrum of the
[(mono-m-nitro, tris-m-fluoro-TPP)Fe(NMeIm)2]

+ complex, Figure 20a, shows
four inequivalent pyrrole-H resonances and several kinds of phenyl resonances,
yet is fairly easy to assign, except for an ambiguity in the assignment of the
pyrrole-H resonances in the separate pyrrole rings; COSY spectra allow the pairs
of resonances within a given pyrrole ring to be assigned, but the relationship of the
two pyrrole rings to each other has not been determined, despite earlier belief
to the contrary.211 Using predictions of the shape of the π orbital used for spin
delocalization, the ambiguity can be reduced to twofold, as was done for the
[(2,3-MoOL)(TPP)Fe(NMeIm)2]

+ complex80 shown in Figure 18.
Yet another unsymmetrically-substituted low-spin (TPP)FeIII derivative is that

demonstrated by the mono-β-pyrrole-substituted complexes prepared and studied
by Latos-Grażyński and coworkers.223 In these cases there are seven unique β-
pyrrole resonances, whose chemical shifts change with the nature of the substituent,
as shown for a series of substituents in Figure 41. Even a single deuterium sub-
stituent lifts the degeneracy of the pyrrole-H resonances, as demonstrated in the
inset of Figure 41. By comparison of Figures 20 and 21 the wide range of spreads
of the pyrrole-H resonances are seen, yet their basic relatedness to the simple
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spectrum of [(TPP)Fe(NMeIm)2]
+, Figure 20, is evident. Similar relatedness in

the face of increased complexity can be observed between the 1H NMR spectrum
of [(OEP)Fe(NMeIm)2]

+ and an unsymmetrical derivative of this complex,
[(E6A2P)Fe(NMeIm)2]

+, where E = ethyl and A = diethylcarboxamide,210 Figure 22.
Natural porphyrin complexes of low-spin iron(III) have been studied for many
years. A classic example of these spectra is shown in Figure 22, where the methyl
regions of a series of 2,4-disubstituted deuteroporphyrinatoiron(III) bis-(cyanide)
complexes168 are shown.

1H NMR spectra of high-spin iron(III) complexes of [(TPP)FeCl] and
[(OEP)FeCl] in CDCl3 and DMSO-d6 are shown in Figure 23. As is evident, the
pyrrole-H and pyrrole-CH2 chemical shifts of the two porphyrinates have the same
signs but the magnitude of the CH2 shift is much smaller. The change in solvent
from CDCl3 to DMSO-d6 does not greatly affect the chemical shifts of the pyrrole
position resonances, but the meso-H resonance shifts approximately 100 ppm to
higher frequency in the coordinating solvent. This will be considered in greater
detail in Sections IV.A.6.a and IV.A.6.b.
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Figure 19. 300 MHz 1D NMR spectrum of [(TPP)FeIII(NMeIm)2]+ recorded in CD2Cl2 at
−45 °C. S = solvent, L = free ligand. (T. K. Shokhireva, unpublished work.)
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Similarly to chromium(III) porphyrins, d3 manganese(IV) porphyrins have
quite broad 1H resonances, which are much better resolved as the deuterium-
substituted analogs, when observed by 2H NMR spectroscopy. As is shown in
Figure 24, the pyrrole-D resonance of the TMP complex of oxomanganese(IV) is
more than twice as broad as that of the corresponding complex of chloroman-
ganese(III).229 However, the observed pyrrole-D shifts are relatively similar, as
will be discussed further in Sections IV.E.2 and IV.E.7, because of the major

29/NMR and EPR Spectroscopy 73

Figure 20. (a) 300MHz 1D NMR spectrum of [((m-NO2)1(m-F)3TPP)FeIII(NMeIm)2]+ recorded
in CD2Cl2 at 290 K. S = solvent, L = free ligand. Note the two N-Me signals from ligands coor-
dinated on the same and opposite sides to the m-NO2. The coordinated ligand 2-H is also
broadened by this inequivalence. (T. K. Shokhireva, unpublished work.) b) 300 MHz 1D
1H NMR spectrum of [(2-CN-TPPFeIII(CN)2]− in methanol-d4 at 293 K. Reprinted from
Wojacz.yński, J.; Latos-Graz.yński, L.; Hrycyk, W.; Pacholska, E.; Rachlewicz, K.; Szterenberg, L.
Inorg. Chem. 1996, 35, 6861–6872, with permission from the American Chemical Society.
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Figure 21. (a) 300 MHz 1D 1H NMR spectrum of [(OEP)FeIII(NMeIm)2]+ in CD2Cl2 at −45 °C.
S = solvent, L = free ligand. (T. K. Shokhireva, unpublished work.) (b) 300 MHz 1D 1H NMR
spectrum of [(E6A2P)FeIII(NMeIm)2]+ in CD2Cl2 at −45 °C. The broad peaks marked HS are due
to the presence of a small amount of the high-spin complex, [(E6A2P)FeCl]. Modified from
Isaac, M. F.; Simonis, U.; Lin, Q.; Suffian, D. J.;Wilson, D. L.; Walker, F. A. Inorg. Chem. 1993,
32, 4030–4041, with permission from the American Chemical Society. 

importance of π delocalization involving the two dπ unpaired electrons present in
both oxidation states.

Even though most cobalt(II) porphyrins are low-spin and have rather broad 1H
resonances with relatively small shifts that are largely pseudocontact in origin
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(paramagnetic shifts of up to +19 ppm for the meso-H of the OEP complex at
35 °C), the 1H NMR spectra of the chlorocobalt(II) N-methylporphyrin complexes
of TPP and OEP,230 shown in Figure 25, are those of high-spin cobalt(II) centers,
and are quite a bit sharper. The lower symmetry of the N-methylporphyrin ligand
creates many more resonances for each complex.

B. Analysis of Shifts

Both contact and pseudocontact shifts vary in their relative and absolute contribu-
tions to the paramagnetic shifts of the protons on the periphery of the porphyrin
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Figure 22. 1H NMR spectra of the methyl regions of [(2,4-R2deuteroporphyrin)FeIII(CN)2]– in
methanol-d4 at 25 °C for R = ethyl, hydrogen, vinyl, bromine and acetyl. The methyls were
assigned by 2H substitution. Reprinted from La Mar, G. N.; Viscio, D. B.; Smith, K. M.;
Caughey, W. S.; Smith, M. L. J. Am. Chem. Soc. 1978, 100, 8085–8092, with permission from
the American Chemical Society.
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and axial ligands, depending on the electron configuration and magnetic
anisotropy of the metal ion involved. Some knowledge of the magnetic properties
and possible electron configurations of the particular system is required in order
to begin the process of separating these two terms. Usually it is desired to gain
insight into the contact contribution to the paramagnetic shifts, in order to deter-
mine what orbital or orbitals is/are used for spin delocalization. In order to do this
the pseudocontact contribution to the paramagnetic shifts must be determined and
subtracted. The approaches employed depend on the type of magnetic data avail-
able. For many electron configurations and spin states, EPR data are available to
determine whether or not there is magnetic anisotropy or zero-field splitting that
could give rise to a pseudocontact shift. Crystallographic data are available for a
number of metalloporphyrins that allow calculation of the axial geometric factors,
(3cos2θ–1)/r3, which are part of Eqs. 9 and 10. These axial geometric factors can
then be used in one of three ways to separate out the pseudocontact contribution
to the paramagnetic shift: (1) analysis of curvature in the Curie plot, (2) empirical
methods that rely on a comparison of predicted and computed relative pseudo-
contact shifts, and (3) use of EPR g-values with Eq. 9. The rhombic geometric fac-
tors may be needed in some cases, but in general the rhombic contribution to the
pseudocontact shift averages to zero for metalloporphyrins in homogeneous solu-
tion, where any nonhindered axial ligands are rotating extremely rapidly. The
same is definitely not true of heme proteins, where axial ligands are usually fixed
in position, often by hydrogen-bonds and crowding of protein side chains.
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Figure 23. Left: 300 MHz 1D 1H NMR spectrum of HS [(OEP)FeCl] in CD2Cl2, and right:
DMSO-d6 at 294 K. (T. K. Shokhireva, unpublished work.)
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1. Curvature in the Curie Plot over the Temperature Range
of the Measurement

When one begins a study of a paramagnetic metalloporphyrin it is important
to obtain the temperature dependence of the paramagnetic shifts of the metal
complex over as wide a temperature range as possible. For complexes in which
axial ligands are bound to the metal, this generally means going to very low
temperatures, since axial ligand dissociation may be expected to become sig-
nificant at or above ambient temperatures for most metalloporphyrins except
those of cobalt(III). The mechanism of ligand exchange is generally disso-
ciative,231 and the intermediate in the ligand exchange processes may be of
a different spin state, such as the case of low-spin iron(III), in which the
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Figure 24. 2H NMR spectra of [(d8-TMP)MnIV(O)] (top) and [(d8-TMP)MnIIICl] (bottom) in
CH2Cl2 at −40 °C. The resonance at 5.2 ppm is CHDCl2. Reprinted from Groves, J. T.; Stern,
M. K. J. Am. Chem. Soc. 1988, 110, 8628–8638, with permission from the American
Chemical Society.
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5-coordinate intermediate is high-spin. The presence of a small amount of this
high-spin mono-ligand intermediate can shift the NMR resonances of the
low-spin bis-ligand complex in the direction of those of the high-spin interme-
diate, and thus cause deviations from the expected temperature dependences
based on Curie law (Eq. 11) or expanded Curie law (Eq. 13). Hence, the tem-
perature dependence must be free of such chemical exchange due to ligand
dissociation, which generally means working at low (sometimes very low) tem-
peratures. Deuterated solvents typically used for obtaining Curie plots over
wide temperature ranges include methylene chloride (mp −97 °C, bp 40 °C),
chloroform (mp −64 °C, bp 61 °C), dimethylformamide (mp −61 °C, bp 153 °C),
methanol (mp −98 °C, bp 65 °C) or toluene (mp −93 °C, bp 111 °C). Curie plots
will typically show whether there is some unusual magnetic behavior of the
system. Such unusual magnetic behavior includes: nonzero intercepts due to
SOZ and/or excited state contributions to the pseudocontact shifts,25,30 curva-
ture due to hindered rotation of substituent groups, and curvature due to zero-
field splitting contributions to the pseudocontact shift, Eq. 10, as described
previously.2,4
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Figure 25. Left: 1H NMR spectra of (A) [(N-CH3TPP)CoIICl] in CD2Cl2 at −80 °C (N–CH3 res-
onance shown in the insert) and (B) [(N–CH3OEP)CoIICl] in CDCl3 at −60 °C (inserts present
changes due to meso deuteration). Abbreviations: Px, pyrrole; o, ortho; m, meta; p, para. Right:
Plot of the temperature dependence of the shifts of [(N–CH3TPP)CoCl] in CD2Cl2: (open cir-
cles) ortho; (solid circles) meta; (solid circles with “tail”) para; (long ovals) N–CH3; (half-filled
circles) pyrrole. Reprinted from Latos-Graz.yński, L. Inorg. Chem. 1985, 24, 1104–1105, with
permission from the American Chemical Society.
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a. Zero-field splitting contributions to the pseudocontact shift

In Section II.A.2 it was shown that zero-field splitting contributions can be sepa-
rated if the temperature dependence [over the range of temperatures at which the
NMR spectra were measured] follows a general expression

δiso = α T−1 + εT−2, (22)

where α = gµBAS(S + 1)/18γH�k, ε = −(28g2(µB)2D/9γN
2k2r3)(3cos2θ – 1), and D is the

zero-field splitting parameter. This has been used previously for separating the con-
tact and pseudocontact contributions to the paramagnetic shifts of high-spin iron(III)
porphyrins,2,4,36 and Latos-Grażyński and coworkers have used it in the study of high-
spin nickel(II) porphyrins that have sizeable zero-field splittings,230 Section IV.F.

b. Nonzero intercepts of the Curie plot

Should the Curie plot for all proton resonances of the molecule appear to be linear
over the temperature range of the measurements, but the intercepts of the para-
magnetic shifts be nonzero, it is likely that there are significant SOZ contributions
to the pseudocontact shifts,30 and/or there is a significant temperature-dependent
contribution from an excited state with a different pattern of spin delocalization
than that of the ground state,25 as discussed in Section II.A.3, Eq. 13. Some knowl-
edge as to what types of excited states may be involved is necessary in order to ana-
lyze the temperature dependence. For example, if the ground state has a low-spin
state (for example, S = 0 or S = 1/2) while the excited state has a higher-spin state
(for example, S = 1 or S = 3/2 or 5/2, respectively), the proper weighting factors W1

and W2 must be used in Eq. 13. Various scenarios can tried using the program
TDFw, available on the World Wide Web.84 Examples of the use of Eq. 13 for
analysis of the temperature dependence of a low-spin TPPFeIII complex and of two
intermediate spin [((2,6-X2)4TPP)FeOClO3] complexes are shown in Figures 26
and 27, respectively. The only difficulty in using this treatment to separate the
pseudocontact and contact shifts is that it assumes that the two have the same tem-
perature dependence, and that the ground and excited state contributions are related
in a particular way to the orientation of the nodal plane of the e(π) orbital of low-
spin iron(III) for the ground and excited states. It was first thought that this would
be a problem, because although the rhombic contribution to the magnetic
anisotropy of Eq. 9 is expected to change sign between the ground and excited
states, it was believed that the axial contribution to Eq. 9 would not. However, it
has since been shown that for low-spin iron(III) the axial pseudocontact shift is
opposite in sign for the excited state than it is for the ground state, because the
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g-values of the excited state are opposite in magnitude than they are for the ground
state.172 This actually simplifies the fitting of data to Eq. 13, but it provides no
means of separating the contact and pseudocontact shifts.

2. Empirical Methods

Usefulness of these approaches depends on it being possible to demonstrate rela-
tively unambiguously that the shift(s) for some functional group(s) are either
totally pseudocontact or totally contact in origin. In either case, it is then possible
to assess the magnitude of the pseudocontact shift at all other positions of interest
in the complex. This analysis depends on the fact that the relative pseudocontact
shifts for nonequivalent protons in a complex are determined solely by the relative
geometric factors.2,4,23,24 Hence, in an axial case,
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Figure 26. Plot of the fit of Eq. 13 to the calculated contact shifts of the pyrrole-H for [(2,3-
MoL)TTPFeIII(NMeIm)2]+. The value of ∆E obtained from this fit is 211 ± 25 cm−1, an interme-
diate value that is smaller than V/λ. Spin density coefficients obtained from this fit are, for the
ground state, (c) 0.164, (d) 0.0059, (e) 0.0049, (f ) 0.0158, (g) 0.0156 and (h) 0.0046, while
for the excited state they are (c) 0.0141, (d) 0.0212, (e) 0.0199, (f) 0.0120, (g) 0.0114 and (h)
0.0195. These values compare reasonably with the magnitudes of those obtained from simple
Hückel calculations. Reprinted from Shokhirev, N. V.; Walker, F. A. J. Phys. Chem. 1995, 99,
17795–17804, with permission from the American Chemical Society.
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If a certain set of protons exhibits relative shifts that are inconsistent with a pat-
tern expected from spin delocalization, but are in quantitative or semiquantita-
tive agreement with relative computed geometric factors, then the
paramagnetic shifts may be assumed to be wholly pseudocontact in origin for
these positions, for it is extremely unlikely that contact shifts would scale
exactly parallel to the pseudocontact shifts. The known pseudocontact shifts for
these positions then permit the determination of the pseudocontact contribu-
tions to all other shifts for the complex using the ratios of the geometric fac-
tors. Examples of a case where this works well and another where it does not,
and it is thus possible to use this analysis to show that the shifts are largely or
totally contact in origin, are shown in Figure 28. Both involve the phenyl pro-
tons of (TPP)Fe complexes. Plotting the observed paramagnetic shifts of the
phenyl protons vs. the calculated geometric factors calculated for the o-H, m-H
and p-H (Figure 28, left) yields a linear correlation for [(RTPP)FeII], indicating
essentially 100% pseudocontact contribution to the phenyl-H shifts,232 but for
[TPPFe(t-BuNC)2]

+ (Figure 28, right) the observed shifts deviate significantly
in opposite directions for the o,p-H and the m-H, which indicates that in the lat-
ter case the shifts are largely, if not completely, contact in origin.155 Calculation
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Figure 27. Plot of the fit of Eq. 13 to two spin-admixed [(2,6-X2)4TPPFeIIIOClO3] complexes,
where the filled circles are for X = F and the filled diamonds for X = Br. In the former case, the
S = 5/2 state is the ground state, while for the latter, the S = 3/2 state is the ground state.
Reprinted from Nesset, M. J. M.; Cai, S.; Shokhireva, T. K.; Shokhirev, N. V.; Jacobson, S. E.;
Jayaraj, K.; Gold, A.; Walker, F. A. Inorg. Chem. 2000, 39, 532–540, with permission of the
American Chemical Society.
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of the pseudocontact contribution to the pyrrole-H shifts of the bis-(imidazole)
or (amino ester) complexes showed that the pseudocontact shift is a minor part
of the paramagnetic shift at the pyrrole-H position, thus showing that there is a
large contact shift at the β-pyrrole positions for the bis-(imidazole) and -(amino
ester) complexes of low-spin iron(III) porphyrins. However, the bis-isocyanide
complex of (TPP)FeIII has a totally different pattern of shifts, with vanishingly
small pseudocontact shifts at all hydrogen positions, but very large contact
shifts at the phenyl-H positions and only a very small (positive) contact shift at
the pyrrole-H position. This indicates that these two complexes use different
porphyrin (and metal d) orbitals for spin delocalization, as will be discussed in
greater detail below. Cobalt(II) porphyrins were earlier shown to have mainly
pseudocontact shifts of the phenyl-H, as well as the pyrrole-H positions.2,4,233 In
contrast, manganese(III) porphyrins were shown to have predominantly π
contact shifts at both the meso-aryl and pyrrole-H positions.2,4,234 High-spin
nickel(II) complexes have very small g-anisotropy, but sizeable zero-field split-
tings, which produce measurable pseudocontact shifts at the pyrrole positions,
which can be separated from the contact shifts by use of Eq. 22, as discussed
in Section IV.F.
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Figure 28. Left: Plot of the isotropic shifts for meso-aryl substituents in [(RTPP)FeII] in ben-
zene-d6 at 25 °C vs the calculated geometric factor, 〈(3cos2θ – 1)/r3〉, showing all aryl reso-
nances close to the theoretical line. Reprinted from Goff, H. M.; La Mar, G. N.; Reed, C. A.
J. Am. Chem. Soc. 1997, 99, 3641–3646, with permission of the American Chemical Society.
Right: Plot of the isotropic shifts for meso-aryl substituents in [(RTPP)FeIII(t-BuNC)2]+ in CD2Cl2
at 25 °C vs the calculated geometric factor, 〈(3cos2θ – 1)/r3〉 showing all aryl resonances devi-
ating significantly from any theoretical line. The deviations of the experimental points from the
straight line through the origin yield the contact shift for each position. Reprinted from
Simonneaux, G.; Hindre, F.; Le Plouzennec, M. Inorg. Chem. 1989, 28, 823–825, with
permission from the American Chemical Society.
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3. g-Tensor Anisotropy

When two complexes have similar geometries but different EPR g-values, the g-
values measured at low temperatures (4–77 K) can be used to calculate the axial
(g||

2–g⊥
2), and if necessary, the rhombic g anisotropies (gxx

2–gyy
2). If the sizes of the

pseudocontact shifts are known for one of the complexes, those of the other can
be estimated by scaling the pseudocontact shifts of the known complex by the
ratios of the known g anisotropies of the two, according to Eq. 9. Such procedures
have been used previously with good success for low-spin iron(III) porphyrins,
[(RTPP)Fe(ImH)2]

+,2,4 but not for (RTPP)CoII complexes, where axial solvation at
both ambient temperatures and 77 K strongly decreases the g-anisotropy measured
from polycrystalline samples. Temperature-dependent axial solvation is the case
for these cobalt(II) porphyrins.2,4 For low-spin ferriheme proteins, the g-tensor
anisotropy factoring method was used to estimate the pseudocontact shifts of
metmyoglobins-cyanide and related molecules, and of cytochromes c.8

IV. Effect of Metal Ion and Spin State on Bonding

The large majority of NMR studies of paramagnetic metalloporphyrins have
involved iron porphyrins of various oxidation and spin states. Thus, this section
will begin with a study of iron porphyrins and will then be expanded to the other
paramagnetic metalloporphyrins of the transition and lanthanide series.

A. Iron Porphyrins

The types of M-P bonding interactions and the ranges and signs of paramagnetic
shifts found for iron porphyrins and the heme proteins are very dependent on oxi-
dation state and spin state of the metal. In fact, the spectra are so characteristically
similar within each class of iron(III) porphyrin complexes alone (high-spin, oxo-
bridged dimers, intermediate-spin, low-spin with two different electron configu-
rations), and so different between classes, that NMR spectroscopy is a valuable
diagnostic tool for determining the nature of the axial ligands and spin state in a
newly prepared iron(III) porphyrin complex. The same is also true for iron(II),
iron(I) and iron(IV) porphyrin complexes, and thus each of these will be consid-
ered individually.

1. Iron(I) Porphyrins

Although iron(I) porphyrin complexes are known, only a few of them, such as the
low-spin d7 bis-(pyridine) iron(I) complex of a meso-alkoxyporphyrin which bears

29/NMR and EPR Spectroscopy 83

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 83



an –OR group in one of the meso positions,235 and low-spin d7 iron(I) complexes of
tetraphenylporphyrin, etioporphyrin and octaethylporphyrin236 have been investi-
gated by either proton or deuterium NMR spectroscopy, and there have been no
new reports of their investigation in the past ten years. Proton or deuterium NMR
spectra of the iron(I) species are of diagnostic value for determining the ground
state of the metal ion, since characteristic positive paramagnetic shifts for certain
resonances have been observed. For (tetraphenylporphyrinato)iron(I) the pyrrole-
2H signal is observed at about +29 ppm, and the meso-D signal of (etioporphyri-
nato)iron(I) and (octaethylporphyrinato)iron(I) at +14.5 ppm.236 Pseudocontact
shifts are relatively small. Hence, the pyrrole-2H experiences predominantly a con-
tact shift. Based on magnetic measurements and EPR studies of these complexes
(g⊥ = 2.28 and g|| = 1.93 for [(TPP)Fe]− and g⊥ = 2.24 and g|| = 1.92 for [(OEP)Fe]−,
respectively, with g⊥ > g||,

236,237) a spin state of S = 1/2 is widely accepted, with the
unpaired electron residing in the dz2 orbital, by analogy to cobalt(II) porphyrins.238

2. Diamagnetic Iron(II) Porphyrins

Ferrous porphyrin complexes are biologically relevant since they are active site
analogs of the oxygen transport and storage proteins, hemoglobin and myoglobin.
However, synthetic iron(II) porphyrins are easily oxidized, and thus proper care is
needed to handle them. The resonance shifts observed in the NMR spectra of the
diamagnetic complexes can be used as a convenient reference for determining the
magnitude and the direction of the paramagnetic shifts in structurally related para-
magnetic complexes.2-4

a. Six-coordinate diamagnetic complexes

Proton NMR spectra of 6-coordinate ferrous porphyrin complexes show proton
resonances in the diamagnetic region. The pyrrole proton signals are shifted to
slightly lower shielding by the large ring current effect of the porphyrin macrocy-
cle and are observed at or near 9 ppm. The phenyl proton resonances in this and
other complexes are found at 7 to 8 ppm, whereas the resonances of the axial
ligands are shifted to high shielding as a consequence of the large ring current
of the macrocycle. More extensive discussion of the diamagnetic 6-coordinate
iron(II) porphyrin NMR spectra is provided elsewhere.3,239 Diamagnetic iron(II)
complexes derived from chelated protohemes, in which a coordinating imidazole
ligand is provided by an alkyl imidazole attached to one or both of the heme
propionates (see Figure 42) and in which CO represents the sixth ligand240 pro-
vide examples of 6-coordinate heme models related to natural porphyrins. The
porphyrin ring current affects the signals of these complexes in a characteristic
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way: meso-protons are deshielded (9.7 ppm), vinyl protons are found at 6 to
8 ppm, and side chain protons are strongly shielded.

Several diamagnetic 6-coordinate ruthenium(II) porphyrins have been inves-
tigated by 1H NMR spectroscopy, and their chemical shifts are included in Table 8,
together with the shifts of other diamagnetic metalloporphyrins that may serve as
convenient diamagnetic references for calculating the paramagnetic shifts of para-
magnetic metalloporphyrins.

Despite the common belief that only one 2-substituted imidazole will bind to
iron(II) porphyrins, and that such complexes are excellent models for T-state hemo-
globins, the bis-1,2-dimethylimidazole complex of (TMP)FeII has been prepared and
investigated by X-ray crystallography,32 magnetic Mössbauer spectroscopy at 4.2 K241

and by proton NMR spectroscopy in d8-toluene at −70 to −90 °C.92 Both of the lat-
ter techniques confirm that the complex is diamagnetic, but it has unique spectral
parameters because of the strong ruffling of the porphyrinate ring that must occur in
order for these sterically hindered ligands to bind to FeII. The NOESY spectrum of
[(TMP)FeII(1,2-Me2Im)2] at −80 °C is very similar to that of [(TMP)CoIII(1,2-
Me2Im)2]

+ at room temperature,92 as shown in Figure 29. This similarity in the 2D
spectra confirms the similarity in molecular structure of these two complexes, as
well as their structural similarity to the highly ruffled paramagnetic iron(III) ana-
log.32,227 Multinuclear (13C, 17O, 57Fe) NMR studies of diamagnetic carbonmonoxy
heme proteins and synthetic model compounds have also been reported.242

Compounds with modified ring systems such as the meso-oxidized derivative
of octaethylporphyrin, OEOP, which as the iron complex is a green pigment
known as an iron meso-oxaporphyrin or verdoheme, Structure 9, are low-spin
iron(II) diamagnetic centers when bound to two pyridine axial ligands.220 Their
high-spin 5-coordinate halide counterparts are discussed in Section IV.A.4.b(vi).

b. Five-coordinate diamagnetic complexes

Chemical shift values of 5-coordinate iron(II) porphyrin complexes are very sim-
ilar to those observed for the 6-coordinate complexes. Examples of 5-coordinate
species are iron(II) alkyl complexes of meso-tetraphenylporphyrin, such as
[(TPP)Fe(CH2CH2CH3)]

− and [(TPP)Fe(CH2CH3)]
−.243,244 Resonances for the

σ-alkyl hydrogens are shielded by the ring current effect of the macrocycle.

3. Intermediate-Spin Iron(II) Porphyrins: Observed Shifts
and the Mechanism of Spin Delocalization

Four-coordinate ferrous porphyrins have an intermediate spin state (S = 1). Some
of these have been studied by various physical methods, and three possible ground
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Table 8. 1H Chemical shifts of four-, five- and six-coordinate diamagnetic metalloporphyrins.a

Temperature
Compound (°C) Solvent Pyrr-H Ortho Meta Para Alkyl-CH2 Alkyl-CH3 Pyrr-CHn Meso-H

Four-Coordinate Complexes

[(p-TTP)Ni] 25 CDCl3 8.55 7.75 7.39 2.66(Me)
[(o-TTP)Ni] 25 CDCl3 8.41 7.76, 7.36 7.47

1.92(Me)
[(p-TTP)Zn] 25 CDCl3 8.75 7.95 7.40 2.67(Me)
[(o-TTP)ZN] 25 CDCl3 8.59 7.89, 7.47 7.47

2.59(Me)

Five-coordinate complexes

[(TTP)FeCH2CH2CH3]– 23 benzene-d6 8.1 7.0–7.5 6.0x–1.5β −0.5
[(TTP)FeCH2CH3] – 23 toluene-d8 8.1 −2.25 −6.19
[(TTP)CoCH2CH3] 21 benzene-d6 — — — — −3.07 −4.60
[((2,4,6-(OEt)3)4TPPFeCO] 25 toluene-d8 8.61 3.87b,0.56c 7.0–7.5 4.28b,1.58c

[(TMP)RhI] benzene-d6 8.83 2.32,1.75(Me) 7.22,7.02 2.43(Me)
[(TMP)RhCH3] benzene-d6 8.75 2.26,1.75(Me) 7.20,7.07 2.43(Me) −5.25
[(TMP)RhH] benzene-d6 8.77 2.14,1.79(Me) 7.03,6.95 2.43(Me) −39.99(H)
[(TTP)RuH]– THF-d8 7.60 7.78,7.74 7.35 2.55(Me) −57.04(H)
[(TTP)Ru(CH3)2] THF-d8 9.67 7.92 7.51 2.63(Me) −2.78(CH3)
[(OEP)Ru(CH3)2] THF-d8 −3.51(CH3) 3.88(CH2) 9.67
[(TTP)Ru(CHCH3)] benzene-d6 8.73 8.14,8.05 7.33,7.23 2.39(Me) 13.03(–CH),
[(TTP)Ru(CH2=CH2)] THF-d8 8.37 7.95 7.49 2.39(Me) −3.54(CH2=CH2)

(Continued )

Chemical shifts, ppm
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Table 8. (Continued )

Temperature
Compound (°C) Solvent Pyrr-H Ortho Meta Para Alkyl-CH2 Alkyl-CH3 Pyrr-CHn Meso-H

Six-Coordinate Complexes

[((2,4,6-(OEt)3)4TPPFe(CO)2] 25 toluene-d8 8.77 3.88b,0.55c 6.55 4.29b,1.58c

[((p-t-Bu)4TPP)Ru(CO)(Py)] benzene-d6 8.64 7.95,8.15 7.66,7.72 1.59(t-Bu)
[((p-t-Bu)4TPP)Tu(Py)2] benzene-d6 8.69 8.28 7.61 1.44(t-Bu)
[((p-t-Bu)4TPP)Ru(4-CNPY)2] benzene-d6 8.80 8.83 7.72 1.47(t-Bu)
[(OEP)Ru(4-CNPY)2] benzene-d6 3.85 CH2 9.40

1.80 CH3

[(PP)Fe(Py)2] 25 D2O/CTABd 2.6–3.1 9.4, 9.56
[(TTP)Ru(NO)Cl] benzene-d6 9.16 8.11,7.91 ~7.5 2.39(Me)
[(TTP)Co(Py)CH2CH3] 21 pyridine-d5 — — — — −3.41 −4.18
[(TPP)Fe(N-MeIm)2] −21 CD2Cl2 8.33 8.02 7.64 7.64
[(TMP)Fe(N-MeIm)2] −21 CD2Cl2 8.08 1.84(Me) 7.17 4.01(Me)
[(TMP)Fe(1,2-Me2IM)2] −90 toluene-d8 8.6 0.4,0.8, 7.02–7.2 2.4,2.45(Me)

3.0,3.05(Me)
[(TMP)Co(1,2-Me2Im)2] 21 CD2Cl2 8.9 –0.95,0.15, 7.0,7.6 2.6(Me)

2.9(2)(Me)

aTaken from references 2, 92, 196, 244, 908–912, 918 and 963.
b–CH2 of −OEt.
c–CH3 of −OEt.
dCTAB = cetyltrimethylammonium bromide.
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states, each consistent with certain physical properties, have been proposed: 3A2g

(dxy)
2(dz2)2(dxz,dyz)

2; 3Eg (dxy)
2(dz2)1(dxz,dyz)

3; and 3B2g (dxy)
1(dz2)1(dxz,dyz)

4.245 Most
proton NMR studies of a variety of planar, 4-coordinate iron(II) complexes of
synthetic porphyrin macrocycles favor the 3A2g ground state.232,245–248 These com-
plexes are generally synthesized in situ in benzene-d6, toluene-d8

246–248 or
dichloromethane-d2,

249,250 by reduction of the corresponding iron(III) porphyrins

88 Walker

Figure 29. Left: (a) 1D 300 MHz 1H NMR spectrum of [(TMP)CoIII(1,2-Me2Im)2]+ in CD2Cl2
at +21 °C, showing the four separate o-CH3 resonances observed for this complex, which are
in slow exchange on the NMR time scale. (b) 2D phase-sensitive NOESY/EXSY spectrum,
recorded at the same temperature with a mixing time of 700 ms, showing chemical exchange
(multiple contours) and NOE (single circles) cross peaks. The peaks at 2.5, 3.7, 6.0 and
7.0 ppm are due to excess 1,2-Me2Im in the solution, and the peak at 5.3 ppm is due to CDHCl2.
Right: (a) 1D 300 MHz 1H NMR spectrum of [(TMP)FeII(1,2-Me2Im)2] in toluene-d8, recorded
at −90 °C. (b) Phase-sensitive 1H NOESY/EXSY spectrum recorded at the same temperature
with a mixing time of 500 ms, showing both chemical exchange and NOE cross peaks. Note
the similar pattern of o-CH3 resonances for the CoIII (left) and FeII (right) complexes. In addi-
tion to the major peaks of the complex, intense resonances due to solvent (S), free ligand (L)
and several unknown impurities (X) are marked; none of these show cross peaks in the 2D
spectrum. Reprinted from Polam, J. R.; Shokhireva, T. Kh.; Raffii, K.; Simonis, U.; Walker, F. A.
Inorg. Chim. Acta 1997, 263, 109–117, with permission from Elsevier Publishing Company.
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using either the chromous, aqueous dithionite, the zinc amalgam, or sodium boro-
hydride251,252 reduction techniques. Representative 1H NMR spectra of [(TPP)Fe]
and the iron(II) complexes of deuteroporphyrin IX and protoporphyrin IX are
shown in Figures 30 and 31, respectively. Large paramagnetic shifts are observed,
as summarized in Table 9.

29/NMR and EPR Spectroscopy 89

Figure 30. Top: 1D 1H NMR of 0.25 mM [(TPP)FeII] in benzene-d6 at 25 °C. The m-H/p-H
clearly split apart at low temperatures to yield the resolved resonances. The o-H exhibits a
∼8Hz doublet due to the m-H. S = solvent, C6D5H, and X = impurity. Bottom: Curie plot for
the spectrum shown above. Open circles, o-H, filled circles; m-H; triangles, pyrrole-H. The
shift scale is positive for the phenyl-H and negative for the pyrrole-H. Reprinted from Goff,
H. M.; La Mar, G. N.; Reed, C. A. J. Am. Chem. Soc. 1977, 99, 3641–3646, with permission
of the American Chemical Society.
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The paramagnetic shifts of the TPP, RTPP and OEP iron(II) complexes have
been analyzed and discussed in detail elsewhere,2–4,246 and can be summarized as
follows: Except for the pyrrole protons, all proton resonances are significantly
shifted to lower shielding, as seen in Figures 30 and 31. Such a bias of shifts in
one direction indicates that at least a major portion of the paramagnetic shifts is a
result of the pseudocontact interaction, a result expected, since the 4-coordinate
iron(II) molecules are highly magnetically anisotropic.246 For the synthetic
(tetraarylporphinato)iron(II) derivatives the phenyl-H resonances are essentially
totally pseudocontact in nature,232 as demonstrated in Figure 28, left panel. These
dominant pseudocontact shifts result from large magnetic anisotropies, χ|| > χ⊥.
The paramagnetic shifts for the pyrrole protons of these complexes are found to
be small and negative, which suggests that these shifts arise from both contact and
pseudocontact contributions which have opposite signs. Negative pyrrole-H para-
magnetic shifts are associated with the absence of spin in the dx2−y2 orbital and at
least one unpaired electron in the dxz or dyz orbital.2,4 The π contact shift requires
unpaired spin in dxz and dyz and strongly supports the 3A2g ground state configura-
tion, (dxy)

2(dz2)2(dxz,dyz)
2.246 The iron(II) complexes of the natural porphyrins also

90 Walker

Figure 31. Proton NMR spectra of 1.0 mM benzene-d6 solutions of (A) [(DP)FeII] and
[(PP)FeII] at 25 °C. All multiplet structure characteristic of the diamagnetic porphyrin is main-
tained in each case. S = solvent residual C6D5H, and X = impurity. Reprinted from Goff, H. M.;
La Mar, G. N.; Reed, C. A. J. Am. Chem. Soc. 1977, 99, 3641–3646, with permission from the
American Chemical Society.
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exhibit large paramagnetic shifts at low concentrations; at higher concentrations
they tend to aggregate.246,247

X-ray crystal structures and NMR studies of (OEP)FeII and the chlorin com-
plex, (OEC)FeII were reported, by Strauss and coworkers, as a function of tem-
perature.248 In the solid state, the chlorin macrocycle is significantly S4 ruffled,
while the parent porphyrin macrocycle is nearly planar. Large paramagnetic shifts
with significant pseudocontact contributions were observed for (OEP)FeII, as
shown in Figure 32, which were analyzed as described earlier by Goff and La
Mar.246 However, the paramagnetic shifts of (OEC)FeII could only be fit to straight
lines with large nonzero intercepts.248 The unusual intercepts of the linear plots of
the resonances of the (OEC)FeII complex were suggested to result from a large
temperature-independent paramagnetism.248 These unusual intercepts are more
likely caused by a thermally-accessible excited state which has a different electron
configuration and thus a very different pattern of spin delocalization via the
contact interaction,25 as demonstrated by the solid lines of Figure 33. A likely
candidate for this excited state is the 3Eg state, with dxy

2dz2
1dxz

2dyz
1 electron

29/NMR and EPR Spectroscopy 91

Table 9. Observed isotropic shifts of four-coordinate, intermediate spin ferrous complexes
of synthetic and natural porphyrins.

Chemical shift, ppm

Synthetic porphyrin TPP m-TTP p-TTP (p-Cl)4TPP OEP T-n-PrP TpivPP

Pyrrole-H −4.1 −4.4 −3.9 −3.9 −4.4 −4.8
Pyrrole-α-CH2 29.7
Pyrrole-β-CH2 11.0
meso-H 8.4
o-H 12.8 13.3 13.2 12.2 11.4
m, m′-H 4.8 5.1 4.9 4.6 4.5, 4.6
p-H 4.8 5.1 5.0
m-CH3 3.5
p-CH3 3.0

Chemical shift, ppm

Natural porphyrin MP DP PP Br2DP Ac2DP

meso-H (average) 64.1 62.0 59.3 51.1 57.9
1,3,5,8-CH3 (average) 44.3 42.5 40.2 39.0 33.4
6,7-α-CH2 30.5, 30.1 29.2, 27.8 29.1, 28.3 27.5, 27.5 26.1, 23.8
β-CH2 9.8, 9.6 9.1, 9.1 8.7, 8.7 7.2, 6.9 7.2, 6.5
2,4-R 30.2, 28.4 3.0, 3.0 33.1, 31.5 9.2, 11.2

11.2, 10.4 2.5, 1.3
0.5, 0.5

aData taken from Refs. 232, 246, 249 and 250.
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Figure 33. Plot of the fit of Eq. 13 to selected resonances of [(OEC)FeII].192 The ∆E determined
from this plot is 345 cm−1. (N. V. Shokhirev, unpublished work.)

Figure 32. Left: 100 MHz 1H NMR spectrum of [(OEC)FeII] in toluene-d8 at 6 °C. Signal
assignments are indicated (S = solvent). The resonances marked with asterisks are due to
[(OEP)FeII]. Right: Curie plot of the resonances of [(OEC)Fe]. The solid lines are linear least-
squares fits to the data, and are extrapolated to 1/T = 0. Reprinted from Strauss, S. H.;
Silver, M. E.; Long, K. M.; Thompson, R. G.; Hudgens, R. A.; Spartalian, K.; Ibers, J. A.
J. Am. Chem. Soc. 1985, 107, 4207–4215, with permission from the American Chemical
Society. 
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configuration which would thus remove the possibility of spin delocalization to
S−2 and cause an apparent increased weighting of the A−2 orbital as the tempera-
ture is increased.

These results can be explained by using the theory of McGarvey,245 which
explains the pseudocontact and contact shifts for 4-coordinated ferrous complexes
for the general case of nonaxial symmetry. 3A2g appears to be the ground state for
all intermediate spin iron(II) porphyrins, for which the ground state is spin-orbit
coupled to the 3Eg excited state at a particular energy, 600 cm−1 for [(OEC)FeII] and
[(OEP)FeII], and 1000 cm−1 for [(TPP)FeII]. With addition of the contact shift con-
sequences of an excited state in which dxz is filled (that is, the Eg excited state,
Figure 33, solid line), the contact shifts are more clearly understood.

The NMR spectrum of 4-coordinate 2,7,12,17-tetra-n-propylporphycene,
(TPrPc)FeII, Structure 14, in toluene-d8 at 293 K has been reported to have pyrrole-
H resonances at −37.52 ppm, meso-H at +71.56 ppm, and α-CH2 at +27.47 ppm.253

These chemical shifts are consistent with an S = 1 ground electronic state.

4. Five-Coordinate High-Spin Iron(II) Porphyrins: Observed Shifts
and the Mechanism of Spin Delocalization

Five-coordinate high-spin ferrous porphyrin complexes with imidazole or pyri-
dine as axial ligand have been of interest because they represent not only direct
models of the oxygen transport and storage proteins deoxyhemoglobin and
deoxymyoglobin, but they are also fairly good models of the reduced states of
cytochrome P450 and chloroperoxidase, in which the single axial ligand is a
cysteine thiolate. NMR investigations have been reported for a number of these
models, as will be described below. Models of the heme a3/CuB center of
cytochromes c oxidase, CcO, and of the heme/nonheme centers of the CcO-like
nitrite reductases, NORs, are also discussed in this section, although many of these
models start with no or unknown fifth ligand.

a. Models of deoxyhemoglobin and deoxymyoglobin

High-spin ferrous complexes can be obtained by addition of a moderate excess
of a 2-substituted imidazole or a pyridine to the corresponding 4-coordinated
intermediate-spin iron(II) derivatives at ambient temperatures.246 The paramagnetic
shifts of the pyrrole-H in the TPP complexes are positive, and those of the phenyl
protons are negative, with typical paramagnetic shifts of +43.5 ppm for the
pyrrole-H and −1.0 to −1.5 ppm for the o-, m-, and p-phenyl protons. For 5-coordinate
(OEP)FeII complexes, paramagnetic shifts of −7.0 ppm (chemical shift ∼+4 ppm)
for the meso-H and +8.5 ppm for the pyrrole-α-CH2 protons have been reported.246
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The paramagnetic shifts of a number of natural and synthetic high-spin iron(II)
porphyrinate complexes are listed in Table 10. The phenyl-H paramagnetic shifts
of high-spin (TPP)FeII are small and negative (Table 10), which suggests that the
high-spin complexes exhibit only very small magnetic anistropy.246 The predomi-
nant contribution at the β-pyrrole positions must therefore be contact in origin.
The pyrrole-H and α-CH2 paramagnetic shifts are positive (to higher frequency)
(Table 10), which is indicative of primarily σ spin delocalization. The small neg-
ative meso-H shifts suggest only moderate π delocalization to the meso positions.
This contact shift pattern, with dominance of σ-spin transfer to the pyrrole posi-
tions, is characteristic of an unpaired electron in the dx2−y2 orbital, which leads to a
ground state of (dxy)

2(dxz,dyz)
2(dz2)1(dx2−y2)1 for the high-spin ferrous ion.

Moderate π delocalization to the meso position was until recently considered
indicative of interaction of the partially filled dπ orbitals with e-symmetry porphyrin
π orbitals, because while the 3e(π) orbitals have nodes at the meso positions, the dπ

orbitals were earlier believed to “encourage” mixing of the 3e(π) with the 4e(π*)
orbitals, thereby introducing some π electron density to the meso positions, as indi-
cated in Figure 2. However, more recently it has been shown that for 5-coordinate
complexes, the out-of- plane position of the iron allows the half-filled dz2 orbital to
directly overlap with the 3a2u(π) orbital to permit π spin density to be delocalized to
the meso carbons, as shown in Figure 34. This possibility arises solely because the
metal is out of the plane of the macrocycle.156 Thus, at the present time, there is no
evidence that the 4e(π*) orbitals are involved at all in the spin delocalization of high-
or intermediate-spin FeII or FeIII porphyrinates.156 This mechanism of spin delocaliza-
tion is possible for all 5-coordinate iron porphyrinates which have a half-occupied dz2

orbital, and hence 5-coordinate high-spin FeII and FeIII and intermediate-spin FeII and
FeIII should all show spin density at the meso-carbons via this dz2–3a2u(π) spin delo-
calization mechanism.156 This mechanism should also apply to high-spin 5-coordinate
nickel(II) porphyrins, as is found to be the case (Section IV.F).

Other models of deoxyhemoglobin and deoxymyoglobin involved so-called
tailed picket fence porphyrins254 and pocket porphyrins,255 in which the axial imi-
dazole ligand that coordinates to the metal ion is covalently linked to the por-
phyrin. For the tailed picket fence porphinatoiron(II) complexes, four pyrrole-H
peaks were observed in the 1H NMR spectra, centered at a chemical shift of
+56 ppm (paramagnetic shift +47.5 ppm).254,255 This paramagnetic shift is similar
to those of other high-spin iron(II) porphyrinates.246 The pyrrole-H peaks shift
with temperature according to the Curie law, and at −5 °C and below new sets of
resonances between +10 and −10 ppm appear, which indicated disproportionation
of two molecules of the 5-coordinate, high-spin iron(II) complex to yield one 4-
coordinate, intermediate-spin iron(II) complex and one diamagnetic, 6-coordinate,
low-spin iron(II) complex by intermolecular sharing of axial ligands.254
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b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 94



29/N
M

R
 and EPR

 Spectroscopy
95

Table 10. Isotropic shifts of five-coordinate (S = 2) synthetic and natural iron(II) porphyrins.a

Phenyl

Porphyrin Ligand pyrr-H pyrr-α-CH2 pyrr-β-CH3 meso-H o-H m-H p-H −CH3

TPPb 2-MeImH 43.4 −1.00 −0.70 –1.02
Bu-S¯ 52.0 2.7, 0.0 1.3, 1.2 0.4

m-TTPb 2-MeImH 43.4 −1.07 −0.62 –1.03 −0.69
Bu-S¯ 51.3 2.4, −0.3 1.2, 0.2 0.3

p-TTPb 2-MeImH 43.7 –1.05 −0.67 −0.37
Bu-S¯ 52.2 2.5, −0.1 1.2, 1.1 0.8

OEPb 2-MeImH 8.5 −0.37 −6.7
Bu-S¯ 10.7, 6.7 1.7 −10.4

Natural Porphyrin Ligand 1,3,5,8-CH3 
d 6,7-α-CH2 6,7-β-CH2 6,7-OCH3 2,4-R

MPDMEb,c 2-MeImH 9.8, 9.6, 9.5, 5.6 7.3, 7.1 −1.0 −0.4 7.3, 7.1e

0.0, −0.6 f

DPDMEb,c 2-MeImH 9.3, 9.0, 8.8, 4.3 7.3, 7.0 −1.1 −0.4 44.8, 41.3g

PPDMEb,c 2-MeImH 9.5, 8.8, 8.3, 3.6 7.6, 7.2 −0.9 −0.4 7.4, 3.6h

2.2, 0.9i

−1.4, −2.7j

Br2DPDMEb,c 2-MeImH 9.7, 9.7, 9.5, 3.5 7.6, 7.4 −0.9 −0.4
Ac2DPDMEb,c 2-MeImH 6.7, 6.7, 5.8, –1.9 6.2, 5.2 −0.6 −0.3 −1.2, −2.1k

aData taken from Ref. 2. fβ-CH3.
bIn benzene-d6 at 25 °C. Shifts in ppm, referenced to diamagnetic porphyrins. gPyrrole-H.
cmeso-H resonances located in the region of 3 to 5 ppm and not well resolved. hVinyl-α-CH.
dThe methyl resonances are given in order of their position on the porphyrin iVinyl β-CH(cis).
ring (8,5,3,1), Structure 1. j Vinyl β-CH(trans).
eα-CH2. kAcetyl-CH3.
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b. Models for the reduced states of cytochrome P450
and chloroperoxidase

Five-coordinate mercaptide (thiolate) complexes of iron(II) in which the por-
phyrin is derived from substituted and unsubstituted tetraphenylporphyrins or
from octaethylporphyrin, deuteroporphyrin, protoporphyrin IX dimethyl ester or
etioporphyrin I, and the mercaptide moiety from n-butyl-, n-propyl and ethyl mer-
captide (thiolate) (BuS−, PrS−, EtS−), can be obtained by chromous acetylacetonate
reduction of the corresponding iron(III) chloride complexes.256 The α-CH2 shifts
for the alkyl thiolate ligands of the model compounds are very large and appear at
around +250 ppm, whereas the signals for the β-CH2 protons are located at around
−2 ppm for the TPP complexes and at −5 to −7 ppm for the natural derivatives.257

Based on this assignment, the methylene protons for the axial cysteinate of ferrous
cytochrome P450CAM and ferrous chloroperoxidase were found to resonate at
+279 ppm and +200 ppm, respectively.256 As summarized in Table 10, the pyrrole
protons of the TPP complexes have chemical shifts of +59 to +64 ppm, whereas
the phenyl-H have fairly small shifts (o-H: 8–10 ppm, m-H: 8–9 ppm, p-H at 8
ppm). The ring −CH2 protons for the octaethylporphyrin and etioporphyrin com-
plexes resonate at around +11 and +15 ppm, whereas the meso-H chemical shift is
−0.3 to −0.4 ppm.256,257 The meso-H paramagnetic shifts to negative ppm can only
be explained by π spin delocalization, again via 3a2u → dz2 π donation.156

Nevertheless, the paramagnetic shifts of at least 250 ppm for the methylene reso-
nances of the coordinated thiolate ligand support a very efficient σ spin delocal-
ization to this ligand.257

c. Models for the heme a3-CuB and heme-nonheme Fe centers
of cytochrome oxidase and NO reductase

Since the two classes of enzymes, cytochrome c oxidases (CcO) and some of the
bacterial nitric oxide reductases (NOR), have very similar architectures for the
three metal sites in the subunit that actually does the reduction, they are frequently
grouped together into a large enzyme superfamily.258 A very brief synopsis of the
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Figure 34. Overlap of the metal dz2 orbital with the porphyrin 3a2u(π) orbital when the metal
is out of the plane of the porphyrin nitrogens.159 Modified from Nardis, S.; Paolessee, R.;
Licoccia, S.; Fronczek, F. R.; Vicente, M. G. H.; Shokhireva, T. K.; Walker, F. A. Inorg. Chem.
2005, 44, 7030–7046, with permission from the American Chemical Society.
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architectures of the two classes of enzymes is that in both classes there is one
heme that is bis-His-coordinated (which could be a heme a, b or c), while the other
heme (which could be an a, b, o or d) in the CcOs is mono-His-coordinated, with
the open site very close to the so-called CuB center, which is coordinated to three
His, one of which is covalently linked to a carbon of the aromatic side chain of
Tyr, but in the (bacterial-only) NORs there is (usually) a nonheme Fe center in
place of the CuB center. CcOs use 4 electrons and 4 protons to reduce O2 to 2 H2O,
while NORs use 2 electrons and 2 protons to reduce 2 NO to N2O and H2O.259,260

There are also a number of other types of bacterial NORs,259 including one type
that that is a cytochrome P450 enzyme.261 Each is the/a terminal reductase of their
respective respiratory chains.

Two groups have been active in the field of cytochrome oxidase (CcO) mod-
els during the past ten years, those of Collman and Karlin; not surprisingly, both
groups have also branched into modeling NOR. Every paper of Karlin’s has the
NMR spectra of the (usually) paramagnetic complexes produced and studied
therein, while only a few papers of Collman have NMR spectra, and those that do
are usually of the diamagnetic precursors that contain no metal. In part this is
because of the generally higher molecular symmetry of the models of Karlin;
Collman’s models tend to have very low molecular symmetry, which means that
nearly every proton is unique. Thus, although many papers have been published
by Collman and coworkers, those which have an NMR or EPR component are
mainly the ones discussed herein.

Several designs have been created by Collman and coworkers, including a
number that could be called tailed tri-picket fence porphyrins which knit the
three pickets that do not provide a ligand to the iron in the porphyrin ring into a
3-coordinate site that will bind copper, usually to three imidazoles. Designs based
on a triazacyclononane, three N- or C-substituted imidazole “pickets”,262 or a sin-
gle “picket” with three imidazole ligands based on a trisimidazolylmethane or —
methanol,263 with the other two pickets providing protection of the bimetallic cen-
ter, have been tried. The preparation of all of these models has required monu-
mental synthetic efforts by the members of the group.262,263 The same three types
were shown in pictures in 2001.264

In 2002, a paper on binuclear Fe/Cu models for CcO was published in which
the “picket” that carries the imidazole that binds to Fe on the proximal side car-
ries a p-CF3-phenyl group bound to the 5-carbon of the imidazole ring (the carbon
adjacent to the nitrogen that is part of the “picket”).265 This CF3 group is said to be
a useful analytical tool. The 19F NMR spectrum of the Fe/Cu complex shows that
the diamagnetic FeIICO site exists as a mixture of at least three product isomers
with very closely spaced 19F chemical shifts of −63.4 ppm vs. CF3SO3

− in
DMF-d7.

265 No variable temperature studies are mentioned, nor any explanation
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provided for the at least three isomers; the copper center was presumed to be CuI.
A 1H NMR spectrum of the FeII–CO complex (under N2) and the presumed bis-CO
complex (under CO) shows shifts of the 4-H(Im) of the three distal imidazole-
containing pickets (2:1 by symmetry) that are consistent with binding of CO to CuI

as well as FeII under these conditions.266 A Zn/Cu complex was also prepared,
which gave a CuII EPR signal having g|| = 2.28, g⊥ = 2.07, A|| = 175 G, A⊥ = 13 G
and AN(g⊥) = 15 G.266

Another paper, this one on distal metal effects in cobalt porphyrins related to
CcO, was also published in 2002.266 This paper used the tri-distal-imidazole-
picket-containing porphyrin, with the fourth picket also ending in an imidazole
that binds to the cobalt on the proximal side. 1H NMR spectra (9–4 ppm) of the
metal-free, FeII–CO, and CoIII–X are shown; these are low-symmetry complexes
so most protons show individual resonances, most of which are not assigned.
Three EPR figures are shown of the Co–O2 complex, both in the absence and
presence of Cu.266 The spectra and the idea were based on this author’s 1985
paper on the Co–O2 complex of mono-ortho-acetamidophenyl-TPP, which
showed hindered rotation of O2 because of hydrogen-bonding to the N-H of the
ortho-acetamide.267 Resonance Raman spectra of the 16O2 and 18O2 complexes are
also shown.266 Later, a study of water-soluble CoII porphyrins and their O2 com-
plexes, with similar EPR spectra, were shown.266 Collman and coworkers have
also used electrochemical methods to study the catalytic reaction of models of
CcO with O2.

269–272

In a paper published in 2003 on spectroscopic evidence for a heme-superoxide/
Cu(I) intermediate in a functional model of CcO it was reported that the NMR res-
onances between 9 and 10 ppm in this either high-spin or intermediate spin
FeII/CuI complex are the pyrrole-H resonances, which then move to 8.2–8.4 ppm
on binding O2.

273 However, as mentioned above, the pyrrole-H for a high-spin,
5-coordinate FeII complex are in the range of +43 to +52 ppm at ambient temper-
atures (Table 10), and there are no resonances in the +9 to +10 ppm region. This
table was taken from the chapter in The Porphyrins,2 and thus these chemical
shifts have been known since before 1979. For intermediate-spin FeII (assuming
that the MeCN-d3/THF-d8 solvent produced the intermediate-spin state) the
pyrrole-H resonances are at −4 to −5 ppm (Table 9), while the o-H of the phenyl
rings are in the +11 ppm region (for the picket fence porphyrin). Thus, it is not
clear what the ligation of this complex was before O2 was added, or, in fact, after-
wards; it would have been wise to have looked for resonances over the range of
± 50 ppm in order to be certain that the complex was properly characterized. Later,
the same group showed the results of a single-turnover reaction in a related CcO
model, this one having a phenoxyl group attached at the 2-carbon of the phenoxyl
to the 5-carbon of one imidazole of the three used to bind the copper on the distal
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side of the iron porphyrin (this is a methyl-substituted phenoxyl, with the methyl
para to the OH).274 An EPR spectrum is shown, which is said to be that of a phe-
noxyl radical, but the scale over which it was recorded was from 2600 to 4000 G.
A phenoxyl radical should have hyperfine splitting from the remaining three CH
phenyl ring positions, and the entire spectrum should be quite sharp and extend
over not more than 20–40 G at the very most, whereas the top to bottom of the
derivative shape shown covers a magnetic field range of at least 80 G. In short, the
EPR spectrum looks much more like that of a CuII complex. A similar EPR spec-
trum was shown in the Science paper on this complex.272

A later model of NOR, with Fe both in the porphyrin ring and in the 3-imidazole
site, reacts with NO to give first an EPR signal of a S = 3/2 nonheme Fe–NO cen-
ter (at −80 °C), which, upon warming, changes to a S = 1/2 heme Fe–NO center
(at up to 25 °C).275 A later model of CcO, again with the 3-imidazole site, this time
containing copper, binds to azide to produce either a CuI/FeIII–N3 low-spin com-
plex with EPR g-values of 2.75, 2.22 and ∼1.87 (calc) or a CuII/Fe–N3 complex.276

Karlin has used what he calls F8TPPFeII, or [(2,6-F2)4TPPFeII], as his heme
model and either “untethered” TMPACuI(MeCN) (TMPA = tris-(2-pyridylmethy-
lamine),277–279 a tetra-coordinating ligand to CuI or MePY2 (bis-(2-
pyridylethyl)methylamine,280 a tri-coordinating ligand) or a “tethered” form with
two 2-pyridyl groups unchanged and the third making a connection through the 6-
position (later also the 5-isomer) of that pyridyl ring to the ortho position of one
phenyl group on the porphyrin, called 6L, which are tetra-coordinating,281,282 and
other designs which are tri-coordinating283 ligands to CuI. These designs give
either 4-fold (“untethered” or 2-fold (“tethered”) symmetry of the porphyrin sys-
tem, which is very useful for NMR studies. In 1999 they reacted the FeII…CuI

complex of 6L with O2 and observed the FeIII–OO–CuII intermediate and the
FeIII–O–CuII final product,281 which were characterized by UV-vis and 1H or 2H
(for the d8-pyrrole complex) NMR spectroscopy at 193 K in acetone. The starting
complex gave pyrrole-H resonances at +90 to +80 ppm, the µ-peroxo-bridged
intermediate complex gave extremely broad pyrrole-H resonances in the same
region, plus very broad pyridyl resonances at −78 ppm, and the final µ-oxo-
bridged complex gave 3–4 very broad pyrrole-H resonances in the +90–100 ppm
region and very broad pyridyl-H resonances at −64 ppm.281 These chemical shifts
were said to be a result of antiferromagnetic coupling to yield a S = 2 spin state.
A full study of the “untethered” (F8TPPFe)II + (MePY2)CuI and its reaction with
O2 published the same year284 confirmed this spin state by the Evans method376,377

and also showed much sharper 1H NMR resonances because of the higher sym-
metry; for the µ-oxo-bridged complex at 297 K the pyrrole-H signal was at
+67.7 ppm, CH2–PY at +23.4, +18.9 ppm, pyridyl-H at +1.2, −2.7, −23.5, −37.2
ppm, CH2-N at −87.7, −155.4 ppm, and CH3–N at −189.4 ppm.284 Protonation of the
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oxo bridge was also investigated, and the pKa for that protonation was found to be
16.7–17.6 in CH3CN or 9.6 ± 2 in water.284 Later the “untethered” (F8TPP)FeII +
(TMPA)CuI + O2 system was studied and both the µ-peroxo and µ-oxo-bridged
complexes were characterized by 1H NMR spectroscopy at −40 °C in CD3CN
(pyrrole-H +68 and +83 ppm, Py-H −11, −20, and −28 ppm, respectively).285

Cyanide-bridged complexes were also investigated and shown to have a pyrrole-
H resonance at 170 ppm for the 1:1 complex and 160 ppm for the 1Fe:2Cu
complex.286

In a study in 2001, Karlin and coworkers investigated the reversible dioxygen
addition to F8TPPFeII, where the porphyrin was deuterated on the pyrrole posi-
tions.287 At 193 K the pyrrole-D resonance in THF solvent moved from +93 ppm
(+56 ppm at RT, consistent with high-spin FeII) to +8.9 ppm upon oxygenation to
form 2, the superoxide complex of F8TPPFeIII. On warming this sample to RT and
then cooling to 193 K to observe the 2H NMR yielded complete conversion to
(F8TPP-d8)FeIII–OH (δpyrr = +125 ppm, 193 K).287 That 2 was not the µ-peroxo
dimer, PFeIII–OO–FeIIIP, was clear because La Mar, Balch and coworkers
have shown this species to have δpyrr = +15–17 ppm, as is discussed below in
Section IV.A.6.a. 19F NMR chemical shifts for (F8TPP)FeII, (THF)(F8TPP)FeIII–O2

−

and (F8TPP)FeIII–OH, all at 193 K in THF, are −116, −111, −113 (1:1), and −83
(1:2:1) ppm, respectively.287 In CH2Cl2 the chemical shift of (F8TPPFeII) at 293 K
were quite different, +4.9 ppm, which shifts to −3 ppm at 193 K, because it is
intermediate spin (S = 1) FeII, Table 9; the 2H chemical shift for [(F8TPP)Fe]2−O2

2−

at 193 K is +17.5 ppm.287 Treatment of the µ-peroxo dimer with a Lewis base such
as NMeIm or p-diethylaminopyridine yielded (B)(F8TPP)FeIV=O, δpyrr = +3.5 ppm
at 193 K.287 All of these chemical shifts are consistent with those reported by other
workers in the field, as discussed in Sections IV.A.3, IV.A.6.a and IV.A.12.b. The
19F chemical shifts in CH2Cl2 were also reported. Thermodynamic and kinetic
parameters were determined in EtCN and THF solvents.287

Similar investigations of the TMPA-tethered (F6TPP)FeII complex called
(6L)FeII the following year, without copper bound,282 showed very similar UV-vis
and 1H, 19F NMR spectra for the O2 adduct and its final breakdown product, the
FeIII–OH complex, at room temperature, but in the absence of O2 the pyrrole-H
resonances in CD2Cl2 were at +45.0, +46.4, +47.9 and +48.4 ppm, and similar
chemical shifts in acetone-d6 and acetonitrile-d3, and there were also resonances of
the pyridyl ligands at both +24.4 (to +20.6) and −12.9 (to −8.2) ppm in CD2Cl2

(and the other two solvents), which was again explained by the binding of one of
the pyridyl ligands to FeII (with dynamic equilibrium among two of the three
pyridyl ligands).282 However, in THF-d8 the pyrrole-H resonances were at +52.8,
+54.0, +57.7, +58.4 ppm at room temperature, and the pyrrole-D resonances of the
deuterated analog were at +95 and +79 ppm (1:1, both broad) at 193 K in THF,
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which suggested that at low temperatures THF was able to successfully compete
for one FeII coordination site. The pyrrole-D resonance of the O2 complex was at
8.9 ppm and of the −OH complex was at +121 ppm, both at 193 K,282 as observed
for the (F8TPP)FeII/III compounds287 discussed above. In CH2Cl2 the 2H resonances
were at +43 to +46 ppm for (6L-d8)FeII complex (again indicating 5-, not 4-coordinate
as for the parent (F8TPP)FeII) at 293 K, a single broad resonance at 75 ppm
at 193 K for the same species, 9.3 ppm for the O2 complex, 17.0 ppm for the
µ-peroxo dimer, which appeared to rearrange to the FeIII–O2

− monomer in the pres-
ence of high concentrations of O2, and +122 ppm for the FeIII–OH final decompo-
sition compound.282

Addition of CO to the “empty” (6L)FeII and its (5L)FeII counterpart (6L has the
pyridyl of TMPA linked to the 6-position of the pyridine ring, while 5L has it
linked to the 5-position) gave Fe–CO complexes with νCO at 1976 and 1978 cm−1,
respectively, and 13CO chemical shifts of 207.0, 207.1 (∼1:1) and 206.8, 207.0
(minor) ppm, respectively, in THF-d8.

288 For the CuI-bound complexes, these val-
ues for Fe–CO binding were shifted only slightly (νCO at 1971 and 1973 cm−1;
δ13CO at 207.0 (minor), 208.1 ppm for the 6L isomer and 206.8 (minor), 207.4 ppm
for the 5L isomer). (The two values are believed to be for the “outside” and
“inside” binding CO isomers.) For CuI–CO binding, using TMPA-CuI as the stan-
dard, νCO was at 2091 cm−1 in THF, δ13CO at 180.3 ppm; for the FeII…CuI com-
plexes, νCO was at 2093 cm−1 for the 6L complex and 2091 cm−1 for the 5L complex,
δ13CO at 178.2 and 172.4 ppm for 6L and 5L, respectively. 2H NMR pyrrole shifts
for the CuI-loaded (6L)FeII and (5L)FeII complexes were +54.2, +56.7 (broad) ppm
in the absence and +8.8–8.9 ppm in the presence of CO for 6L and +54.0–58.8
(1:1:1:1) and 8.7–8.8 ppm, respectively, for 5L. These are believed to be bis-CO
complexes.

A variation on this ligand system was also created in which one pyridyl ligand
was replaced by an imidazole ligand, which was further bound to a phenol.289

Upon oxygenation of this CuI ligand complex a superoxo complex formed which
rapidly reacted with the starting CuI complex to form a CuII–O2–CuII dimer.289

With (F8TPP)FeII a µ-peroxo dimer was formed, as shown by 1H and 2H NMR
spectroscopy. It was shown that a stable heme-peroxo-copper species can be gen-
erated even in the presence of an imidazole-phenol group in close proximity.289

Tridentate CuI ligands have also been studied in their binding to CuI and its
diatomic ligand complexes.290 It was again shown that the O2 complex generates
the peroxo-bridged (S = 2) complex with the Cu ligand being a bis-pyridyl, mono-
tertiary aliphatic amine. Reactivity with CO and PPh3 was also studied.290

(F8TPP)FeII + (TMPA)CuI + O2 generated a dimeric µ-peroxo complex
which was characterized by X-ray crystallography. The Fe–O–Cu bond angle was
nearly linear (171.6°) with the distance between Fe and Cu being 3.58 Å. The
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pyrrole-H resonance is at +40.6 ppm (293 K), and protonated −OH bridged
complex at 110 ppm.290

The ligand architecture of the “tethered” complexes was studied in 2007. It
was found that the relatively low ν(O–O) frequencies observed in the 3-coordinate
Cu ligand complexes suports a µ–η2–η2-peroxo ligation to both iron and Cu.292

There is no reaction between (F8TPP)FeIII–O2
2−)–CuII(TMPA) and CO, as

observed for (6L)FeIII–O2
2−–CuII. Rather, the complex behaves more like it has

tridentate chelation to Cu, as though the bridging pyridyl ligand is no longer
coordinated. This result suggested that the bonding at the metal-peroxide core
in the latter complex was weaker than in the TMPA complex. Overall, the (F8TPP)
FeIII–O2

2−–CuII complex appeared to be the most stable heme-peroxo-copper com-
plex studied.292 In another paper in 2007, the (F8TPP)FeIII–O2–CuII(TMPA) com-
plex were further characterized by resonance Raman, 1H NMR, Mössbauer and
UV-vis spectroscopies.293 This work was summarized in a review article.294

Finally, this group has investigated heme-nonheme diiron complexes as models
of the active site of NOR. A crystal structure of the 6Lfe–O–FeCl complex was
solved, where Cl− is a sixth ligand of the nonheme FeIII.295 The complex is found to
have S = 0 by SQUID susceptometry (J = −114.82 cm−1). In spite of that the 1H NMR
spectra show pyrrole-H chemical shifts of about +15–16 ppm and pyridyl-H chemical
shifts of +10–15 ppm, and larger shifts for the TMPA-CH2 protons (+24, +27 ppm).
Mössbauer data are also reported.295 The O2, CO and NO adducts of this complex
were reported the following year. RR spectroscopy showed that NO reacted with the
complex to produce a dinitrosyl complex, with νNO(nonheme) = 1798 cm−1 and
νNO(heme) = 1689 cm−1.295 A later study of a FeII…CuI model showed that 6LFe(NO)
(without Cu-loading) gave a typical FeII–NO EPR spectrum, the FeIII–CuII fully oxi-
dized complex gave a high-spin FeIII (g = 6) signal and a typical axial CuII signal,
while the reaction of NO with this complex appears to give FeII–NO with a fairly
similar EPR signal + N2O, i.e., a reaction of 3 NO molecules with this bimetallic
complex.296 A bis-NO-bound iron porphyrin complex is believed to be an interme-
diate. Further elaboration of this system has been published recently,297 in which
reductive coupling of NO that fits the stoichiometric reaction:

2 •NO(g) + FeII + CuI + 2 H+ → N2O(g) + FeIII + CuII + H2O. (24)

This reaction is equivalent to one enzyme turnover. As part of this work, the
authors showed that the CuII product has a “reverse” axial EPR signal, i.e., with g⊥

> g||.
297 This occurs when CuII has a trigonal bipyramidal structure where the axial

ligands have higher ligand field than do the equatorial ligands, which thus places
the dz2 orbital highest in energy and yields an EPR signal with g⊥ ∼ 2.22, g|| ~ 2.02,
A⊥ ∼ 105 G, A|| ∼ 71 G.297,298
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d. Hydroxide or fluoride complexes

In addition to thiolate ligands, other anions such as hydroxide or fluoride can also
coordinate to ferrous tetraphenylporphyrin or etioporphyrin complexes.
Characteristic 1H NMR shifts reveal that the resulting fluoride or hydroxide com-
plexes [(TPP)Fe(OH)]−, [(TPP)FeF]−, [(Etio)Fe(OH)]−, [(Etio)FeF]− are 5-coordinate
and high-spin.299,300 The positive pyrrole-H shifts in the TPP complexes (+32.8 and
+30.3 ppm for the hydroxide and fluoride complexes, respectively) and the posi-
tive ring methyl and methylene shifts in the OEP complexes again indicate mainly
σ spin delocalization.299,300 The pyrrole-H resonances of [(TPP)Fe(OH)]− and
[(TPP)FeF]− are less deshielded than those in other 5-coordinate complexes. This
bias to smaller paramagnetic shifts reflects the importance of π spin delocalization
in the porphyrin ring. Such π spin density at the pyrrole carbon positions results
in a partial cancellation of the proton shifts at those positions due to σ delocaliza-
tion.300 The methyl and methylene proton signals in [(Etio)Fe(OH)]− and
[(Etio)FeF]− appear at low shielding (CH3, +18.3 ppm, CH2, +14.9, +12.5 ppm;
CH3, masked, CH2, +13.0, +14.0 ppm, respectively) and resemble those in other
high-spin iron(II) complexes, which is consistent with σ spin delocalization from
the singly occupied dx2−y2 orbital. The meso-H resonances are at −12.0 ppm and
−10.5 ppm, respectively, which implies that π spin delocalization to the meso posi-
tions is important.156

e. N-Alkyl (aryl) porphyrin complexes

N-substituted porphyrins, such as N-alkyl and N-aryl porphyrins are models for
cytochrome P450 heme alkylation. These derivatives are known to be formed as
inactivation products of hepatic cytochrome P450 by a variety of molecules,
including simple alkenes, such as ethylene.301–303 N-alkylporphyrins have been
identified as metabolic products of drugs produced by animal liver cytochromes
P450.302 To model certain aspects of these mechanisms, iron(II) monohalide
complexes of N-substituted porphyrin complexes such as N-methyltetraphenyl-
porphyrin, N-methyloctaethylporphyrin304 or [N-(2-phenyl-2-oxoethyl) tetraphenyl-
porphyrin],303 and iron (II) complexes containing a metallacycle302 were structurally
characterized. A paramagnetic shift pattern characteristic of paramagnetic com-
pounds and consistent with the Cs symmetry of the complexes,304 is observed in
the NMR spectra of these complexes. The N-methyl, N-aryl or N-alkyl resonances
are observed in a unique window of +60 to +160 ppm, and reflect a σ spin transfer
mechanism.304 Two of the four pyrrole protons are shifted to the +25 to +60 ppm
region (the other two are observed at slightly higher shielding than TMS), the
pyrrole CH2 protons appear in the spectral region of +5 to +35 ppm, and the
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meso-H are at −9.5 ppm. The phenyl-H resonances, with one set of phenyl
groups which exhibits negative o-H and p-H paramagnetic shifts and positive
m-H shifts of essentially the same magnitude, is consistent with π spin delocal-
ization at the meso positions,156 and argues strongly for negligible axial anisotropy
for two phenyl rings, and thus for the entire complex. Since the pseudocontact
shifts are negligible, the pyrrole-H paramagnetic shifts are thus predominantly
contact in origin and reflect the effect of the lowered symmetry. Addition of
imidazole ligands to the ferrous halide complexes of N-methyltetraphenyl- and
N-methyloctaethylporphyrin results in the formation of the corresponding 5-
coordinate imidazole complexes in which imidazole replaces the axial halide
ligand. The overall porphyrin resonance pattern and the peak width in these
adducts are retained.304

f. Nitrene complexes

It was proposed that the iron complexes found upon metabolic oxidation of 1,1-
dialkylhydrazines by hepatic cytochrome P450 might involve an iron-nitrene
bond.305 Therefore, (porphinato)iron-nitrene complexes were investigated. High-
spin, ferrous nitrene complexes, in which the nitrene moiety is inserted into the
iron-porphyrin pyrrole nitrogen bond, were synthesized by reaction of (tetraaryl-
porphinato)iron(II) complexes with the free nitrene NNC9H18 at −80 °C. 1H NMR
data favor the well-defined high-spin ferrous (S = 2) state, with a resonance pattern
that parallels that of the thiolate complexes discussed above in Section IV.A.4.a(ii).

g. Verdoheme analogs: Iron(II) complexes of
octaethyloxaporphyrin, OEOP

In 1930 Warburg and Negelein created a green pigment from heme that they called
verdoheme.306 This pigment was investigated further by Lemberg307 and Fischer.308

Much later, Jackson and coworkers309 showed that a meso-oxaporphyrin derivative
can be created by oxidation of iron(III) octaethylporphyrin in pyridine by dioxy-
gen in the presence of a reducing agent (hydrazine or ascorbic acid). This macro-
cycle is called octaethyloxaporphyrin, or verdoheme, OEOP, Structure 9, a
monoanionic ligand in this resonance structure. Balch and coworkers investigated
this reaction by NMR spectroscopy.220 Treatment of diamagnetic [(OEOP)FeII(Py)2]

+

with HCl yields the 5-coordinate [(OEOP)FeCl]. The ethyl CH2 resonances extend
from +7 to +31 ppm, and adjacent resonances belong to individual CH2 groups
(peaks 1,2; 3,4; 5,6; and 7,8).220 However, the assignment of the four ethyl groups to
the four symmetry-related positions on the OEOP macrocycle has not been reported.
The three meso-H have chemical shifts of +16 and +29.5 ppm (intensities 2:1,

104 Walker

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 104



respectively). Such positive chemical shifts suggest significant σ delocalization
to the meso positions, since the dx2−y2 orbital is half-filled. The reaction of iron
verdohemes with phenylmagnesium bromide to form paramagnetic iron-phenyl
complexes has also been reported.310

h. “N-confused” or “N-inverted” iron(II) porphyrins and related
N-modified macrocycle complexes

If one pyrrole ring is “inverted” so that it binds to porphyrin meso-carbons through
the 2- and 4-carbons of that individual pyrrole ring, a 2-aza-21-carbaporphyrin is
created, where the 21-CH is pointing directly at the iron.311,312 The FeIIBr complex
of this porphyrin, (HCTPPH)FeIIBr, is 5-coordinate and high-spin, with β-pyrrole
resonances which reflect the combination of σ and π spin density expected (+45 (1),
+44 (2), +38 (2) ppm, and β-NH at −7.5 ppm, 298 K).313 The uniquely large para-
magnetic shift of the inner H(21) (812 ppm, 298 K) indicates a FeII-{C(21)-H}
agostic interaction.313 Addition of I2 or Br2 to a solution of (HCTPPH)FeIIBr in the
absence of O2 results in 1-electron oxidation to yield [(HCTPPH)FeIIIBr]+, which
has pyrrole-H resonances at +115.2, +112.9, +107.9, +91.5, +50.7, +35.9, and
−32.8 ppm and the 2-NH at −31.2 ppm.314 If instead the (HCTPPH)FeIIBr complex
is oxidized by 1-electron with O2, accompanied by deprotonation of the C(21)H
fragment and formation of an Fe–C(21) bond, an intermediate-spin, 5-coordinate
iron(III) complex, (HCTPP)FeIIIBr, is formed which has pyrrole-H resonances at
+7.2, −10.6, −19.2, −20.6, −23.2, −24.9 and −43.2 ppm, and 2–NH at −76.6 ppm.314

In the subsequent step of oxidation an O atom is inserted into the preformed
FeIII–C(21) bond to produce [(CTPPO)FeIIIBr]−, which is a high-spin FeIII center
(pyrrole-H resonances at +106.3, +82.2, +69.4, +68.5, +53.5, +48.1 and
+37.5 ppm).314 Protonation at the 2–N atom produces (HCTPPO)FeBr, which has
pyrrole-H resonances at +117.3, +80.0, +76.8, +69.1, +59.1, +31.3 and +29.3 ppm,
and 2–NH at −25.0 ppm. Structures of the two latter complexes were also obtained.314

A similar study of the iron complexes of the N-methylated and C-methylated and
the C- and N-dimethylated versions of this CTPP ligand has also been reported.315

Another N-confused macrocycle was created in the pyriporphyrin family, by
linking a 3,5-disubstituted pyridine ring in place of a pyrrole ring, with the pyridine
nitrogen facing outward.316,317 This is formally called 8,11,18,21-tetraaryl-3-aza-m-
benziporphyrin, (PyPH)H, a monoanionic macrocycle with a CH pointing toward the
center of the macrocycle ring. The iron(II) complex of this macrocycle316 has similar
reactivity and 1H chemical shifts to those of the N-confused porphyrin macrocycle
discussed in the preceding paragraph, and the benziporphyrins discussed below.

As a variation on the theme of different donor atoms to FeII, the 5,10,15,20-
tetraphenyl-21-N-pyriporphyrin ligand (derived from a 2,6-substituted pyridine) was
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created and its FeIII complex studied briefly.318 The numbering system of the pyridine
ring in this compound is that the 2,4-H are adjacent to the link to the meso-carbons
and the 3-H is para to the pyridine nitrogen. The ZnII complex has been characterized
structurally, and the NMR spectrum of the high-spin dichloroiron(III) and low-spin
dicyanoiron(III) complexes have been reported at ambient temperature.318 For the
pyrrole-H and 2,4-H of the high-spin dichloro complex, the 1H resonances are at +86,
+80, +74 and +60 ppm, but not assigned, with the 3-H of the pyridine ring being at
+30 ppm. For the same resonances of the low-spin dicyano complex, there are
pyrrole-H at +16, +6.5 and +5 ppm, 2,4-H at −3 ppm, and 3-H at +10.5 ppm.318 This
pattern of shifts for the pyrrole-H resonances of the dicyanoiron(III) complex
strongly suggests that it has a (dxz,dyz)

4(dxy)
1 electronic ground state, and it is likely

that the angles expected for the pyridine 6-membered ring atoms as compared to the
pyrrole 5-membered ring atoms would encourage ruffling of the macrocycle.

As another variation on the theme of different donor atoms to FeII, the
5,10,15,20-tetraphenyl-21-oxaporphyrin ligand (derived from furan) was created
and its FeII and FeIII complexes studied.319,320 The FeIII complexes are more sta-
ble,319 except for the cyanide complex in the presence of excess cyanide, and are
discussed in Section IV.A.6.c(V). The FeIII complexes can be reduced to FeII with
moderate reducing agents, and (OTPP)FeIICl is 5-coordinate and high-spin, with
pyrrole-H resonances at +39.3, +29.5 and −6.4 ppm and the furan β-H at
+33.2 ppm at 295 K.319 The autoreduced cyanide complex, [(OTPP)FeII(CN)2]

−, is
diamagnetic, with furan β-H at 8.56 ppm and pyrrole-H at 8.40, 8.35, and
8.06 ppm.319 Titration of either (OTPP)FeIIICl2 or (OTPP)FeIICl with n-BuLi in
toluene-d8 at 205 K resulted in the formation of (OTPP)FeII(CH2CH2CH2CH3).

319

This compound decomposes by hemolytic cleavage of the Fe–C bond to produce
(OTPP)FeI, which is a low-spin d7 complex (dz2 unpaired electron), at least at low
temperatures, with g-values of 2.234, 2.032 and 1.990.319 This complex exhibited
pyrrole-H resonances at +156.2, +126.5 and +76.3 ppm and furan resonance at
+161.4 ppm at 273 K;319 these are unprecedentedly large pyrrole-H shifts for
iron(I) porphyrins319 (Section IV.A.1), and this author thinks may suggest that the
spin state may be high-spin d7 at ambient temperatures. Later studies of the reac-
tions of the FeII oxaporphyrins with phenylmagnesium bromide showed that two
σ-aryl groups could bind to form an anionic complex.320 Oxidation of that com-
plex with Br2 produced the mono-phenyl, mono-Br six-coordinate complex.320

5. Possible Iron(II) Porphyrin ππ-Cation Radicals

The first step of meso-oxidation of the porphyrin ring places a hydroxyl group at one
meso position, Structure 8, which can then be deprotonated to yield a trianion, which
is usually written as a ketonic oxygen, as also shown in Structure 8, or, if oxidized by
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one electron, a single bonded oxygen with a radical at that meso-carbon, with two
deprotonated nitrogens. Morishima et al.321 reported the NMR spectrum of the one-
electron oxidized complex of deprotonated mono-(meso-OH-OEP)FeII, recorded
either in pyridine-d5 or in pyridine/methanol/HC1 solution, which showed two reso-
nances at −154 and −111 ppm which were assigned to the meso-protons based on
deuterium labeling.321 An unusual non-Curie temperature-dependence was found for
all resonances. The explanation provided was that the iron(II) oxophlorin radical was
thermally admixed between nearly degenerate b2(π) and a2(π) (Figure 2) radical
states. As the temperature is increased, the a2(π) (Figure 2) contribution of the radical
state was believed to become greater, thereby allowing an increase in spin density at
the β-pyrrole carbon atoms. However, based in part on their EPR spectra,321 as dis-
cussed in more detail in Section IV.A.8.f and shown in Figure 51, most of which have
axial spectra, and all with g-values too different from 2.00 to be carbon/nitrogen-
based radicals, these bis-(pyridine) complexes of iron oxophlorins are clearly low-
spin iron(III) oxophlorin complexes which have the less-common (dxz,dyz)

4(dxy)
1

ground state, with a dxy-based unpaired electron rather than a porphyrin π-based
unpaired electron.131 The anomalous temperature dependence is likely the result of
thermal excitation to a low-lying (dxz,dyz)

3(dxy)
2 excited state.131 Further discussion of

this and related low-spin iron(III) complexes with the unpaired electron in the dxy

orbital will be presented in Sections IV.A.8.a, IV.A.8.c and IV.A.8.e.
The preparation and investigation of iron(II) nitrosyl π-cation radicals of

octaethylchlorin and octaethylisobacteriochlorin, as models for reaction interme-
diates of nitrite reductase were also reported by Morishima and coworkers.322 The
π-cation radicals had well-resolved hyperfine-shifted NMR resonances that were
characteristic of an a2(π)-type radical state of the iron(II) chlorin (see Figure 5),
because of the extremely large positive shifts of the 7,8-H of the chlorin (+190 ppm).
Likewise, the 2,3,7,8-deuterium signals of the multiple isomers of the isobacteri-
ochlorin complex were observed between +150 and +260 ppm, while the meso-D
signals were observed at +35 to +37 ppm (5-D), +18 to +22 ppm (10,20-D) and
+87 to +89 ppm (15-D).322 Non-Curie behavior of the deuterium resonances was
interpreted in terms of a valence isomerization involving the (ON)FeII chlorin π-
cation radical and the FeII–NO+ chlorin complex. This valence isomerization was
also observed in the presence of imidazole.322

6. High-Spin Iron(III) Porphyrins: Observed Shifts and the Mechanism
of Spin Delocalization

a. Five-coordinate, monomeric iron(III) porphyrin complexes

1H NMR spectra of simple high-spin, 5-coordinate halide complexes of synthetic
and natural porphyrins have been reported and discussed in detail.2,4 In these
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complexes, the metal is significantly out of the plane, and thus gives rise to two
o-H and m-H signals for TPP derivatives and two α-CH2 resonances for OEP and
meso-alkyl porphyrin complexes. High-spin iron(III) (S = 5/2) has a 6A ground
state, for which the g-tensor is isotropic. However, relatively large splittings of the
zero-field Kramers’ doublets, ±1/2, ±3/2, ±5/2, give rise to pseudocontact shifts
that are proportional to D/T2, according to Eq. 10 (Section IV.A.2), and D-values
estimated from analysis of the Curie plots are similar to those measured from far-
infrared magnetic resonance measurements of (DPDME)FeX.35 The solution pro-
ton NMR spectra of a number of monomeric, 5-coordinate, high-spin iron(III)
porphyrins have been reported,161,323–339 including those having X− = OH−, OR−,
OO2−, ROO−, N3

−, RC2
−, NCS−, RCOO−, NO3

−, OTeF5
−, SO4

2−, HSO4
−, RSO3

−,
WS4

2−, (triazolate)− and (tetrazolate)−. Of these, the NO3
− complex is known to

have the anion binding in a bidentate fashion to iron(III) in the solid state,336 and
both it and the RSO3

− complexes (as well as the [((TPP)Fe)2SO4] dimer discussed
in part d of this section) are believed to have bidentate anions in solution, based
on the similarity of their pyrrole-H paramagnetic shifts at 299 K (+72.5,
+72.9 ppm, respectively), as compared to monodentate Cl−, RO− and RCOO−

(78–80 ppm).336 (Carboxylates bind to iron(III) porphyrins as monodentate lig-
ands.335) Zero-field splitting constants, D, have been estimated for some of these
anions, and the order of increase in D appears to be N3

− < NCS− < Cl− ∼ OTeF5
− ∼

N4C(CH3)
− < N4C(C6H5)

−.329,337 The ions NCS−, Cl−, Br− and I− in [(TPP)FeX] have
D = 5.1, 6.0, 12.5 and 13.5 cm−1, respectively,333,334 and OH− in (TMP)FeOH has
D = 8.9 cm−1.323

The contact shifts of the 5-coordinate high-spin FeIII complexes are large at
both pyrrole and meso positions, but the mechanism of spin delocalization differs
at these two sites. The contact shifts at the β-pyrrole positions are to lower shield-
ing for both pyrrole-H (δcon ∼ +61 to +68 ppm at 29 °C) and pyrrole-α-CH2 (δcon ∼
+30, +34 ppm), indicating that spin is delocalized from high-spin iron(III) to these
positions through the σ-bond framework of the porphyrin. Such large σ spin delo-
calization is observed only in metalloporphyrins in which the dx2−y2 orbital of the
metal is half-occupied,2,4 and is an important signature of half-occupancy of this
orbital. In contrast, at the meso positions, the contact shifts are to higher shielding
for meso-H (δcon = −80 ppm at 29 °C) and to lower shielding for meso-α-CH2 (δcon

∼+50 ppm).2,4 This reversal in sign of the contact shift is a clear indication of spin
delocalization through π orbitals to the meso positions. Since each d-orbital of
high-spin iron(III) is half occupied, it is clearly possible that both σ and π spin
delocalization can occur. Of the π-symmetry frontier orbitals of the porphyrin that
have proper symmetry to overlap with metal orbitals (Figure 2) in these 5-coordi-
nate high-spin FeIII complexes where the metal is out-of-the-plane of the porphyrin
nitrogens, it is the 3a2u(π) orbital that interacts with the metal dz2 orbital via
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porphyrin → metal π donation (Figure 34) to permit π spin density to be delocal-
ized to the meso-carbons.156 This mechanism is different than discussed previ-
ously,2,4 in which it was believed that the 4e(π*) orbitals, which have large wave
function coefficients at the meso positions (Figure 5), allowed π-back-bonding
from the dxz and dyz orbitals as the mechanism of spin delocalization.2,4 The small
π spin density at the β-pyrrole carbons of the 3a2u(π) orbital, which interacts with
the dz2 orbital, and the larger π spin density expected at those positions for the
3e(π) orbitals, which can interact with the half-filled dxz,dyz orbitals, suggest that
the large positive shifts observed for the pyrrole-H are actually the balance of a
much larger positive shift due to σ-delocalization and a negative shift due to π-
delocalization. This becomes even more clear when the proton NMR spectra of
reduced hemes such as iron(III) chlorins, isobacteriochlorins, and dioxoisobacte-
riochlorins, as well as the numerous macrocycles created by coupled oxidation of
hemes are considered, Sections IV.A.6.c(i)–(vii).

Recent additions to the findings from NMR spectroscopic studies of the halide
complexes of iron(III) porphyrins includes those arising from the study of the
dodecasubstituted porphyrins, especially the octaalkyltetraphenylporphyrins.
These complexes have been shown to be at least partially S = 5/2,3/2 spin-
admixed complexes, and are thus discussed below in Section IV.A.7.

Notable among these 5-coordinate, monomeric, high-spin iron(III) complexes
is the hydroxide complex, because of the difficulty encountered in preventing its
well-known hydrolysis to form the µ-oxo dimer:

2 (P)FeOH � (P)Fe-O-Fe(P) + H2O. (25)

This problem was solved by using tetraphenylporphyrin ligands having o,o′-
substituents on the phenyl rings, such as −CH3 (TMP), −OCH3 ((2,4,6-
(OCH3)3)4TPP),323 or halogens (−F or −Cl),326 very bulky m,m′-substituents such
as t-butyl,324 or by use of superstructured porphyrins such as “basket-handle”340 or
“picket fence”341 or related water-soluble “picket fence” derivatives.342 The equi-
librium represented by Eq. 25 was utilized to develop a possible pH-sensitive con-
trast agent for MRI.343 It, and the additional equilibria between the diaqua and
hydroxide complexes, have been studied for the water-soluble tetraphenylporphi-
nesulfonate344 and tetrakis-(tetrafluorotri-methylaminophenyl) porphyrin327 com-
plexes of iron(III), and for naturally-derived hemins in aqueous detergent
micelles.345–347 It is also worth noting that while the 5-coordinate hydroxide com-
plex of synthetic iron(III) porphyrinates is high-spin, the 6-coordinate hydroxide
complexes of ferriheme proteins are often low-spin, and in some cases mixed
low- and intermediate-spin.19 This subject is discussed in Sections IV.A.10.a(ii)
and IV.A.10.b.
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The peroxide complex, [(TPP)FeO2]
−, was prepared from [(TPP)FeII] and

superoxide, O2
−,161 and is an example of the facile redox that takes place between

iron(II) and dioxygen and its redox active reduced derivatives, superoxide and
peroxide. The NMR spectrum is clearly diagnostic of a high-spin iron(III)
porphyrin.

Formation of (P)FeIIIOO-t-Bu from (P)FeII and t-BuOOH requires working at
very low temperatures (−70 °C), to prevent thermal decomposition to (P)FeIVO
and t-BuO•:

[(TMP)FeII] + t-Bu-OOH → [(TMP)FeIII-OO-t-Bu] + side products, (26)

[(TMP)FeIII-OO-t-Bu] → [(TMP)FeIV=O] + t-BuO•, (27)

followed by further reactions. Decomposition is catalyzed by bases, such as N-
methyl-imidazole.331 The chemical and NMR properties of the (FeIV=O)2+ unit will
be discussed in Section IV.A.12. The pyrrole-H shifts of the 5-coordinate OH−, t-
Bu-O−, and t-Bu-OO− complexes of (TMP)FeIII at −70 °C (+116.4, +122, +114 ppm,
respectively)331 suggest that OH− and t-Bu-OO− have similar values of the
zero-field splitting constant D, while that for t-BuO− may be larger. The
smaller (and similar) value of the zero-field splitting constant for OH− and
t-Bu-OO− are interesting in light of the use of the OH− complex of hemin-bound
heme oxygenase as a model for the HOO– complex of that enzyme, discussed in
Section IV.A.10.b.

Latos-Grażyński and coworkers have investigated the effect of a single β-
pyrrole substituent on [(TPP)FeCl] on the pattern of pyrrole-H resonances.223 The
single pyrrole-H resonance of [(TPP)FeCl] at about +80 ppm at 293 K is split into
up to seven resonances, in which the 3-H (the proton in the same pyrrole ring, next
to the substituent) has the most extreme shift: to lower shielding if the substituent
is electron-withdrawing (+104 ppm for 2-NO2), and to higher shielding if it is
electron-donating (+49 ppm for 2-NHCH3), while the remaining six pyrrole-H sig-
nals are spread around +80 ppm,223 as shown in Figure 35.

Introduction of a single meso substituent into ClFeIII(OEP) results in signifi-
cant changes in the geometric and/or spectroscopic properties of this complex.348

The mono-meso-substituted iron(III) complexes ClFeIII(meso-X-OEP), where X =
Ph−, n-Bu−, MeO−, Cl−, NC−, HC(O)−, and O2N−, were isolated and character-
ized by their UV/vis and paramagnetically-shifted 1H NMR spectra. The structures
of both ClFeIII(meso-Ph-OEP) and ClFeIII(meso-NC-OEP) were determined by
X-ray crystallography. Both molecules have five-coordinate structures typical for
high-spin (S = 5/2) iron(III) complexes. However, the porphyrins themselves
no longer have the domed shape seen in ClFeIII(OEP), and the N4 coordination
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environment possesses a slight rectangular distortion. These high-spin, mono-meso-
substituted iron(III) complexes display 1H NMR spectra in chloroform-d solution
which indicate that the conformational changes seen in the solid-state structures are
altered by normal molecular motion to produce spectra consistent with Cs molecu-
lar symmetry. The CH2 resonances at 298 K (at +43.7 and +41.6 ppm for OEPFeCl)
were spread over the region +47.3 to +35.1 ppm for the n-butyl-substituted complex
and +43.7 to +36.3 ppm for the methoxy-substituted complex, with all other
complexes having resonances within these ranges. The meso-H resonance(s) (at
−55.5 ppm for OEPFeCl) are at −57.9 (cis) and −74.3 (trans) ppm for the n-butyl-
substituted complex and −63 (cis) and −75 (trans) ppm for the methoxy-substituted
complex, but different chemical shifts for the phenyl (−65.9 (cis) and −58.5 (trans)
ppm), chloro (−63.7 (cis) and −60.7 (trans) ppm), cyano (−39.8 (cis) and
−25.3 (trans) ppm) and nitro (−57.3 (cis) and −44.4 (trans) ppm),348 which perhaps
reflects variable out-of-plane distances for FeIII among these complexes.156

Iron(II) N-methylporphyrin complexes are readily oxidized to 5-coordinate
high-spin iron(III) N-methylporphyrin halide cations.349 At −50 °C in CDCl3,
[(MeTPP)FeCl]. has pyrrole-H chemical shifts of +128, +92, +70 ppm; the β-pyrrole
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Figure 35. 300 MHz 1H NMR spectra of the pyrrole-H region of a series of high-spin [(2-X-
TPP)FeIIIY] complexes in CDCl3 at 293 K. The respective X substituents are shown on each
trace. Y = Cl for all complexes except Y = OH for [(2-O-TPPFeIII(OH)]−. The 3-pyrrole-H reso-
nance is labeled in each case by 3. Reprinted from Wojacz.yński, J.; Latos-Graz.yński, L.;
Hrycyk, W.; Pacholska, E.; Rachlewicz, K.; Szterenberg, L. Inorg. Chem. 1996, 35, 6861–6872,
with permission from the American Chemical Society.
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chemical shift of the N-methylpyrrole unit was found to be at 2.4 ppm using [(d8-
MeTPP)FeCl]+ and detection by 2H NMR spectroscopy.349 The three remaining
pyrrole rings appear to have similar average amounts of spin delocalization as
those of [(TPP)FeCl]; only the modified pyrrole ring suffers sharply decreased
spin transfer. The four m-H resonances of the N-MeTPP ligand have an almost
identical average observed shift to the two of [(TPP)FeCl] at the same tempera-
ture.349 The linewidths, ∆, of the proton resonances of the chloride and bromide
complexes differ in proportion to the zero-field splitting parameter, D (∆ ∝ D−2),
with ∆Br > ∆Cl, as for the [(TPP)FeX] analogs.94 The chemical shifts for
[(MeOEP)FeCl]+ and [(OEP)FeCl] show similar features, apart from the large
asymmetry in spin delocalization caused by N-methylation.349

Although it had been known for more than 25 years in 1999 that alkyl groups
of 5-coordinate porphyrin complexes such as OEPFeCl are diastereotopic,350–352

Nakamura and coworkers conducted a detailed study of the coalescence of the CH2

groups of Et, Pr and the methyl groups of i-Pr groups of meso-tetraalkyl porphyri-
natoiron(III) chloride and determined the activation free energies of each.353 The
coalescence temperatures determined (−72, −60, −62 °C) are specific to the NMR
frequency used (300 MHz in their case),353 and the free energies calculated do not
represent a barrier to rotation of the group, but rather a 1-point measurement of the
temperature at which rotation of the alkyl group becomes fast enough to average the
chemical shifts of the diastereotopic protons on the NMR timescale at 300 MHz —
or the temperature at which the rate of chloride exchange averages the environ-
ments of the diastereotopic protons.351,352 In any case, it is not a meaningful result.

The etioporphycene (Structure 14) complex of chloroiron(III) has the bridging
9,10,19,20-“vinyl”-H at −12 ppm, the 3,6,13,16-CH3 resonance at +79 ppm and
the two α-CH2 resonances at +37 and +24 ppm at 298 K in CDCl3.

354 The
iron(III)X complexes of 2,7,12,17-tetra-n-propylporphycene,355 with X = PhO−,
Cl−, Br−, I−, and ClO4

−, demonstrate pyrrole-H shifts that depend strongly on anion
(+65.3, +28.5, −7.8, −49.4 and −77.1 ppm, respectively, in CD2Cl2 at 294 K). The
behavior of the chloroiron complex of etioporphycene354 and the phenolatoiron
complex of TPrPc355 are very similar to that observed for 5-coordinate chloroiron
porphyrins discussed above, but the halide and perchlorate complexes of TPrPc
exhibit progressively greater spin-admixture, to the point where the perchlorate
complex is quite pure S = 3/2.355 The phenyl compound of etioporphycene appears
to be low-spin d5,354 and will be discussed in Section IV.A.8.h.

b. Six-coordinate monomeric high-spin iron(III) porphyrin complexes

When ligands of medium coordinative ability with counterions that bind weakly
are present, iron(III) porphyrins form high-spin, 6-coordinate complexes. This is
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the case for [(TPP)FeI] in 1:3 mixed CDCl3/CD2Cl2 solutions with added
DMSO.356 The concentration dependence of both [(TPP)FeI] and DMSO on the
formation of the complex confirmed that the stoichiometry of the complex was
2 DMSO:1 FeIII. The paramagnetic shift of the pyrrole-H of
[(TPP)Fe(DMSO)2]

+I− in 3:1 CD2Cl2:CDCl3 at −72 °C is ∼101 ppm, as compared
to ∼121 ppm for the 5-coordinate [(TPP)FeI] parent.356 Dimethylformamide,
DMF, also coordinates to [(TPP)FeI] to form 6-coordinate complexes.195,356,357

Strongly electron-withdrawing 2,4-substituents of natural porphyrins induce a
ring methyl paramagnetic shift spread similar to that observed in met-aquamyo-
globins, which suggested to the authors of that work that the in-plane asymme-
try in high-spin ferriheme proteins may arise from peripheral heme-apoprotein
interactions.357 However, this author suggests that it is more likely that the
methyl shift spread observed for the proteins is strongly influenced by the orien-
tation of the nodal plane of the axial (proximal) ligand such as a His-imidazole
plane, via π-donation from the filled π orbital of the axial ligand to one of the
half-filled dπ orbitals of high-spin iron(III), which, in turn, may decrease the
amount of Fe → P π spin delocalization into the porphyrin ring involving that
orbital. This hypothesis is supported by the patterns of heme methyl shifts for
the resting (HS FeIII) and met-cyano (LS FeIII) states of horseradish peroxidase
(HRP), which have heme methyl shifts in the order 5 > 1 > 8 > 3358 and 8 > 3 >
5 > 1,359 respectively (Figure 60 as compared to Figure 11). The reversal of the
two pairs of almost oppositely-related methyl shifts is consistent with the fact
that the histidine ligand lies close to the NI–Fe–NIII vector of the protoporphyrin
IX ring for HRP, so that for the high-spin iron(III) state, the dxz unpaired elec-
tron, which can be delocalized to the histidine imidazole ring, is not as available
to produce π spin delocalization to the 3e(π) orbital that has large electron den-
sity at the 1,2 and 5,6 positions of the heme141 as is the other 3e(π) orbital, that
has large electron density at the 3,4 and 7,8 positions of the heme and can inter-
act with the dyz unpaired electron to produce larger contact shifts at those posi-
tions. In contrast, for the low-spin state there is only one unpaired electron, so
the 3,4 and 7,8 positions of the heme feel the majority of the spin density, even
though some spin density is delocalized to the histidine ring. We have used this
principle to explain the relative heme methyl shifts in high-spin FeIII heme pro-
teins,141 as shown in Figure 60.

A major difference in the 1H NMR spectra of 5- and 6-coordinate high-spin
iron(III) porphyrins is the reversal in sign of the paramagnetic shift for the
meso-H, as shown in Figure 24 and Table 10. This reversal was noted in 1979
for derivatives of natural hemins in DMSO-d6.

357 The 90–95 ppm shift of the
meso-H resonance to higher frequency, from about −55 to +40 ppm as the iron
goes from 5- to 6-coordination, and presumably from out-of-plane to in-plane,
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begged for an explanation at the time of the writing of the first Porphyrin
Handbook chapter.4 This question was answered by Cheng et al.,156 who
showed that the unpaired electron in the dz2 orbital of 5-coordinate, but not 6-
coordinate, high-spin FeIII had the proper symmetry to overlap with the 3a2u(π)
filled porphyrin orbital, thus allowing P → Fe π donation and major spin delo-
calization to the meso positions of the heme. Thus the positive shift of pyrrole-
CH3 and α-CH2 for 6- as compared to 5-coordinate FeIII indicates that the
6-coordinate complexes have decreased π-delocalization to the β-pyrrole and
meso positions of the porphyrinate ring because of the loss of the delocaliza-
tion to the 3a2u(π). This point is important in comparing the meso-H shifts of
porphyrins, chlorins and isobacteriochlorins,171 Table 11, discussed in the next
subsection. The comparison of the size of the pyrrole–H and –CH2 paramag-
netic shifts of 5- and 6-coordinate high-spin (OEP)FeIII and (TPP)FeIII, as well
as the pyrrole-H and −CH3 paramagnetic shifts of the corresponding deutero-
hemin complex provide additional details: The pyrrole-H shifts are ∼20%
smaller and the pyrrole–CH2 and –CH3 shifts ∼20% larger in the 6- than the 5-
coordinate complexes, which indicates a smaller π contribution to the para-
magnetic shifts at the β-pyrrole positions of the 6- than the 5-coordinate
complexes.357 The chemical shifts are totally consistent with lack of involve-
ment of the 3a2u(π) orbital in the 6-coordinate complexes, and there is thus no
need to postulate a change in the energy of the dπ orbitals of high-spin iron(III)
between the 5- and 6-coordinate complexes.357 Comparison of 5- and 6-coordi-
nate high-spin natural hemin derivatives suggests that some redistribution in
spin density occurs among the β-pyrrole substituents upon change in coordina-
tion. Hence, upon reconstitution of heme proteins with deuterohemin, the rela-
tive pyrrole–H and –CH3 shifts may serve as a useful indicator of the state of
occupation of the sixth site in high-spin hemoproteins (+66, +46 ppm, respec-
tively, 5-coordinate; +55, +64 ppm, respectively, 6-coordinate; −22, +15 ppm,
respectively, low-spin).356

A 6-coordinate high-spin iron(III) porphyrin complex is produced if
[(TPP)FeF] is reacted with hydrated tetrabutylammonium fluoride (Bu4NF•3H2O)
in dichloromethane360: The bis-fluoride anionic complex, [(TPP)FeF2]

−, is stable
(Kf = 4 × 103 M−1 at 25 °C), and is characterized by larger pyrrole-H (+85.8 ppm
as compared to +72 ppm for the bis-DMSO complex discussed above) and o,p-
phenyl-H paramagnetic shifts and slightly smaller m-phenyl-H paramagnetic
shifts. Lack of splitting of the o- and m-phenyl signals of [(TPP)FeF2]

− supports
the assumption of diaxial fluoride coordination with the metal in the plane of the
porphyrin.360,361 Greater linewidths of the 1H signals of [(TPP)FeF2]

− suggest that
the bis-fluoride complex has a smaller zero-field splitting constant D than the
mono-fluoride complex discussed above.
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Table 11. Isotropic shifts of five- and six-coordinate high-spin iron(III) porphyrins, chlorins and isobacteriochlorins.a–c

Macrocycle (anion) Chemical shifts, ppm

Five-coordinate Complexes

Porphyrins Pyrr-α-CH2 Pyrr-CH3 Pyrr-H meso-H
DPDME(Cl−)a 36, 39, 41 45 66 −67
OEP (Cl−)c,d 39.8 — — −55.6

Chlorins Pyrr-α-CH2 Pyrroline-α-CH2 Pyrroline-H meso-H
t-OEC (Cl−)c,d 50.4, 46.3, 26.7, 18.6, 15.4, 21.6, 20.3 −44.3 [15 or 20]

45.3(3), 43.8, 10.9 −53.2 [15 or 20]
42.9, 38.6, −82.0 [5 or 10]
40.9, 38.6, −91.2 [5 or 10]
35.5(2), 34.7

Isobacteriochlorins
ttt-OEiBC(Cl−)c,d 70.1,61.8, 29.7, 27.2, 18.2(2), 40.7, 25.9, −38.4 [15]

56.8,51.7, 14.1(2), 8.0(2) 20.0, 4.3 −77.7 [10, 20]
40.9,39.9, −116.2 [5]
37.6,34.6

tct-OEiBC(Cl−)c,d 68.2,62.4, 28.0, 24.0, 15.9(2), 38.7, 33.0, −31.1, −48.8 [15]
57.2,50.4, 14.3(2), 10.5(2) 28.0, 16.3 −69.8, −90.2 [10, 20]
44.6,41.3, −111.3, −126.8 [5]
35.0,34.5

2,7-dioxoOEiBC(I−)e 79.7, 70.3, 21.3, 20.5, −44 [15]
65.0(2), 58.2, 18.9, 17.8 −70 [10]
55.8, 50.3, −83 [20]
48.4, 48.2, −113 [5]
44.7, 43.4, 43.0

(Continued )
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Table 11. (Continued )

Macrocycle (anion) Chemical shifts, ppm

Six-coordinate Complexes

Porphyrins Pyrr-α-CH2 Pyrr-CH3 Pyrr-H meso-H
PP(Cl)b 39.0,38.0, 63.2, 62.2, — 50, 46, 48 (2)

35.7(2) 57.7, 54.4
DP(Cl)b 43.7(2), 41.0(2) 64.3, 61.2 0.55(2) −29 (4)
OEP(CF3SO3)c,e 47.9(16) — — 40.1 (4)

Chlorins Pyrr-α-CH2 Pyrroline- α-CH2 Pyrroline-H meso-H
t-OEC(CF3SO3)c,e 60.6(4), 52.8(2), 16.5(2), 8.6(2) 81.3(2) 31.7 [15, 20]

36.4(2), 35.5(2) 29.6 [5, 10]

Isobacteriochlorins
ttt-OEiBC(CF3SO3)c,f 84.3(2), 83.7(2), 19.1(2), 17.1(2) 131.0(2), 72.6(2) 34.2 [10, 20]

30.6(2), 29.4(2) 21.4 [15]
0.7 [5]

tct-OEiBC(CF3SO3)c,f 85.4(2), 82.6(2), 16.2(2), 12.8(2) 125.1(2), 69.8(2) 29.8 [10, 20]
30.6(2), 29.2(2) 17.4 [15]

aCaughey, W. S.; Koski, W. S. Biochemistry 1962, 1, 923; solvent = CDCl3, T = 35 °C. bBudd, D. L.; La Mar, G. N.; Langry, K. C.; Smith, K. M.;
Nayyir-Mazhir, R. J. Am. Chem. Soc. 1979, 101, 6091–6096; solvent = DMSO-d6, T = 25 °C. cSullivan, E. P.; Grantham, J. D.; Thomas, C. S.;
Strauss, S. H. J. Am. Chem. Soc. 1991, 113, 5264–5270.
dSolvent = toluene-d8, T = 20 °C. eBarkigia, K. M.; Chang, C. K.; Fajer, J.; Renner, M. W. J. Am. Chem. Soc. 1992, 114, 1701–1707. Solvent =
CD2Cl2, T = 20 °C. fSolvent = 50:50 v/v CD2Cl2/DMSO-d6, T = 20 °C.
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c. Monomeric complexes of reduced or oxidized ferrihemes

i. Iron(III) sulfhemins

Iron(III) complexes of several naturally-occurring chlorins have been investigated
by 1H NMR spectroscopy, including the bis-DMSO complex of the stable green
sulfhemin prosthetic group extracted from sulfmyoglobin,133,362 and that of
(pyropheophorbide a)iron(III).208,301 The positive meso-H paramagnetic shifts sug-
gest 6-coordinate, bis-(DMSO) complexes in each case. Three of the ring CH3s of
sulfhemin C exhibit essentially unperturbed contact shifts relative to hemin, with
only the 3-CH3 (on the saturated ring) having a sharply attenuated shift, which
thus identified the saturated ring as II133 in the nomenclature of Structure 1; see
also Structure 4 and Figure 5. For [(pyropheophorbide a)iron(III)], large para-
magnetic shifts for the 1, 3, and 5-CH3 groups, and relatively small shift for the 8-
CH3 is consistent with the saturated ring being IV208,301 in the nomenclature of
Structure 1; see also Structure 4 and Figure 5. The patterns observed are consis-
tent with those observed for complexes of (OEC)FeIII,301 discussed below.

ii. Iron(III) octaethyl- and tetraphenylchlorin

The symmetry properties of the former dπ–3e(π) (d-S−2 and d-A−2, Figure 5)
orbitals on going from the porphyrin to the chlorin, Figures 2 and 5, respectively,
as well as the change in symmetry of the formerly a1u(π) orbital, the A−1 orbital of
Figure 5, such that it can overlap with the dxz orbital of the metal,133 have impor-
tant effects on the NMR spectra of high-spin iron(III) chlorins. With two chiral
carbons, trans-(OEC)FeCl has two enantiomers that are mirror images of each
other (Structure 18). These two enantiomers have exactly the same NMR spec-
trum, and thus it is not necessary (and would not be possible) to separate them.
The 1H spectrum of high-spin trans-(OEC)FeCl (and its OTeF5

− and NCS− anion
counterparts) and tetraphenylchlorin (TPC) (X = Cl−, OTeF5

−) were reported and
compared to those of the corresponding OEP and TPP complexes.363 The assign-
ments of the meso protons were made by selective deuteration.363 Unlike its
bis(ligand) complexes discussed in Section IV.A.8.i, (OEC)FeCl does not have C2

symmetry. Thus, there should be a total of 16 different CH2 resonances (12 from
pyrrole-CH2 groups and 4 from the pyrroline-CH2 groups) from the eight ethyl
groups, two different pyrroline protons, and four different meso protons, as
reported previously.363 Thus, the claim of slow or no interconversion between sup-
posed ruffled conformations of trans-(OEC)FeCl,364 as evidenced by the presence
of four meso-H signals, relied on the misconception that the 5,20 and 10,15
meso-H could interconvert via ring inversion of the macrocycle when in a non-
planar conformation. In contrast, the observation of only two meso-H signals for
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(cis-3,4-dihydroxyoctaethylchlorinato) iron(III) chloride at room temperature,
which split into four resonances at low temperatures,364 is indeed indicative of
macrocycle inversion of this nonplanar chlorin.

Although the types of protons of (OEC)FeCl were assigned previously,363 the
full resonance assignments for high-spin (OEC)FeCl were obtained in the author’s
laboratory by using saturation transfer difference (STD) techniques,115 as shown in
Figure 36. To conduct the STD experiments, an NMR sample containing a mix-
ture of (OEC)FeCl and its low-spin complex, [(OEC)Fe(4-Me2NPy)2]Cl, was
made by adding less axial ligand to the solution of (OEC)FeCl than necessary to
fully form the bis(ligand) complex (4-Me2NPy:(OEC)FeCl = 1:1). Only the 1H
NMR resonances of (OEC)FeCl and [(OEC)Fe(4-Me2NPy)2]

+ were observed in
this sample, and thus no mono(ligand) complex was present, because of its rela-
tive instability, which clearly causes it to disproportionate to the HS chloride and
LS bis(ligand) complexes. The saturation transfer experiments were carried out on
this mixture. Irradiation of the pyrrole-CH2 peaks of the high-spin (OEC)FeCl
form and observation of the saturation transfer to the corresponding peaks of the
low-spin species, which had already been assigned (see Section IV.A.8.i), which
arise from chemical exchange between the two, when recorded as a difference
spectrum, allow the peaks of (OEC)FeCl to be assigned. The control spectrum
(Figure 36a) shows the assignments derived for all the CH2 groups and pyrroline
protons from the experiments shown in Figure 36b–o, except for two peaks from
the pyrroline-2,3-CH2 protons, which are under or very close to the envelope of
resonances of the low-spin [(OEC)Fe(4-Me2-NPy)2]Cl.115 The saturation transfer
difference experiments which led to the assignments of the four meso protons115

are consistent with the assignments in the literature obtained by selective deuter-
ation of the chlorin ring, and are thus not shown herein.

An interesting finding in the saturation transfer experiments shown in Figure 36
was that when any resonance from one of the pyrrole-CH2 groups is irradiated,
besides the chemical exchange signal from the corresponding low-spin species,
there was another negative-phase signal observed from the high-spin form of
(OEC)FeCl. This ST resonance was from the chemical exchange between two
CH2 protons in two different but symmetry-related (such as positions 12,13 or 7,18
or 8,17) ethyl groups. This chemical exchange arises from the binding, loss, and
rebinding of chloride ion on the opposite side of the chlorin ring in the process of
exchange with the 4-Me2NPy ligands. For example, for one of the two CH2 protons
at position 8, if the chloride ion leaves when 4-Me2NPy binds, a different Cl− can
bind to the metal center on the opposite side when 4-Me2NPy leaves, and this pro-
ton will thereby have its chemical environment changed to that of a CH2 proton at
position 17 by virtue of the enantiomeric relationship shown in Structure 18. This
process only occurs in the mixture of (OEC)FeCl and [(OEC)Fe(4-Me2NPy)2]Cl,
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Figure 36. Bottom (a): 1H NMR spectrum of high-spin (OEC)FeCl in CD2Cl2 at 30 °C. Above,
(b-j): 1D saturation transfer difference spectra of the same complex in solution with enough
pyridine-d5 to complex about 10% of the complex. An arrow shows the resonance irradiated
in each STD spectrum and the negative-pointing low-spin resonance to which it correlates is
numbered. Some NOEs are also observed (positive phase). Five additional STD spectra can be
seen in the Supporting Information of the publication. Reprinted from the Supporting
Information, Figure S8, of Cai, S.; Lichtenberger, D. L.; Walker, F. A. Inorg. Chem. 2005, 44,
1890–1903, with permission from the American Chemical Society.
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among all ligand complexes studied.115 (NMeIm and HIm bind too tightly and
exchange too slowly to produce saturation transfer signals, while pyridine and 4-
CNPy do not bind tightly enough and exchange too rapidly to allow resolved high-
spin resonances to be observed.)115 As a result, chemical exchange signals were
observed between two symmetry-related CH2 groups of the 4-Me2NPy-containing
sample. This chemical exchange was also observed in the NOESY/EXSY spec-
trum of the mixture of (OEC)FeCl and [(OEC)Fe(4-Me2NPy)2]Cl.115 Since there
are a total of 10 pyrrole-CH2 peaks in the paramagnetically-shifted region from 36
to 56 ppm, 5 pairs of cross-peaks should be and are observed (the 2,3-CH2 reso-
nances are not present in this spectral region).115

Interestingly, in the NOESY/EXSY spectrum, only chemical exchange
between the CH2 protons of the high-spin (OEC)FeCl is observed.115 Chemical
exchange between (OEC)FeCl and [(OEC)Fe(4-Me2NPy)2]Cl was not observed in
the NOESY/EXSY spectrum because of the large difference in the relaxation rates
of these two species.115 Thus, it is clear that if one wants to observe the chemical
exchange or NOE between a rapidly and a slowly relaxing resonance, the steady-
state experiment is a much better choice than the NOESY/EXSY experiment. By
irradiating the rapidly-relaxing peak and observing the change of the slowly-
relaxing peak, one can avoid the disadvantage of the NOESY experiment, the
decrease of the signal during the t1 increment and mixing time due to the fast
relaxation rate of the fast-relaxing species.

The (TPC)FeCl complex pyrrole-H and pyrroline-H resonances, first reported
by Strauss and coworkers,363 were assigned, again by STD spectroscopy from the
[(TPC)Fe(4-NMe2Py)2]

+Cl− complex.365 In this case there are no chiral carbons.
The pyrrole-H resonances are found at +86 (7,18), +77 (12,13), and +66 (8,17)
ppm, while the pyrroline-H are found at −2 ppm. As is apparent, the various types
of pyrrole protons in the TPC complexes and the various types of pyrrole methylene
protons in the OEC complexes exhibit a large range of paramagnetic shifts (∆δ
∼30 ppm at 300 K). For both TPC anion complexes, two pyrrole-H resonances are
at higher shielding and one is at lower shielding than the pyrrole-H resonance for
the TPP homologue, while for the OEC complexes the mirror image of this pat-
tern is observed: Two sets of four pyrrole CH2 resonances are at lower shielding
and one set of four is at higher shielding than the average pyrrole CH2 resonance
for the OEP homologues. However, it should also be noted that the average pyr-
role-α-CH2 shift is larger for the chlorin (+42 ppm) than the porphyrin (+39.8
ppm), although this does not change the higher/lower frequency shift pattern by
very much. This reversal in pattern on going from the TPC complexes to the OEC
complexes is almost certainly due to the π component of the contact shift at the β-
pyrrole position for the two types of complexes. These results suggest that the
amount of spin density distributed from the iron atom to the protons in the pyrrole
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groups of the macrocycle is nearly the same for 5-coordinate high-spin iron(III)
porphyrins and chlorins, but is distributed quite asymmetrically among the vari-
ous pyrrole positions in the chlorin complexes.363

The differential rate of substitution of deuterium at the two chemically differ-
ent types of meso-H positions of OECFeCl under acidic and basic condi-
tions,171,366,367 as mentioned above, allowed assignment of the two types of
meso-H; the absolute assignment of the four was achieved by saturation transfer.115

For the 5-coordinate chloroiron(III) complex, the two meso-H adjacent to the
reduced ring have a much larger negative paramagnetic shift, and hence a larger π
contact shift, than those farther away from it (and much more negative than the
meso-H paramagnetic shift of (OEP)FeCl as well),171 which suggests that the S−1

orbital, the analog of the 3a2u(π) orbital of the corresponding porphyrin, (compare
Figures 2 and 5), is heavily involved in this π spin delocalization via delocaliza-
tion of the dz2 unpaired electron in this 5-coordinate chlorin complex.156 But at the
same time, utilizing the “antisymmetric” dπ electron, additional π spin delocaliza-
tion from the A−1 orbital, which is the analog of the 1a1u(π) orbital of the corre-
sponding porphyrin (compare Figures 2 and 5, can also contribute spin density to
the two meso positions closest to the pyrroline ring. Thus both the A−1 and S−1

MOs can contribute, via separate unpaired electrons and separate π molecular
orbitals, to the large spin density at those positions. The meso positions closest to
the saturated pyrrole ring are also those that exchange protons more rapidly with
deuterium under acid conditions,171 and are thus most electron-rich, which is con-
sistent with the relative molecular orbital coefficients of A−1. In contrast, for the 6-
coordinate high-spin iron(III) OEC complex, the paramagnetic shift of the two
meso-H adjacent to the pyrroline ring is only slightly smaller than that of the other
two. In addition, both types of meso-H of the 6-coordinate complex have less pos-
itive paramagnetic shifts than the corresponding OEP complex, which is consis-
tent with the loss of delocalization via the dz2 unpaired electron to the S−1 orbital
in this 6-coordinate complex.156

Peroxoiron(III) chlorin complexes have been prepared from (OEC)FeIII and
(TMC)FeIII plus two equivalents of superoxide anion.368 These complexes exhibit
rhombic high-spin EPR spectra, with two resolved g-values of about 9 and 4.2.
The NMR spectrum of the (TMC)FeIII(O2

2−) complex at −25 °C in acetonitrile
showed three pyrrole-H resonances at +79, +72 and +67 ppm and the pyrroline
resonance at −62 ppm. The meta-H of the mesityl rings is found at 7 ppm.368

iii. Two iron(III) octaethylisobacteriochlorin isomers

Iron(III) five- and six-coordinate complexes of both trans-trans-trans (ttt) and
trans-cis-trans (tct) octaethylisobacteriochlorin, OEiBC, Structure 5, have also
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been investigated.171 A number of resonances were assigned by means of deu-
terium substitution, with utilization of both 1H and 2H NMR spectroscopy, as
described in Section II.D.2. For the 6-coordinate complexes of both isomers, the
spread of the observed shifts of the pyrrole-α-CH2 is larger for both isomers (ttt,
∆δ = +54.9; tct, +56.2 ppm) than it is for the 5-coordinate complexes (ttt, ∆δ =
+35.5; tct, +33.7 ppm). Again, for the 5-coordinate complexes, the out-of-plane
position of iron(III) and its anion makes each pyrrole and pyrroline proton mag-
netically unique in the ttt isomer, and those plus the meso-H unique in the tct isomer.
The larger spread of pyrrole-α-CH2 resonances for 6- vs. 5-coordinate complexes
is also mirrored in the pyrroline α-CH2 and –H resonances (see Table 11).

In the case of the 5-coordinate complexes, the meso-H resonances are all at
very negative chemical shift, indicating large π spin delocalization to the meso
positions because of the dz2-S−1 interaction156 and the dxz-A−1 interaction (Figure 5).
The large spread (ttt, ∆δ = 77.8; tct, 95.7 ppm) indicates π contact shifts in the
order 5 >> 10,20 > 15. This is the opposite order from that observed for the rate
of base-catalyzed meso-H exchange for deuterium in the metal-free (OEiBC)H2

isomers,171 and is thus the same as the order of decreasing electron density at the
meso positions in each isomer. Thus, the π contact shift pattern at the meso posi-
tions is indicative of spin delocalization via filled π orbitals, that is, iBC → Fe π
donation, probably mainly from the formerly 3a2u(π) orbital of the porphyrin,
denoted S−1 for the isobacteriochlorin, Figure 6, to the dz2 orbital.156

Paramagnetic shifts of the meso-H in 6-coordinate DMSO adducts of the two
isomers are quite different from those of the 5-coordinate complexes just dis-
cussed; as for the chlorin and porphyrin complexes, the sign reverses, indicating a
dominance of σ spin delocalization at the meso, as well as the pyrrole positions,
because of the allowed overlap between the 3a2u(π)-like orbital and the half-filled
dz2 metal orbital when the metal is out of the plane of the porphyrin nitrogens.156

In addition, the spread of the meso-H resonances decreases on going from 5- to 6-
coordination to 33.5 (ttt) and 29.1 (tct) ppm. More importantly, the order of the
resonances changes, such that the minor π spin delocalization that occurs at the
meso positions of the 6-coordinate complexes decreases in the order 5 > 15 >
10,20. This pattern is indicative of weak π delocalization via the filled S−1 π orbital
of a ruffled macrocycle, that is, weak iBC → Fe π back-bonding, in addition to a
large σ spin delocalization to all macrocycle positions.

iv. An iron(III) monooxochlorin complex

(Monooxooctaethylchlorinato)-iron(III) chloride, (oxo-OEC)FeCl, has been
investigated by X-ray crystallography and by1D 1H NMR spectroscopy.207 The
structure shows the iron to be 0.46 Å out of the 24-atom mean plane and 0.25 Å
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out of the plane of the four nitrogens.207 More recently, the CH2 resonances of
(oxo-OEC)FeI, which has much sharper NMR resonances, were assigned by sat-
uration transfer from the [(oxo-OEC)Fe(2MeImH)2]

+I− complex.101 (oxo-
OEC)FeCl has no C2 axis, and thus there are 15 unique CH2 resonances, which
range in chemical shift from +69 to +46 ppm at 25 °C.101 There are also four
unique meso-H resonances, at −46, −51, −77, and –81 ppm.101 The temperature
dependence is as expected from Eq. 22.101

v. Two iron(III) dioxooctaethylisobacteriochlorin complexes

The 1H NMR spectrum of a chloroiron(III) 3,7-dioxooctaethylisobacteriochlorin
derived from OEP in CD2Cl2

100 shows a very similar pattern of chemical shifts for
the meso-H, in this case indicating contact shifts in the order 5 > 20 > 10 > 15,
with a spread of 69 ppm (Table 11). The spread of the pyrrole-α-CH2 resonances
is 36.7 ppm, with an average chemical shift of +49.4 ppm and that for the pyrro-
line α-CH2 resonances is 3.5 ppm, with an average chemical shift of +19.6 ppm.
Yang et al. attempted to make more detailed assignments of this complex, but
were only able to separate the most highly-shifted CH2 resonances into three
groups, a, b and c, with assignments from 68.5 to 47 ppm of a, b, a, c, b and c.101

Further assignments were not possible because of the lack of NOE interactions
that could be detected. Except for the small spread of the pyrroline-α-CH2 reso-
nances, which is consistent with the structure of this reduced heme, the pattern is
very similar to that of the [(OEiBC)FeCl] isomers reported by Sullivan et al.,171

Table 11. Both groups who have studied the NMR spectra of the 3,7-dioxooc-
taethylisobacteriochlorin complex have used the iodide salt,100,101 which has the
sharpest 1H resonances of all the halides.94

The trans-dioxoisobacteriochlorin complex, 2,12-dioxo-octaethylisobacteri-
ochlorin complex, (2,12-dioxo-OEiBCFeI), was very easy to assign from the
NOESY spectrum, based on cross peaks from 7,17 to 7,17, 8,18 to 7,17, 3,13 to
3,13 and 3,13 to 3,13-CH2 protons. Thus, the CH2 assignments are 7,17 > 8,18 >
8,18, 7,17 > 3,13 > 3,13 ≥ 3,13 > 3,13.101 The 3,13-CH2s are in the saturated rings.
Thus, the largest spin density is at the 7,8 and 17,18 positions of the macrocycle,
the aromatic pyrrole rings.101

vi. The iron(III) complex of tetraphenyl-21-oxaporphyrin

The 6-coordinate complex, (OTPP)FeIIICl2, which has one furan ring in place of
a pyrrole ring, is a typical high-spin iron(III) complex, with pyrrole-H resonances
at +86.2, +67.9 and +66.3 ppm and the furan β-H at +47.7 ppm.319 This complex
can undergo 1-electron reduction to (OTPP)FeIICl,319 as discussed earlier in

29/NMR and EPR Spectroscopy 123

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 123



Section IV.A.4.a(vii). It can also react with 2 equivalents of cyanide to produce
(OTPP)FeIII(CN)2, which has pyrrole-H resonances at −16.2, −24.6 and −40.5 ppm
and the furan β-H at −5.4 ppm.319 In the presence of excess cyanide it is autore-
duced to [(OTPP)FeII(CN)2]

−, as was also discussed in Section IV.A.4.a(vii).

vii. The high-spin iron(III) complexes of mono-meso-octaethyloxaporphyrin
and mono-meso-octaethylazaporphyrin

As was shown in Section IV.A.4.a(vi), oxidation of (OEP)FeCl in pyridine by O2

in the presence of a reducing agent (“coupled oxidation”) produces the meso-oxa
derivative known as [(OEOP)FeIICl],220 ring Structure 9. One-electron oxidation
of this complex in the presence of excess chloride ion produces [(OEOP)FeIIICl2],
whose NMR spectrum in CDCl3 at −60 °C shows four CH2 resonances between
+45 and +90 ppm, and two meso-H at +60 and +73 ppm (intensity 2:1, respec-
tively). At 297 K these four resonances are found between +35 to +60 ppm.369 As
for the 6-coordinate iron(III) isobacteriochlorin complexes discussed earlier in
Section IV.A.6.c(ii), this pattern suggests spin delocalization via the former
3a2u(π) orbital of the porphyrin, that is, S−1 of Figure 6, in addition to a large σ-
delocalization to all macrocycle positions.

Treatment of Cl2FeIII(OEOP) in CD2Cl2 with a 1.0 M solution of KOD yields
three intermediates with a total range of methylene resonances from +80 to
−65 ppm.369 These have been sorted out to identify the intermediates, first
[Cl2Fe(OEBOH)]−, which has nine methylene resonances between +16.4 and
+8.6 ppm and seven more strongly shielded methylene resonances from 0.2 to
−11.5 ppm; second, the anion-substituted complex of the same open macrocycle,
with one Cl− replaced by OH−; and third, the diketo form, which has only one OH−

ligand, [(HO)Fe(OEBO)].369 The mixed anion intermediate has eight methylene
resonances in the +10 to +65 ppm region and another eight in the −20 to −70 ppm
region of the spectrum, which show COSY cross peaks between adjacent methyl-
ene resonances throughout most of the spectrum (1–2, 3–4, 5–6, and 7–8, but some
variation in the remaining eight, with 9–10, 11–12, 13–15, 14–16). It is likely that
this wide range of chemical shifts is indicative of radical character in the OEBO
complex, but this has not been fully elucidated. The diketo [(HO)Fe(OEBO)] inter-
mediate also exhibits individual methylene resonances, 13 of which are resolved
outside the crowded diamagnetic region and ranges in chemical shift from +47 to
0 ppm; the two meso-H resonances are at +77 (1) and −7 (2) ppm.369

When [(OEOP)FeII(Py)2]Cl is treated with ammonia, followed by sulfuric acid
and finally HCl, the complex [(OEAP)FeIIICl] or [(HOEAP)FeIIICl2] is obtained if an
excess of HCl is used.370 The 5- and 6-coordinate high-spin iron(III) centers have
rather different NMR spectra, with the eight ethyl CH2 resonances of the 5-coordinate
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complex lying between +39 and +50 ppm and the meso-H lying at about −18 and
−26 ppm (intensities 1:2, respectively) at 23 °C.370 In contrast, the four ethyl CH2 res-
onances of the 6-coordinate dichloro complex lie between about +62 and +90 ppm
while the meso-H lie at about +23 and +46 ppm (intensities 1:2, respectively) at
−78 °C, and the meso-N–H proton is at about −46 ppm.370 When the chloride anions
are exchanged for nitrate and the complex is dissolved in DMSO-d6, the four CH2 res-
onances lie between +29 and +32 ppm at 23 °C, while only one meso-H resonance is
observed, at +36 ppm.370 These findings for the 6-coordinate complexes are also con-
sistent with a combination of σ and π spin delocalization, as for the 6-coordinate
iron(III) isobacteriochlorins and [(OEOP)FeIIICl2] discussed in Section IV.A.6.c(ii)
and the previous paragraph, respectively.

d. Bridged dimeric complexes of high-spin iron(III) porphyrins
and chlorins

Several of the properties of µ-oxo dimers of iron(III) porphyrins, formed by
hydrolysis of the hydroxide complex (Eq. 25) or by reaction of molecular oxygen
with iron(II) porphyrins (Eq. 26), have been investigated, including their 1H and
13C NMR spectra, infrared and Raman spectra, Mössbauer spectra, magnetic sus-
ceptibilities and crystal and molecular spectra. These linear (P)Fe–O–Fe(P) units
are antiferromagnetically coupled dimers of high-spin iron(III), although attempts
to measure the coupling constant, −2J, from the temperature dependence of the
magnetic susceptibility or NMR paramagnetic shifts have yielded a range of val-
ues.2,4,371 Magnetic susceptibility results for [((TPP)Fe)2O] in the solid state give −
2J = 271 cm−1,372 while values of 258 cm−1,373 and 312 cm−1,374 have been obtained
from 1H and 13C NMR results, respectively. Calculation of −2J from the tempera-
ture dependence of the NMR spectra of these complexes is complicated by the
possibility of pseudocontact, ZFS and contact contributions to the paramagnetic
shifts.2,4 In any case, the paramagnetic shifts of the protons of these
(P)Fe–O–Fe(P) dimers are significantly different from those of the high-spin
iron(III) monomers,2,4 with all resonances occurring between +7 and +14 ppm at
320 K. Similar NMR spectra are observed for the reduced porphyrin analog,
[((TPC)Fe)2O], with the addition of two signals from the two types of protons in
the pyrroline ring in the 2–4 ppm region.373 The tetraphenylchlorin complex has a
very similar derived value of −2J (265 cm−1). The shift to lower frequency of the
pyrroline protons suggests either (1) a sizable π contact shift to higher shielding,
which possibly arises from spin delocalization via the a1u(π) counterpart of the
porphyrin ring, that is, the A−1 orbital of Figure 5, or (2) a large rhombic component
to the paramagnetic shift, as previously discussed for monomeric, 4-coordinate
S = 1 complexes of the reduced hemes (OEC)Fe, (TPC)Fe and (TPiBC)Fe.248
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The preparation of a series of mixed metal µ-oxo dimers of the type
(P)Fe–O–Cr(P′) from (P)FeII and (P′)Cr=O hve been reported.375 Their 1H NMR
spectra are characterized by resonances of the (P)Fe in the positions found for the
symmetrical (P)Fe–O–Fe(P) dimer, and a resonance at +38 ppm due to the pyr-
role-H of the chromium porphyrin unit. The peak at ∼13 ppm was not present
when (OEP)FeII was used as the iron starting material instead of (TPP)FeII,375

which confirms that this resonance is due to the pyrrole-H of the iron unit. The
temperature dependence of the magnetic susceptibility of the mixed-metal dimer
leads to its formulation as antiferromagnetically coupled FeIII (S = 5/2) and CrIII

(S = 3/2), which yields S′ = 1, with −2J ∼260–300 cm−1 and DFe and gFe ranging
from 3.8 to 4.9 cm−1 and 1.98–2.05, respectively, if it is assumed DCr ∼ −1 cm−1.375

Similar binuclear µ-oxo dimers can be made in which the iron complex is the
phthalocyanine.375

An intermediate in the oxidation of 4-coordinate iron(II) porphyrins to the
(P)Fe–O–Fe(P) µ-oxo dimer via Eqs. 28a–c:

(P)FeII + O2 → (P)FeO2, (28a)
A B

(P)FeO2 + (P)FeII → (P)FeIII–OO–FeIII(P) → 2(P)FeIV=O, (28b)
B A C D

(P)FeIV=O + (P)FeII → (P)FeIII–O–FeIII(P), (28c)
D A E

the µ-peroxo dimer, C, of tetra-(m-tolyl)porphinatoiron(III), has been detected by
NMR spectroscopy at low temperatures.378 The µ-peroxo complex, C, has a larger
paramagnetic shift for the pyrrole-H at all temperatures, and has an antiferromag-
netic coupling constant, −2J, that is about 30% smaller than that for the µ-oxo
dimer, E, and the magnetic moment376,677 decreases from 2.6 µ B at −50 °C to about
2.2 µ B at −80 °C, both consistent with weaker antiferromagnetic coupling in the
µ-peroxo complex.378

Addition of dioxygen to 2,7,12,17-tetra-n-propylporphycene, (TPrPc)FeII,
produces its µ-peroxo dimer, which has a pyrrole-H chemical shift of +17.99 ppm
in d8-toluene at 173 K and shows distinct nonCurie temperature dependence
because of strong antiferromagnetic coupling.253 It is stable at 203 K but converts
to the µ-oxo dimer at higher temperatures. When the µ-peroxo dimer is reacted
with nitrogen bases (pyridine-d5, NMeIm) it forms the ferryl complex,
B(TPrPc)FeIV=O, which has pyrrole-H at −1.32 ppm, meso-H at +11.80 ppm at
223 K; it reacts with triphenylphosphine to produce triphenylphosphine oxide.253
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Related reactions of 4-coordinate (P)FeII complexes with p-benzoquinone
and its derivatives yield hydroquinone dianion bridged iron(III) porphyrin dimers
that are characterized by very small antiferromagnetic coupling constants,
−2J ∼7.2–31 cm−1.379 Accordingly, the 1H NMR spectra of these complexes are fairly
characteristic of high-spin iron(III) monomeric complexes, with the pyrrole-H reso-
nance at +62–74 ppm at 23 °C.380 However, the Curie plots show the opposite type
of curvature from that of simple monomeric high-spin iron(III) complexes, due to
the (small) antiferromagnetic coupling between the iron(III) centers in these dimers.

Several µ-nitrido dimers have been reported, including [(TPP)Fe–N–
Fe(TPP)],381 [(Pc)Fe–N–Fe(Pc)],382 mixed porphyrin-phthalocyanine complexes
such as [(TPP)Fe–N–Fe(Pc)],383 all of which involve formally FeIII–FeIV paramag-
netic centers, in which each iron is said to behave as though it is +3.5, that is, a delo-
calized single unpaired electron. This contrasts with the Fe–Ru analog dimers,
which behave as FeIV–RuIII centers.384 For the di-iron compounds, a single unpaired
electron could result from antiferromagnetic coupling of high-spin iron(III) (S = 5/2)
and high-spin iron(IV) (S = 2), intermediate-spin iron(III) (S = 3/2) and intermediate-
spin iron(IV) (S = 1), or low-spin iron(III) (S = 1/2) and low-spin iron(IV) (S = 0),
although the precedent of the µ-oxo dimer of iron(III) porphyrins would suggest that
these 5-coordinate centers should be high-spin. In any event, neither the high-
spin/high-spin nor intermediate-spin/intermediate-spin antiferromagnetically cou-
pled cases could allow a delocalized electron, for transfer of one electron from
iron(III) to iron(IV) would create a different spin state, and the corresponding
FeIII–FeIV µ-nitrido dimer of the iron cyclams has localized valences.385 The mixed-
valence Mn–Fe d8 systems behave as MnIV–FeIII and are formally diamagnetic.386

One-electron oxidation of [(TPP)Mn–N–Fe(Pc)] produces the MnIV–FeIV oxidation
state, and the oxidized dimers can coordinate pyridine to form mono- and bis-(pyri-
dine) adducts. Up to six additional electrons can be removed from the (IV)–(IV)
dimer. The complexes have been characterized by electrochemical techniques, EPR,
Mössbauer and resonance Raman spectroscopy,386 but not by NMR spectroscopy.

Dimeric dinegative oxoanion SO4
2− and CrO4

2−, [((P)Fe)2XO4] complexes
have been shown to have both 1H and 13C NMR resonances that are sharp and at
very similar paramagnetic shifts to those of monomeric, high-spin iron(III) com-
plexes,336,387 which suggests that antiferromagnetic coupling is very weak or
nonexistant in these dimeric complexes. Very small deviations from Curie behav-
ior were noted, suggesting that zero-field splitting of high-spin iron(III) is very
small; this fact and the slightly smaller pyrrole-H paramagnetic shifts of
[((TPP)Fe)2(SO4)], suggest that the sulfate anion may be acting as a bidentate
chelating ligand to each iron(III).

High-spin iron(III) oxophlorins readily dimerize intermolecularly when in the
meso-hydroxyporphyrin resonance form,388 Structure 8. In these 5-coordinate
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high-spin iron(III) dimeric centers, antiferromagnetic coupling is very weak and the
1H NMR shift pattern is similar to those of the monomeric chloro- or bromoiron(III)
complexes discussed in Section IV.A.6.c(v). The eight ethyl-CH2 resonances lie
between +18 and +39 ppm and show significant differences in T1s and T2s depend-
ing on their distances from the other iron(III) center, while the meso-H resonances
are observed at −28 and −98 ppm (intensities 2:1, respectively) in CDCl3 at 28 °C,388

as observed for other 5-coordinate high-spin iron(III) macrocycles discussed above.
A type of intermolecular dimer formation has also been observed for the

unsymmetrically substituted 5-(2-hydroxyphenyl)-10,15,20-tritolylporphyrin
complex of iron(III), in which the o-OH functions of one molecule are deproto-
nated and bind as PhO− ligands to the Fe(III) of a second molecule, which in turn
binds its deprotonated o-OH function to the iron(III) of the first. Despite this
intramolecular dimeric structure, the proton NMR spectra reveal pyrrole-H signals
in the +80 ppm region at 25 °C, which is diagnostic of an isolated high-spin
iron(III) center, and the magnetic moments in solution376,377 (6.0 ± 0.2 µB) and
solid-state (5.91 ± 0.05 µB) match the spin-only value for high-spin iron(III), thus
indicating that antiferromagnetic coupling is extremely small.328

Several covalently linked di-iron(III) diporphyrins, linked through an alkyl
chain to the ortho-OH of a single phenyl ring on each porphyrin, have been
reported by Wolowiec and Latos-Grażyński, who have also studied the cyanide
coordination of them.389 High-spin complexes in which each iron is coordinated to
one cyanide, a bridging low-spin tricyano complex, plus a low-spin tetracyano
complex are observed. The NMR spectrum of the tricyano complex that includes
a µ-cyano bridge shows evidence of at least 16 pyrrole-H resonances between −12
and −19 ppm at 293 K in CDCl3. This is believed to be due to the unsymmetrical
nature of the µ-cyano bridge.389 Oligomerization of the iron(III), gallium(III) and
manganese(III) complexes of (2-hydroxyphenyl)triphenylporphyrin creates head-
to-tail trimeric complexes that have been characterized by X-ray crystallography
and by NMR spectroscopy.390–392 The unique 3-H resonances of the iron(III) trimer
occur at −90, −95 and −99 ppm for the different stereoisomers, while the other
pyrrole-H resonances occur in the +62–81 ppm range.390,392 The diamagnetic gal-
lium(III) trimer has the 3-H resonances at 1.82, 2.18 and 2.82 ppm.391 Mixed-
metal trimers have also been prepared and characterized by NMR spectroscopy.392

7. Intermediate-Spin Iron(III) Porphyrins: Observed Shifts
and the Mechanism of Spin Delocalization

When weakly-coordinating anionic axial ligands such as ClO4
−,15,393–400 CF3SO3

−,374

SbF6
−,400–402 and C(CN)3

−374,403 or two weakly-basic pyridine ligands (in the case of
β-pyrrole alkyl-substituted porphyrins such as OEP and etioporphyrin, EP), such
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as 3-chloropyridine404 and 3,5-dichloropyridine;400,405 are present, iron(III) por-
phyrins exhibit a broad derivative-shaped EPR feature near g = 4374,397,400,405 and
NMR spectra that show anti-Curie behavior.15,334,396,406 Many of these spectral fea-
tures are similar to those of the cytochromes c′, including the EPR,400,407,408 near-
IR MCD,400,409,410 Mössbauer395,402,405,411 and resonance Raman412,413 spectra, and the
NMR spectra of Chromatium vinosum cytochrome c′, but not those of
Rhodospirillum rubrum, Rhodospirillum molischianum and Rhodopseudomonas
palustris.414 Thus, it may be that C. vinosum cytochrome c′ is the anomaly among
this type of cytochromes c. Interestingly, it is the C. vinosum protein that has been
studied most frequently by other spectroscopic techniques. The cytochromes c′ are
known to contain 5-coordinate heme c, with no distal residues present that are
capable of hydrogen-bonding to endogenous ligands.415,416 Moss and Maltempo
have proposed the existence of an intermediate-spin (S = 3/2) state with a quantum-
mechanical admixture of the more common high-spin (S = 5/2) state for the pro-
tein.411,417,418 This differs from a simple S = 3/2 → S = 5/2 equilibrium, in that the
EPR and Mössbauer features are unique, rather than simply a superposition of the
expected spectra of the two spin states, and the ground state is composed of con-
tributions from each state.406

The dramatic anti-Curie dependence of the pyrrole-H resonance of
[(TPP)FeOClO3] from about −20 ppm at −45 °C to +20 ppm at +54 °C396 is a now-
familiar hallmark of the 1H NMR spectra of spin-admixed S = 3/2,5/2 model heme
species. Smaller shifts in the meso-H (∼ 0 to about −9 ppm) and pyrrole-α-CH2

(−40 to about −33 ppm from −40 to +50 °C) resonances are observed for
[(OEP)FeOClO3].

334,374,396 At low temperatures, the S = 3/2 contribution to the
spin-admixed state increases,which leads to depopulation of the dx2−y2 orbital of the
S = 5/2 state, and thus decreases the large σ contact shift contribution so characteris-
tic of simple high-spin 5- and 6-coordinate iron(III) porphyrins (Section IV.A.6.a and
IV.A.6.b). The NMR spectra have been fit to a model based on a d-orbital splitting
pattern modified from the tetragonal pattern on the right side of Figure 1, with the
energies of dz2 and dx2−y2 reversed,406 where ∆ = Ex2−y2 – Exy = 34,100 cm−1, δ1 = Exz,yz –
Exy = 2,500 cm−1, δ2 = Ex2−y2 – Ez2 = 25,000 cm−1 and g|| = 2.0, and the best values of
ζ = 200 cm−1, g⊥ = 4.77, with the ground state wave function composed of 61% 4A2

and 39% 6A1 for [TPPFeOClO3], and ζ = 120 cm−1, g⊥ = 4.39, with the ground state
wave function composed of 80% 4A2 and 20% 6A1 for [(OEP)FeOClO3].

Weak-field anions tend to stabilize the S = 3/2 ground state of the spin-admixed
3/2,5/2 systems, increasing in the order CF3CO2

− ∼ CF3SO3
− < C(CN)3

− < ClO4
− for

(TPP)FeIII 374 and CF3SO3
− < C(CN)3

− ∼ ClO4
− < SbF6

− for (OEP)FeIII.374,400 The
low-basicity ligand, 3,5-dichloropyridine, appears to stabilize the S = 3/2 ground
state in [(OEP)Fe(3,5-Cl2Py)2]

+ about as well as ClO4
− or SbF6

−.400 For para-
substituted derivatives of [(TPP)FeOClO3], the S = 5/2 contribution increases in
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the order p-OCH3 < p-H < p-Cl < p-CF3,
399 so electron-donating substituents on

the phenyl rings favor the S = 3/2 ground state, where the dx2−y2 orbital is depopu-
lated. Consistent with this, the 2,4,6-trimethoxy derivative, [((2,4,6-
(OCH3)3)4TPP)FeOClO3] has the most negative reported chemical shift of the
pyrrole-H (−30.6 ppm),398 and thus appears to be the “purest” S = 3/2 complex.
However, the temperature dependence of the paramagnetic shifts has not been
reported. The shift to higher frequency (δobs positive) of the m-phenyl-H indicates
a pseudocontact contribution of positive sign, consistent with the EPR parameters
(g⊥ > g||) obtained for [(TPP)FeOClO3].

406

A series of perchloratoiron(III) complexes of four 2,6- and one 2,4,6-phenyl
substituted tetraphenylporphyrin ligands have been investigated as a function of
temperature by 1H NMR spectroscopy.83 The 2,6-phenyl substituents consisted of
−H, −F, −Cl, and –Br, and the 2,4,6-phenyl substituents were −CH3. A wide range
of temperature dependences, ranging from negative slopes with very large positive
1/T = 0 intercepts (Cl ∼ Br > CH3 > H) to positive slope with very large negative
1/T = 0 intercept (F), were observed, as shown in Figure 37. The NMR results
were combined with EPR spectroscopic data, theoretical calculations and curve
fitting procedures to arrive at a consistent overview of the variety of temperature
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Figure 37. 250 MHz 1H NMR spectrum of 4-substituted phenyl derivatives of [(TPP)FeIIIOClO3]:
(A) 4-OCH3; (B) H; (C) 4-Cl; (D) 4-CF3. Proton designations: o, ortho-H; m, meta-H; p, para-
H; py, pyrrole-H. Solutions are ~2mM in CDCl3 at 29 °C. Reprinted from Toney, G. E.;
Gold, A.; Savrin, J.; ter Haar, L. W.; Sangaiah, R.; Hatfield, W. E. Inorg. Chem. 1984, 23,
4350–4352, with permission from the American Chemical Society.
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dependent behaviors observed. This overview relies on the premise that in addi-
tion to the ground state, one (or more) thermally accessible excited states are pop-
ulated to varying degrees over the temperature range of the NMR and EPR
measurements. If only one excited state is considered, the analysis is consistent
with the ground state being S = 3/2 (or largely S = 3/2) and the excited state being
the high-spin state (S = 5/2) for all of the complexes except for [{(2,6-F2)4TPP}
FeOClO3], where the high-spin state (or largely S = 5/2) is the ground state and
the intermediate-spin state (S = 3/2) is the excited state.83 This is another example
(see also Ref. 419) of ortho-phenyl substituents having opposite electronic effects
to those of the meta- and para-phenyl counterparts.

The dodecasubstituted porphyrin macrocycles octaethyl- and octamethyl-
tetraphenylporphyrin (OETPP and OMTPP, respectively),420,421 and to a lesser extent
tetra-(β,β′-tetramethylene) tetraphenylporphyrin (TC6TPP),421 are prevented from
being planar macrocycles because of steric interference between the β-substituents
and the phenyl rings. OETPPFeCl and OMTPPFeCl have highly saddled confor-
mations with only a small ruffling contribution, with two opposite pyrrole rings
having their β-carbons significantly above the plane of the four nitrogens, and the
other two pyrrole rings having their β-carbons significantly below that plane,
1.15(11)420,422 and 1.05(10)420 Å, respectively. These distortions are less extreme
for TC6TPPFeCl, which also shows significantly more mixing of saddling and ruf-
fling (Normal-coordinate Structure Decomposition (NSD) calculations for
(TC6TPP)FeCl resulted in the following lowest energy modes: B2u(sad) = 1.9985,
B1u(ruff) = 1.3508, a small domed component, A2u(dome) = 0.1457, and close to
zero values for all the others).421 The kinetics of nonplanar ring inversion for all
three of these complexes, as well as TC6TPPFeONO2 have been studied by 1H
NMR spectroscopy,420,421 as discussed later in Section IV.A.8.e. In all cases the
FeIII is out-of-plane with respect to the porphyrin nitrogens (0.43, 0.51420 and
0.530(1)421 Å, respectively). Unlike “flat” (Por)FeCl complexes, the 1H NMR
(δ(CH2)av ∼ 35 ppm at ambient temperatures, curved Curie plots) and EPR (g⊥ ∼
5.2–5.8, g|| = 2) spectra and magnetic susceptibility (µeff = 4.8–5.2 µB) of all three
complexes show evidence of being of S = 3/2,5/2 spin-admixed iron com-
plexes.420,421 The nitrate complex, TC6TPPFeONO2, was found to have the metal
less out-of-plane of the four nitrogens [0.359(1) Å], and to have a correspondingly
higher fraction of S = 3/2 character (about 20%, as compared to 2.7% for the chlo-
ride complex).420

The highly ruffled intermediate-spin [(TEtPrP)Fe(THF)2]
+ has been shown

to adopt a novel (dxz,dyz)
3(dxy)

1(dz2)1 ground state, while the highly saddled por-
phyrin [(OETPP)Fe(THF)2]

+ has a conventional (dxy)
2(dxz,dyz)

3(dz2)1 ground state,
on the basis of the difference in meso-13C chemical shifts (+104 vs. −244 ppm,
respectively).423 The same trend holds for the 5-coordinate perchlorate complexes
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(+342 vs. −47 ppm, respectively).423 The halide complexes of the highly ruffled F,
Cl− and Br− complexes are high-spin, while the I− complex adopts an admixed S =
5/2,3/2 state.424 In contrast, the OETPPFeX complex, wher X = I, is a pure inter-
mediate spin complex, on the basis of the meso-13C chemical shifts.424 Another
study showed that weak donor ligands such as pyridine-N-oxide, DMSO, DMF,
MeOH, THF, 2-MeTHF and dioxane create either high- or intermediate-spin iron
centers depending on the structure of the porphyrin ring (TPP (flat), TiPrP (ruf-
fled), and OETPP (saddled)). Again, meso-13C chemical shifts were used to reach
these conclusions.425,426 The same 5-coordinate geometries can also be achieved
with various 2-substituted imidazoles, and these complexes are also intermediate-
spin or spin-admixed.427

Five-coordinate halide-ligated complexes of iron(III) porphycene and cor-
phycene have been prepared and studied by X-ray crystallography, Mössbauer, 1H
NMR and EPR spectroscopy and SQUID magnetometry. It was found that the
etioporphycene-iodide complex exhibits a mainly S = 3/2 spin state with a small
amount of S = 5/2 admixture. In contrast, all of the other halide complexes of both
macrocycles show the reverse, a mainly S = 5/2 spin state with a small amount of
S = 3/2 admixture.428

Bis-ethanol complexes of iron(III) meso-tetrachiroporphyrinatoiron(III)
(derived from (1R)-cis-caronaldehyde acid methyl ester and pyrrole), and abbre-
viated (TMCP)FeIII, were formed by the reaction of the chloroiron(III) complex
with AgClO4 in EtOH/CHCl3.

429 The crystal structures of two distinct products
were obtained and found to be [(TMCP)FeIII(EtOH)2] ClO4 and [(TMCP)FeIII

(EtOH)(H2O)]ClO4. Fe-O distances were long (2.173(5) – 2.272(4) Å).429 The
magnetic moment (µeff = 3.8 µB), Mössbauer spectrum (δ = 0.35(1) mm s−1, ∆EQ =
3.79(1) mm s−1), and EPR spectrum at 80 K (g⊥ = 4.0, g|| = 2.00) were all consistent
with a nearly pure S = 3/2 (4A2) ground state with very little rhombic distortion.429

The NMR spectrum in CDCl3 — EtOH showed the pyrrole-H at about −30 ppm,
which is consistent with depopulation of the dx2−y2 orbital;429 no temperature of this
measurement is given.

Calculations of Mössbauer and NMR data for various S = 3/2 and spin-
admixed iron porphyrin complexes, covering four-, five-, and six-coordinate states
and three commonly seen porphyrin conformations: planar, ruffled, and saddled
have been carried out.430 Most of the results provided reasonable comparison to
experimental data.

8. Low-Spin Iron(III) Porphyrins

The low-spin iron(III) porphyrins have always been of major interest, and con-
tinue to be so, both because of the richness of information that can be obtained
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about the nature of the orbital of the unpaired electron (this richness is aided by
the good-to-excellent resolution of the spectra), and because of the relevance of
this spin state to a variety of heme proteins (the ferricytochromes a, b, c, d, f and
o, the cyanomet forms of the dioxygen-carrying proteins myoglobin and hemo-
globin, the cyanide complexes of a number of peroxidases and other related heme
oxidases and monooxygenases).

For a number of years it was accepted that low-spin iron(III) hemes have a
(dxy)

2(dxz,dyz)
3 ground state, with spin delocalization via P → Fe π donation from

the filled 3e(π) porphyrin orbitals to the single hole in the dxz,dyz set, which leads
to π contact shifts being observed at the β-pyrrole positions and no π contact shifts
at the meso positions.2,4 In addition, it has been shown that pseudocontact shifts,
at least at the β-pyrrole carbons, are much smaller than contact shifts for this elec-
tron configuration, and a factoring method was developed, based on the axial geo-
metric factors ((3cos2θ – 1)/r3) of the protons at various locations around the heme
and the supposition that there was no contact shift at the meso positions (Refs. 2,
4, and references therein), as discussed in Sections II.C and D. This method was
found to work well for bis-(imidazole) complexes of iron(III) porphyrins, but
somewhat less well for dicyano and bis-(pyridine) complexes, in that order.2–4 The
reason for the increasing failure of the supposition that there was no contact shift
at the meso positions was variously ascribed to “polarization” of the σ electronic
system by the π-symmetry unpaired electron and increased π-bonding interactions
of the porphyrin ring with the metal due to weaker σ-bonding from axial ligands
to iron(III).2,4 New results from a number of laboratories, discussed below, clarify
this situation to show the importance of delocalization from the filled 3a2u(π)
orbital into the half-empty dxy orbital in ruffled ferriheme complexes which are
bound to strong π-acceptor ligands such as alkyl or aryl isocyanides. The 3a2u(π)
orbital has very large electron density at the meso carbons (Figure 2), but very
small electron density at the β-pyrrole carbons. For other ligand complexes that
also have ruffled conformations, there can be partial mixing of a dxy component
into a largely (dxz,dyz)

3 electron configuration, but the very large electron density
at the meso carbons (Figure 2) means that even a small amount of dxy mixing can
increase the spin density at the meso carbons rather dramatically.

Although the pseudocontact shifts at the β-pyrrole carbons of low-spin ferri-
hemes are relatively small, it is desirable to calculate them according to Eq. 7, and
to do so it is necessary to know the principal values of the magnetic susceptibility
tensor, χii. Furthermore, the pseudocontact shifts at the meso-carbons of low-spin
ferrihemes are much larger than the contact shifts, as shown in Figures 9 and 10.
However, these principal values of the magnetic susceptibility tensor are usually not
available, especially for model hemes. Hence, the principal values of the g-tensor,
gii, which are often readily available from EPR spectroscopy or a combination of
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EPR and magnetic Mössbauer spectroscopies,131,431 are used (Eq. 9), with the cau-
tionary notes concerning the importance of the SOZ contribution presented in
Section II.A. Thus, the g-values of a large range of complexes have been meas-
ured, and a representative group of these is presented in Table 12, where the axial
g-anisotropy factor, [gzz

2 – (1/2) (gxx
2 + gyy

2)] or g||
2 – g⊥

2, which is proportional to
the axial pseudocontact shift, and the rhombic g-anisotropy factor, gxx

2 – gyy
2,

which is proportional to the rhombic pseudocontact shift (see Section II.A.2), as
well as the ∆/λ and V/∆ d-orbital splitting parameters and percent dxy character of
the orbital of the unpaired electron, discussed below, are also included. It can be
seen from the data of Table 12 that the axial anisotropy increases in the order
ImH < CN−, and that the axial anisotropy of pyridine complexes depends strongly
on the particular pyridine and the particular porphyrin. It is clear from the calcu-
lated axial anisotropies based on EPR g-values that the pseudocontact contribution
to the paramagnetic shift should increase in the order ImH < CN− < Py, for all but
the least basic pyridines, but this is not usually observed.2,4 In fact, the pseudo-
contact contribution usually decreases, while the contact contribution to the para-
magnetic shift of meso substituents increases. This point is related to a change in
the electronic ground state from (dxy)

2(dxz,dyz)
3 to (dxz,dyz)

4(dxy)
1, and will be dis-

cussed further below. For the time being, one should note that not only have bis-
(imidazole), dicyano and bis-(pyridine) complexes of iron(III) porphyrins been
studied, but also bis-(isonitrile), bis-(ammine), bis-(amino ester), bis-(phosphine),
and mixed imidazole-imidazole, imidazole-imidazolate, imidazole-pyridine, pyri-
dine-cyanide, imidazole-cyanide, imidazole-phosphine and a number of other
mixed-ligand complexes. Each of these combinations has special features that will
be discussed separately. First, the g-values of low-spin iron(III) porphyrins will be
discussed, including those which have the historically common (dxy)

2(dxz,dyz)
3

electron configuration, those which clearly have the increasingly recognized
(dxz,dyz)

4(dxy)
1 electron configuration, as well as those for which it is not clear what

the electron configuration is.

a. Griffith’s three-orbital theory and experimental EPR data for low-spin
iron(III) porphyrins and related macrocycles

Extensive investigations of the molecular structures, EPR and NMR spectra, and
in some cases Mössbauer spectra of well-defined low-spin ferriheme model com-
pounds with imidazoles, high-basicity pyridines, pyrazoles, cyanide ions or
organic isocyanides as the axial ligands have provided conclusive evidence of the
existence of two different types of (dxy)

2(dxz,dyz)
3 ground state complexes, one of

which is characterized by single-feature EPR signals431,432 known as “large gmax”
or HALS (highly-anisotropic low-spin) signals (Figure 38a) that are only observed
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Table 12. The g-values of selected low-spin iron(III) porphyrins and ferriheme proteins.

Porphyrin L, L′ g1
a g2

a g3
a (g||

2–g⊥
2)b (gxx

2–gyy
2)c ∆/λd V/λe V/∆ af bf cf %dxy

g Ref.

(dxy)2(dxz,dyz)3 “Large gmax” EPR signal

TPP 2 2-MeImH 3.41 1.87 0.82 9.54 –2.82 2.96 0.88 0.30 0.884 0.434 0.176 3.1 431
TPP 2 Py 3.70 1.12 –0.46 12.96 –1.04 2.16 0.17 0.08 0.742 0.640 0.243 5.9 440
TPP 2 PMe3 3.59 — — 11.3 UKi h

TPP 2 CN− 3.70 1.05 0.52 13.00 –0.83 6.87 0.44 0.06 0.817 0.547 0.091 0.8 440
TPP 1 CN−, 1Py 3.31 1.76 0.34 9.35 –2.98 2.07 0.66 0.32 0.824 0.483 0.231 5.3 440
TMP 2 2-MeImH 3.17 — — ~7.1 UKi 455
TMP 2 1,2-Me2Im 3.02 — — ~5.68 UKi 533
TMP 2 4-NMe2Py 3.44 1.80 0.92 10.07 –2.39 3.64 0.89 0.24 0.891 0.429 0.150 2.2 34
TMP 2 PMe3 3.55 — — ~10.9 UKi h

OETPP 2 2-MeImH 3.27 — — ~8.04 UKi 214
OETPP 2 NMeIm 3.18 — — ~7.17 UKi 214
OETPP 2 CN− 3.47 — — ~10.06 UKi 214
OEP 2 PMe3 3.54 — — ~10.8 UKi h

OEP 2 CN− 3.73 — — ~12.9 UKi h

TTP 1 Ph− 3.54 1.7 (0.76) j ~10.8 ~2.3 3.53 0.76 0.22 0.875 0.464 0.157 2.5 331
TPP 2 CN− 3.70 1.05 0.52 13.00 –0.83 6.87 0.44 0.06 0.817 0.547 0.091 0.8 489
PP 2 CN− 3.75 2.42 1.03 10.60 –4.80 2.33 1.06 0.45 0.962 0.424 0.217 4.7 o

PP 2 Py 3.53 1.35 <0.8 11.23 –1.18 3.34 0.49 0.15 0.854 0.478 0.096 0.9 o

PP 1 CN−, 1 Im− 3.1 2.2 1.4 6.2 –2.9 3.36 1.56 0.46 0.949 0.304 0.143 2.1 489
Myoglobin Imh, CN− 3.45 1.89 0.93 9.68 –2.71 3.36 0.94 0.28 0.895 0.417 0.158 2.5 39

cyanide
Leghemoglobin ImH, BuNH2 3.38 2.05 (0.61)j 9.14 –3.83 2.03 0.85 0.42 0.874 0.466 0.232 5.4 39

n-butylamine
CCP(CN) 1ImH, 1CN− 3.17 2.08 0.98 7.41 –3.37 2.49 1.14 0.46 0.898 0.374 0.188 3.5 o

Mitochondrial
Cyt. b562 2ImH 3.44 — — ~9.75 UKi 433
C4

+b566 2 ImH 3.75 — — ~13.09 UKi 433

(Continued )
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Table 12. (Continued )

Porphyrin L, L′ g1
a g2

a g3
a (g||

2–g⊥
2)b (gxx

2–gyy
2)c ∆/λd V/λe V/∆ af bf cf %dxy

g Ref.

(dxy)2(dxz,dyz)3 Normal rhombic EPR signal

TPP 2 NMeIm 2.89 2.29 1.55 4.50 –2.86 3.17 2.03 0.64 0.961 0.248 0.138 1.9 488
TPP 2 4-NMe2Py 2.79 2.28 1.66 3.78 –2.47 3.60 2.34 0.65 0.970 0.216 0.120 1.4 488
OETPP 2 N-MeIm 2.73 2.37 1.64 3.30 –2.93 2.81 2.50 0.89 0.969 0.207 0.139 1.9 214
TPP 2 PzH 2.62 2.38 1.71 2.57 k,l –2.74k,l 2.77 k,l 2.96 k,l 1.07k,l 0.975 k,l 0.177 k,l 0.131 k,l 1.7 k,l 135
TPP 2 3-MePzH 2.58 2.38 1.74 2.31k –2.65k 2.78k 3.20k 1.15k 0.977k 0.166k 0.127k 1.6k 488
TPP 2 3-NH2PzH 2.39 2.28 1.86 1.38k –1.74k 3.74k 4.70k 1.26k 0.984k 0.111k 0.089k 0.8k 136
TPP 2 Im− 2.73 2.28 1.76 3.30 –2.10 4.25 2.70 0.64 0.983 0.190 0.102 1.0 455
TMP 2 N-MeIm 2.89 2.33 1.57 4.39 –2.94 3.09 2.07 0.67 0.966 0.244 0.140 2.0 33
TMP 2 3-CH3PzH 2.58 2.43 1.76 2.16k –2.81k 2.54k 3.31k 1.30k 0.983k 0.161k 0.131k 1.7k 34
TMP 2 4-CH3PzH 2.61 2.42 1.74 2.37k –2.83k 2.62k 3.13k 1.19k 0.980k 0.170k 0.133k 1.8k h

TMP 2 3-NH2PzH 2.38 2.31 1.93 1.15k –1.60k 3.96k 5.50k 1.39k 0.998k 0.096k 0.080k 0.6k h 

OEP 2 N-MeIm 2.99 2.27 1.51 5.20 –2.73 3.27 1.82 0.56 0.960 0.270 0.144 2.1 h

OEP 2 4-NMe2Py 2.82 2.28 1.64 4.00 –2.49 3.62 2.26 0.62 0.969 0.224 0.121 1.5 33
OEP 2 4-CNPy HSm h

OEP 2 3-MePzH 2.63 2.37 1.72 2.63k –2.66k 2.52k 2.95k 1.17 0.976k 0.178k 0.127k 1.6k h

OEP 2 4-MePzH 2.65 2.36 1.72 2.76k –2.61k 3.04k 2.88k 0.95 0.977k 0.181k 0.125k 1.6k h

PP 2 ImH 2.92 2.25 1.55 4.79 –2.66 3.50 1.94 0.55 0.961 0.255 0.130 1.7 490
PP 2 Im− 2.74 2.27 1.76 3.38 –2.06 4.39 2.66 0.61 0.983 0.192 0.100 1.0 490
OMCor 2 ImH 2.58 2.21 1.82 2.56 –1.57 4.57 3.08 0.67 0.983 0.156 0.080 0.6 853
OEC 2 ImH 2.51 2.37 1.73 2.00k –2.62k 2.57k 3.39k 1.32k 0.972k 0.155k 0.127k 1.6k 483
OEiBC 2 ImH 2.49 2.37 1.71 1.93k –2.69k 2.47k 3.39k 1.37k 0.968k 0.155k 0.131k 1.7k 483
TPC 2 ImH 2.49 2.39 1.75 1.81 –2.65k 2.46k 3.59k 1.46k 0.975k 0.148k 0.128k 1.6k 445
Sulfmyoglobin ImH, CN− 2.65 2.43 1.65 2.71k –3.18k 2.34k 2.75k 1.18k 0.970k 0.191k 0.149k 2.2k p

cyanide
Bovine Cyt b5 2 ImH 3.03 2.23 1.43 5.67 −2.92 3.23 1.68 0.52 0.950 0.289 0.145 2.1 q

Mitochondrial
Cyt. c 1 ImH, 1RSMe 3.06 2.25 1.25 6.05 −3.50 2.56 1.48 0.58 0.897 0.318 0.175 3.1 471
Cyt. a 2 ImH 3.03 2.24 1.24 5.90 −3.48 2.52 1.49 0.59 0.928 0.315 0.176 3.1 442
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Table 12. (Continued )

Porphyrin L, L′ g1
a g2

a g3
a (g||

2–g⊥
2)b (gxx

2–gyy
2)c ∆/λd V/λe V/∆ af bf cf %dxy

g Ref.

(dxz,dyz)4(dxy)1 EPR signal

TPP 2 4-CNPy 2.63 2.63 0.96 −6.00n 0.00n –1.75n 0.00n 0.00n 0.285n 0.285n 0.897n 80.4n h

TMP 2 4-CNPy 2.53 2.53 1.56 −3.97n 0.00n –2.92n 0.00n 0.00n 0.183n 0.183n 0.956n 91.4n 33
TMP 2 CN– 2.56 2.56 1.70 −3.66n 0.00n –3.31n 0.00n 0.00n 0.164n 0.164n 0.979n 95.8n h

TiPrP 2 CN– 2.35 2.35 1.82 −2.21n 0.00n –4.82n 0.00n 0.00n 0.110n 0.110n 0.979n 95.9n 529
QTPP 2 CN– 2.51 2.25 1.75 −2.62n 1.24n –4.36n −2.06n 0.47n 0.102n 0.155n 0.970n 94.2n 532
TPP 2 t-BuNC 2.21 2.21 1.93 −1.16n 0.00n –8.32n 0.00n 0.00n 0.060n 0.060n 0.945n 89.5n 463
OEP 2 t-BuNC 2.28 2.28 1.83 −1.85n 0.00n –5.47n 0.00n 0.00n 0.096n 0.096n 0.975n 95.2n 463
(C3F7)4P 2 Py 2.07 2.007? 1.99 −0.20n 0.26n –26.4n ∼0.00n ~0.00n 0.004n 0.020n 0.998n 99.6n 132
OEC 2 ImH 2.51 2.37 1.73 −2.97n 0.68n –3.83n −0.88n 0.23n 0.127n 0.155n 0.972n 94.5n 483
TPC 2 ImH 2.49 2.39 1.75 −2.89n 0.49n –3.92n −0.66n 0.17n 0.128n 0.148n 0.975n 95.1n 445
OEiBC 2 ImH 2.49 2.37 1.71 −2.98n 0.58n –3.76n −0.73n 0.19n 0.131n 0.155n 0.968n 93.7n 483
Sirohemin 2 CN– 2.37 2.37 1.78 −2.45n 0.00n –4.39n 0.00n 0.00n 0.121n 0.121n 0.974n 94.9n 573
Sulfmyoblobin 2 CN– 2.65 2.43 1.65 −3.74n 1.12n –3.24n −0.96n 0.30n 0.149n 0.191n 0.970n 94.1n p

cyanide

Heme d1 of
Cyt. cd1

T. pantotropha ImH, Tyr 2.52 2.19 1.84 −2.19n 1.55n –3.57n –0.39n 0.11n 0.073n 0.142n 0.983n 96.6n r

P. aeruginosa ImH, ? 2.43 2.51 1.71 −3.18n –0.40n –3.61n –1.62n 0.45n 0.157n 0.142n 0.972n 94.4n r

T. denitrificans ImH, ? 2.50 2.43 1.70 −3.19n 0.35n –3.57n –0.39n 0.11n 0.144n 0.157n 0.970n 94.1n s
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Table 12. (Continued )

aUnless otherwise indicated, calculations using g1, g2, and g3 assume g1 = gzz, g2 = gyy, g3 = gxx
b(g||

2–g⊥
2) = [gzz

2 + (1/2)(gxx
2 + gyy

2)], the axial magnetic anisotropy term in Eq. 9.
c(gxx

2–gyy
2) is the rhombic magnetic anisotropy term in Eq. 9.

dThe tetragonal splitting of the d-orbitals. Calculated from Eq. 32.
eThe rhombic splitting of the d-orbitals. Calculated from Eq. 31.
fCalculated from Eqs. 29, 30.
g%dxy = 100c2.
hWatson and Walker, unpublished data.
iUnknown; |gxx

2 + gyy
2| expected to be small.

jCalculated from gzz
2 + gyy

2 + gxx
2 = 16.453

kCalculated assuming the same assignment of g-values as that given in a). Leads to V/∆ > 2/3, and indicates an “improper” axis system.448

lAxis system known (by ESEEM investigations) to be that defined in a).
mOnly a high spin signal observed; either complex did not form, or else it is high spin.
nCalculated assuming g1 = −gxx, g2 = gyy, g3 = −gzz. Gives rise to small V/∆, which suggests a “proper” axis system.448

oRhynard, D.; Lang, G.; Spartalian, K.; Yonetani, T. J. Chem. Phys. 1979, 71, 3715–3721.
pBerzofsky, J. A.; Peisach, J.; Blumberg, W. E. J. Biol. Chem. 1971, 246, 3367–3377.
qBois-Poltoratsky, R.; Ehrenberg, A. Eur J. Biochem. 1967, 2, 361.
rCheesman, M. R.; Ferguson, S. J.; Moir, W. B.; Richardson, D. J.; Zumft, W. G.; Thomson, A. J. Biochemistry 1997, 36, 16267.
sHuynh, B. H.; Lui, M. C.; Moura, J. J. G.; Moura, I.; Ljungdahl, P. O.; Münck, E.; Payne, W. J.; Peck, H. D.; DerVartanian, D. V.; LeGall, J. J. Biol. Chem. 1982,
257, 9576.
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at very low temperatures (4–20 K), while the other of which is characterized by
well-resolved rhombic EPR signals (Figure 38b) that are usually observed at
temperatures up to 77 K. EPR signals of the former type had been observed for a
number of poorly-characterized low-spin ferriheme centers in membrane-bound
proteins, particularly those of the b hemes of mitochondrial Complex III,433,434

29/NMR and EPR Spectroscopy 139

Figure 38. Typical types of EPR spectra exhibited by low-spin ferriheme complexes.
(a) “large gmax,” as in the case of [(TMP)Fe(4-NMe2Py)2]+; b) normal rhombic, as in the case
of [(TMP)Fe(NMeIm)2]+; (c) axial, with large difference between g|| and g⊥, as in the case of
[(TMP)Fe(4-CNPy)2]+; d) axial, with small difference between g|| and g⊥, as in the case
of [(TMP)Fe(t-BuNC)2]+. Relative orientation of the axial ligands is given in each case by θ.
Both Fe-N(porphyrin) and Fe-axial ligand bond lengths are given, as well as the deviation of
the meso-carbons from the mean plane of the porphyrin ring, ∆Cm, a measure of ruffling. In
(a)–(c), minor impurity signals are also observed. Reprinted from Walker, F. A. Coord. Chem.
Revs. 1999, 185-186, 471–534, with permission from Elsevier Publishing Company.
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which are now known to have bis-histidine coordination.435–439 Correlated struc-
tural and EPR studies have provided proof that the “large gmax” EPR signal is
indicative of near-degeneracy of dxz and dyz.

431,432,434 For complexes with planar
axial ligands, near-degeneracy correlates with perpendicular alignment of these
ligands.32–34,131,431,440

The other type of (dxy)
2(dxz,dyz)

3 ground-state complexes, which has well-
resolved rhombic EPR signals (Figure 38b), and includes all of the cyto-
chromes b5,

441 mitochondrial cytochrome a,442 and methemoglobin-imidazole,443

among many other heme proteins, some of whose EPR parameters are summa-
rized in Table 12, are found to have parallel or near-parallel alignment of the
planar axial ligands and marked difference in energy between dxz and dyz.
Rhombic EPR spectra and the data derived from them were previously analyzed
by Blumberg and Peisach using their “Truth Diagrams” to predict the axial lig-
ands of each ferriheme protein center that gave rise to such a spectrum.444–447

More recently, Taylor,448 and later a number of other workers,449–451 have discov-
ered EPR spectra that are nearly or strictly axial, and have provided evidence
that such spectra are indicative of the (dxz,dyz)

4(dxy)
1 electron configuration, in

which gzz is the smallest, rather than the largest g-value, as shown in Figures 38c,
and d.

The theory developed by Griffith for low-spin ferriheme complexes assumed
that the dx2−y2 and dz2 (σ-bonding) orbitals were very high in energy and thus did
not mix with the other three d-orbitals, and thus were not involved in determining
the g-values of complexes of this spin state.452,453 Therefore, he developed a 3-
orbital model for the g-values of low-spin ferrihemes. This approach was much
later developed by Taylor448 to provide expressions that allowed calculating the
relative energies of the dyz, dxz and dxy from the g-values. The wave functions of
the lowest-energy Kramers doublet are given by:

|+> = a|dyz
+> − ib|dxz

+> − c|dxy
−>,

|−> = −a|dyz
−> − ib|dxz

−> − c|dxy
+>, (29)

and the normalization condition

a2 + b2 + c2 = 1.000, (30)

should hold. The three former t2g orbitals are thus mixed by spin-orbit cou-
pling; the three g-values are then given in terms of the mixing coefficients a, b
and c as:448

gxx = 2[a2 − (b + c)2]; gyy = 2[(a + c)2 − b2]; gzz = 2[(a + b)2 − c2]. (31)

140 Walker
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Thus, the experimental g-values of low-spin iron(III) complexes can be used to
calculate the orbital mixing coefficients, and thereby provide information as to the
individual d-orbital character of the orbital of the unpaired electron. In some cases
two of the g-values must be measured by single crystal EPR spectroscopy,440,454–457

or estimated from Mössbauer spectra at 4.2 K in the presence of an applied mag-
netic field.33,431,458 Taylor448 showed that the g-values could also be utilized to
calculate the energy separation of the three formerly t2g orbitals:

(32)

(33)

where V is the energy difference between the dxz and dyz orbitals, ∆ is the energy
difference between the dxy and the average of the dxz and dyz orbitals, and λ is the
spin-orbit coupling constant, whose value is 460 cm−1 for the free ferric ion459 and
somewhat smaller for fairly covalent iron(III) complexes such as the ferriheme
centers of interest here.460 The results of such calculations indicate that the paral-
lel orientation is lower in energy for those cases in which the electron configura-
tion is (dxy)

2(dxz,dyz)
3.431

One complication in using Eqs. 32 and 33 to determine the energy separations
of dxy, dxz, and dyz is that EPR measurements allow calculation of the magnitude,
but not the sign, of the g-values of the paramagnetic center. Common use of the
expressions derived by Taylor448 usually assumes that the product of the three g-
values, gxxgyygzz, is positive, as has been shown for several heme proteins by
Münck, Huynh and coworkers.461 Furthermore, Taylor showed that gzz + gyy − gxx

must be positive.448 These two conditions, along with Eq. 31, limit the possible
choices of signs for the measured g-values. Most workers have also assumed that:

gxx
2 + gyy

2 + gzz
2 = 16. (34)

This expression allows the third g-value to be estimated in cases in which g-strain
precludes its direct measurement,462 as has been done for many of the “large gmax”
centers listed in Table 12. However, while this limit appears to hold for systems
having fairly pure (dxy)

2(dxz,dyz)
3 ground states, it has been shown that for systems

having fairly pure (dxz,dyz)
4(dxy)

1 ground state, the sum of the squares of the g-values
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has been reported to be as small as 13.1–13.5 for bis-(isocyanide) complexes,449,463

and could be as small as 12, in the limit of no spin-orbit mixing of dxy with the two
dπ orbitals.129,449,463

The EPR parameters for a number of low-spin ferriheme models and proteins
having “large gmax”, normal rhombic and near-axial types of spectra are included in
Table 12. Based on the orbital mixing coefficients, a, b and c, the orbital of the
unpaired electron in all of the cases presented in Table 12 is a mixture of contribu-
tions from the three formerly t2g orbitals. In particular, for the bis-isonitrile complexes
of (TPP)FeIII, the unpaired electron is largely in the dxy orbital (and thus ∆/λ is nega-
tive),449 but small amounts (0.4% each) of the dxz and dyz orbitals are mixed into the
orbital of the unpaired electron. As is evident, high-basicity pyridine and imidazole
complexes of iron(III) porphyrinates have been shown to be good models,33,431 of the
bis-(histidine)-coordinated cytochromes a, b and c that are involved in electron trans-
fer in a large number of organisms, including cytochromes b5,

444,464 and c3,
465,466 as

well as the membrane-bound cytochromes b recently shown to have bis-(histidine)
coordination, including the two b hemes of mitochondrial “Complex III” (also known
as ubiquinone-cytochrome c oxidoreductase)434–439 and those of chloroplast
cytochrome b6.

467–470 The g-values of all of these complexes clearly indicate that the
electron configuration is (dxy)

2(dxz,dyz)
3, and all have gzz > gyy > gxx.

434

For some years it was common practice to assign the largest g-value to the
direction of the heme normal, on the basis of results of studies of several proteins,
including single crystal EPR data for cytochrome c,471 methemoglobin cyanide443

and several model hemes.440,455 On the basis of Griffith’s theory452,453 and Taylor’s
formulation,448 this assignment was consistent with the dyz orbital being the major
contributor to the orbital of the unpaired electron, that is, a∼1. However, Taylor
showed that this sometimes leads to larger calculated energy separations between
dxz and dyz (V/λ) than between their average and the lowest-energy dxz orbital
(∆/λ), a situation that he described as an “Improper Axis System.”448 In such cases,
he suggested, by permutation of the assignment of g-values one could arrive at cal-
culated ligand field energy differences that obeyed the expected relationship
V/λ < 2/3. This permutation typically led to a change in the major contributor to
the orbital of the unpaired electron from (dxz,dyz) to dxy, that is, c∼1, and indicated
that dxy was higher in energy than dxz and dyz, and thus yielded the “novel” elec-
tron configuration (dxz,dyz)

4(dxy)
1. Examples of systems, for which this permutation

of the assignment of g-values was found to be necessary, included the bis-
imidazole complex of octaethyl- and tetraphenylchloriniron(III),448 the bis-(4-
cyanopyridine),129 -(t-butylisocyanide)463 and −(2,6-xylylisocyanide)449 complexes
of (TPP)FeIII and the bis-pyridine complex of ((C3F7)4P)FeIII,132 although the latter
has g-values extremely close to those of a free radical, and thus may be a low-spin
d6 FeII center coordinated to a porphyrin π-cation radical, P−•.
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Another type of complex that also appears to have this electronic ground state
is that derived from meso-hydroxyoctaethylporphyrinatoiron(III) either by forma-
tion of the benzoyloxy esters321 or by simple deprotonation of the hydroxy group
to form the macrocycle known as an oxophlorin, OEPO, Structure 8.321,472–475 The
NMR spectra of [OEPOFe(Py)2] in CDCl3 show four methylene resonances with
chemical shifts that range from +33 to −2 ppm and meso-H resonances at −110 (2)
and –153 (1) ppm. The EPR spectrum is axial with g⊥ = 2.30, g|| = 1.76, and the
sum of the squares of the g-values = 13.68,472 rather than 16 Eq. 33. The authors
suggested possible electron configurations of [(Py)2FeII(OEPO•)] or
[(Py)2FeIII(OEPO−)].472 They later described it as the latter, although they have also
said it can be described by any of three canonical structures, the third being
[(Py)2FeI(OEPO+)].475 This system is discussed further in Section IV.A.8.f.

The preparation and characterization of bis-imidazole and bis-pyridine complexes
of octamethyltetraphenylporphyrinatoiron(III), OMTPPFeIII, octaethyltetraphenyl-
porphyrinatoiron(III), OETPPFeIII, and tetra-β,β′-tetramethylenetetraphenylpor-
phyrinatoiron(III), TC6TPPFeIII, have been reported: paral-[FeOMTPP(NMeIm)2]Cl,
perp-[FeOMTPP(NMeIm)2]Cl, [FeOETPP(NMeIm)2]Cl, [FeTC6TPP(NMeIm)2]Cl,
[FeOMTPP(4-Me2NPy)2]Cl, and [FeOMTPP(2-MeImH)2]Cl.476 Crystal structure
analysis shows that paral-[FeOMTPP(NMeIm)2]Cl has its axial ligands in close to
parallel orientation (dihedral angle = 19.5°), while perp-[FeOMTPP(NMeIm)2]Cl
has the axial imidazole ligand planes oriented at 90° to each other and 29° away
from the closest NP–Fe–NP axis. [FeOETPP(NMeIm)2]Cl has its axial ligands
close to perpendicular orientation (dihedral angle = 73.1°). In all three cases the
porphyrin core adopts relatively purely saddled geometry.476 The [FeTC6TPP
(NMeIm)2]Cl complex is the most planar and has the highest contribution of a ruf-
fled component in the overall saddled structure compared to all other complexes
in this study. (The estimated numerical contribution of saddled and ruffled com-
ponents is 0.68:0.32, respectively.) Axial ligand planes are perpendicular to each
other and 15.3° away from the closest NP–Fe–NP axis. The Fe–NP bond is the
longest in the series because [FeTC6TPP(NMeIm)2]Cl has the least distorted por-
phyrin core. In addition to these three complexes, two crystalline forms each of
[FeOMTPP(4-Me2NPy)2]Cl and [FeOMTPP(2MeImH)2]Cl were obtained. In all
four of these cases the axial planes are in nearly perpendicular planes in spite of
quite different geometries of the porphyrin cores (from purely saddled to saddled
with 30% ruffling). The EPR spectral type correlates with the geometry of the
OMTPP, OETPP and TC6TPP complexes.476 For the paral-[FeOMTPP(NMeIm)2]Cl,
a rhombic signal with g = 2.71, 2.51, 1.54 is consistent with nearly parallel axial
ligand orientation. For all other complexes of this study, “large gmax” signals are
observed (gmax = 3.61 – 3.27), as are observed for nearly perpendicular ligand plane
arrangement. On the basis of this and previous work, the change from “large gmax”
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to normal rhombic EPR signal occurs between axial ligand plane dihedral angles
of 70° and 30°.476 Additional complexes were prepared, including two imidazole,
N-benzylimidazole, and N-methylimidazole complexes, [(OETPP)Fe(ImH)2]Cl,
[(OETPP)Fe(NBzIm)2]Cl, and [(OETPP)Fe(NMeIm)2]Cl.477 Despite large varia-
tion in axial ligand size and major saddling of the porphyrin core, the unit cell
parameters for all complexes are very similar; each structure has the same basic
motif, with large voids formed by the extended porphyrin framework (filled by
ordered or disordered axial ligands and disordered solvent), which allows differ-
ently sized ligands to fit within the same cell dimensions.477 Each porphyrin core
adopts a saddled conformation with |∆Cβ| = 1.13–1.15 Å. The dihedral angles
between axial ligand planes, ∆ϕ, are far from being either ideal parallel or per-
pendicular: 30.1°, 57.2° for [(OETPP)Fe(ImH)2]Cl (molecules 1 and 2), 56.8° for
[(OETPP)Fe(NBzIm)2]Cl, and 16.0°, 44.6°, 59.6°, and 88.1° for [(OETPP)Fe
(NMeIm)2]Cl, which has disordered axial ligands.477

Among the complexes of this study,477 an axial ligand ∆ϕ of 56.8° is found to
be the largest “parallel” angle (as defined by the observation of a normal rhombic
or Type II, Figure 38, EPR signal131 (N-BzIm, g = 3.08, 2.19, 1.31)), while 57.2°
is found to be the smallest “perpendicular” ∆ϕ (as defined by the observation of a
“large gmax” or Type I EPR signal (ImH, gmax = 3.24)). From the results of this and
previous studies,476,478 it appears that the size of the largest g for Types I and II131

complexes varies continuously, with no break between the two,477 as shown in
Figure 39. While the switch in EPR signal type, from Type II to Type I,131 appears
to be very sharp in this study,477 this may be somewhat artificial based on limited
numbers of examples and the required saddle distortion of the (OETPP)FeIII com-
plexes. However, in comparison to several proteins with dihedral angles near 60°
and Type II EPR spectra,131 it was concluded that the switch in EPR signal type
occurs near 57° ± 3–5°.477

Bis-pyridine complexes where the pyridine ligand ranges in basicity from 3,4-
dimethylpyridine to 4-acetylpyridine have axial EPR spectra with g⊥ in the range
of 2.31 to 2.20 and g|| in the range of 1.73 to 1.90, respectively, as shown in Figure
51B, and were originally interpreted as being π-cation radicals of the iron(II)
macrocycle.321 However, these g-values deviate much too much from 2.0 to rep-
resent porphyrin-based unpaired electrons. As discussed in Section IV.A.8.c, there
is obviously quite a bit of porphyrin a2u(π) character to the delocalized unpaired
electron density, but based on the g-values (and the NMR spectra discussed below)
the electron configuration of the 6-coordinate oxophlorin complexes is low-spin
iron(III) with a (dxz,dyz)

4(dxy)
1 ground state. For the chlorin and isobacteriochlorin

complexes the EPR spectra are rhombic with close spacing of the two largest g-
values, while in all of the porphyrin complexes of this ground state the EPR spec-
tra are axial (Table 12). There are however, a number of cases for which V/∆ has
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been shown to be greater than two-thirds in systems that are unequivocally
(dxy)

2(dxz,dyz)
3 ground states,135,136,479,480 especially when the properties of the NMR

spectra, discussed later in Section IV.A.8.b are considered. This calls into question
the validity of the “Proper Axis System” rule,448 and clarifies the fact that low-spin
iron(III) chlorins, when bound to most nitrogen heterocycles do not have
(dxz,dyz)

4(dxy)
1 ground states, but rather have (dxy)

2(dxz,dyz)
3 ground states, even

though V/∆ > 2/3.138

A part of the inconsistency between EPR and NMR results in such cases is that
there are a number of systems which have a different electronic ground state at low
temperatures, at which EPR studies are typically done, than they do at ambient
temperatures, at which NMR studies are typically done. Such a case was shown to
be that of the t-butylperoxide adduct of [TPPFe(OCH3)],

481 which was unequivo-
cally shown by pulsed EPR spectroscopy to have a (dxy)

2(dxz,dyz)
3 electronic
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Figure 39. Correlation of the largest g value with the dihedral angle between axial ligand
planes. Symbols: black, structures and g values reported previously are generally from Table 13
except for the points in color: red, N-benzylimidazole complex, 100% ∆ϕ = 56.8°; green,
HIm complex, 50% ∆ϕ = 30.1°, 50% ∆ϕ = 57.2°; blue, N-methylimidazole complex, 32%
16.0°, 45% 44.6°, 10% 59.6°, 13% 88.1°. The two points represented as black rectangles,
centered at 60° and 84°, represent the range of g values and the average current histidine imi-
dazole plane dihedral angles of the bH and bL hemes, respectively, of 10 recent structures of
Complex III from a wide range of species, with the deviations from the averages for each
shown by the width and height of the two rectangles. Proteins other than Complex III
cytochromes b are enclosed in ovals or circles, purple for water-soluble proteins and green for
membrane-bound proteins. Reprinted from Yatsunyk, L. A.; Dawson, A.; Carducci, M. D.;
Nichol, G. S.; Walker, F. A. Inorg. Chem. 2006, 45, 5417–5428, with permission from the
American Chemical Society.
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ground state at 4.2 K, but a thermal equilibrium between the (dxy)
2(dxz,dyz)

3 and
(dxz,dyz)

4(dxy)
1 electron configurations by NMR spectroscopy at 178 K that became

almost pure (dxz,dyz)
4(dxy)

1 at higher temperatures. The temperature dependence of
the 13C chemical shift of the meso-13C of the TPP ligand of [TPPFe(OCH3)
(OOtBu)]– was followed between 178 and 231 K in toluene-d8, and was found to
reverse chemical shift directions at about 195 K.481 Above that temperature the 13C
chemical shift of the meso-13C of the TPP exhibits anti-Curie temperature depend-
ence. However, the temperature dependence cannot be fit by assuming a ther-
mally-accessible excited state.481 Rather, it can only be fit by assuming a
thermodynamic equilibrium between a planar heme conformation with an electron
configuration (dxy)

2(dxz,dyz)
3 that is stable at very low temperatures (at which the

pulsed EPR spectral investigations were performed), and a ruffled heme confor-
mation with an electron configuration (dxz,dyz)

4(dxy)
1 that is stable at ambient tem-

peratures481 (at which the NMR spectral investigations were performed). There are
undoubtedly a number of other such examples that have not as yet been investi-
gated carefully.

Iron(III) chlorin complexes, such as [(TPC)Fe(ImH)2]
+,483 have been particu-

larly problematic in defining their electronic ground state. On the basis of his
“Proper Axis System” rule Taylor assigned the electronic ground state of
[(TPC)Fe(ImH)2]

+ and [(OEC)Fe(ImH)2]
+ to be (dxz,dyz)

4(dxy)
1,448 with gzz thus

being the smallest g-value. This has been accepted by all those who have since
studied iron(III) chlorins. However, the author’s research group found that
ESEEM and ENDOR data obtained at 4.2 K are consistent with gzz being the
largest g-value,139 and the NMR data to be discussed below, obtained over the tem-
perature range −90 to +30 °C, are consistent with the (dxy)

2(dxz,dyz)
3 ground state,

with gzz being the largest g-value.115,482 Interestingly, the magnitudes of the three
g-values of the chlorin complex [(OEC)Fe(ImH)2]

+ (2.51, 2.37, 1.71)135 are very
similar to those of [(TPP)Fe(PzH)2]

+ (2.64, 2.36, 1.71),135 and the ground state of
the former is the same as that of the latter.139

There are therefore two quite distinct, limiting ground states for low-spin
iron(III) porphyrinates that give rise to three different types of EPR spectra: (1) the
generally observed (dxy)

2(dxz,dyz)
3 state, for which gzz > gyy > gxx, and for which the

EPR spectra may be either rhombic or “large gmax” in appearance, depending on
the relative orientation of planar axial ligands, and (2) the (dxz, dyz)

4(dxy)
1 state, for

which gxx ∼ gyy > gzz, where the dxz,dyz pair are degenerate, or nearly so, and below
the dxy orbital in energy. For symmetrical porphyrinate rings, this latter electronic
state leads to an axial EPR spectrum, with 2.6 ≥ g⊥ > 2 > g||,

129,132,449,463 and g|| may
not be resolved due to g-strain. Equations 28–32 can be utilized to determine the
energy differences among the three orbitals, and will be found to have the order
shown in Figure 2, left-hand side. For this electron configuration, Eq. 33 does not

146 Walker

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 146



hold, but rather, the sum of the squares of the g-values is markedly less than 16,
though usually larger than 13. It is becoming increasingly clear that the
(dxz,dyz)

4(dxy)
1 ground state is not as uncommon or “unusual” as might have been

thought, although not all workers have recognized their systems as being low-spin
iron(III) complexes of the “unusual” ground state, rather than low-spin d6 iron(II)
π-cation radicals.

b. NMR studies of low-spin iron(III) porphyrins having
the (dxy)2(dxz,dyz)3 ground state

Bis-imidazole and -high-basicity pyridine complexes of synthetic and natural fer-
rihemes are the epitome of the (dxy)

2(dxz,dyz)
3 electronic ground state, as has been

seen earlier on the basis of their EPR spectra. The ∼1.9% dxy character of the
orbital of the unpaired electron (Table 12) via spin-orbit coupling is not readily
noticed. Thus, spin delocalization is observed almost entirely to the pyrrole-H
positions and only to an extremely small extent to the meso positions, consistent
with P → Fe π delocalization via the 3e(π) filled orbitals of the porphyrin,2,4

Figure 2. In addition, there can be pseudocontact shifts of the meso-H of approx-
imately −6 ppm for synthetic and natural ferrihemes, and much more variable
pseudocontact shifts for ferriheme proteins (Figure 10).

Paramagnetic shifts of the protons of the porphyrin, and their separation into
contact and pseudocontact contributions, of the bis-imidazole complexes of
iron(III) with symmetrical synthetic porphyrins such as tetraphenylporphyrin
(TPP), 5,10,15,20-tetra-(n-propyl)porphyrin (T-n-PrP) and octaethylporphyrin
(OEP), as well as a number of natural porphyrins, and the nature of spin delocal-
ization to the imidazole ligand, have been reviewed.2,3,41 The proton NMR spectra
of [(TPP)Fe(NMeIm)2]

+ and [(OEP)Fe(NMeIm)2]
+ are presented earlier in this

chapter in Figures 19 and 21a, respectively. There have been a number of investi-
gations of (1) the effect of porphyrin substituents on the pattern of spin delocal-
ization, (2) the effect of imidazole deprotonation on the pattern and extent of spin
delocalization, and (3) the effect of imidazole plane orientation on the paramag-
netic shifts of porphyrin protons, each of which were reviewed in detail in 1993.3

Therefore, each of those topics will be summarized only briefly.

i. Effect of porphyrin substituents on the pattern of spin delocalization

The effect of porphyrin substituents was first studied by La Mar, Caughey and
coworkers on the bis-cyanide complexes of a number of naturally-derived ferri-
hemes.2,4,168,169 These NMR studies showed that the spread of the heme methyl res-
onances is strongly dependent on the nature of the 2,4-substituents of the heme,
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Structure 1, in a manner that may now be interpreted as being a function of both
the electron density distribution in each of the 3e(π) orbitals as modified by the
electronic effects of the substituents,211 and the energy separation between the
two.25 Since then, a number of studies of bis-cyanide complexes of naturally-
occurring and synthetic ferrihemes have shown that in certain cases the ground
state of the low-spin iron(III) is not purely (dxy)

2(dxz,dyz)
3, as will be discussed fur-

ther in Section IV.A.8.d, but this complication was not present in the original
study. This early study is a benchmark in our understanding of the effect of sub-
stituents on the pattern of spin delocalization in the porphyrin ring of low-spin
iron(III) porphyrins. The methyl chemical shifts of a representative series of these
complexes were shown above in Figure 22. Recently it has been shown that in
addition to using pseudocontact shifts in the solution structure determination of
low spin ferriheme proteins, the contact shifts of propionate α-protons can also be
used as further structural constraints, with the propionates of rat cytochrome b5

having been refined in this way.484

The pattern of paramagnetic shifts of unsymmetrically phenyl-substituted
derivatives of [(TPP)Fe(NMeIm)2]

+ has been reviewed in detail elsewhere.3

Examples of the spectra of such complexes are shown above in Figures 17 and
20a. Series of mono-meso-substituted TPPs have been synthesized and investi-
gated by NMR spectroscopy.419,485,486 It was found that for unsymmetrically sub-
stituted TPPs of the type [((X)1(Y)3TPP)Fe(NMeIm)2]

+, where X and Y are located
in the meta- or para-position of its respective phenyl ring, the pyrrole-H resonance,
centered at about ∼−16 ppm at 33 °C for the parent compound, [(TPP)Fe
(NMeIm)2]

+, is split into either three signals of intensity 1:1:2 (or four signals of
equal intensity, where the two signals with largest negative chemical shift are very
close together) if X is more electron-withdrawing than Y or 2:1:1 (or four signals
of equal intensity having the two signals with least negative paramagnetic shift
very close to each other) if X is more electron-donating than Y. However, for
mono-ortho-X or 2,6-X2 (Y = p-OCH3) derivatives, the pattern is that expected for an
electron-donating substituent, even when X is a halogen,419 as shown in Figure 40.
The apparently anomalous behavior of ortho-substituents was hypothesized to be
due to direct overlap of the electron cloud of the halogen with that of the π system
of the porphyrin ring.419 Vangberg and Ghosh487 have reported density functional
calculations that support this hypothesis.

The EPR g-values of all of the unsymmetrically substituted (TPP)FeIII com-
plexes are essentially identical,488 so the variation in the spread of the pyrrole-H
resonances must be largely due to a change in the contact contribution as the dif-
ference in electron-donating/withdrawing properties of the phenyl substituents
increases, which suggests redistribution of the spin density in response to the
difference in electronic effects of the substituents.
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Both high- and low-spin ferriheme derivatives of (TPP)FeIII in which there is
a single substituent on one of the β-pyrrole positions, the 2-position, have been
prepared and investigated by Latos-Grażyński and coworkers.223 For the low-spin
bis-cyanide complexes in methanol-d4, a wide range of patterns of pyrrole-H
resonances for the remaining seven pyrrole protons was observed, as shown in
Figure 41. The insert is that of the pyrrole-H resonances of the 2-deuterium com-
plex, which show that even the very small change in substituent, from H to D,
breaks the symmetry of the remaining pyrrole-H resonances and creates a meas-
urable substituent effect, particularly for the 3-H. In some cases it was possible to
assign all pyrrole-H resonances using NOESY techniques, as shown in Figure 16.
Both the patterns and the average chemical shift of the pyrrole-H resonances vary
significantly, and in no case are the average shifts of the pyrrole-H indicative of a
pure (dxy)

2(dxz,dyz)
3 ground state (−7 to −2 ppm at 293 K),223 in spite of a possible

contribution of hydrogen-bond donation from the solvent to the coordinated
cyanide.488 Thus, although a detailed analysis of the pseudocontact (small) and
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Figure 40. 1H NMR spectra of the pyrrole-H resonances of the low-spin iron(III) complexes
[((o-X)- or (2,6-X2))(p-OCH3)3TPP)Fe(NMeIm)2]+ in CDCl3 at 33 °C. Reprinted from Koerner, R.;
wright, J. L.; Nesset, M. J. M.; Ding, X. D.; Aubrecht, K.; Watson, R.; Barber, R. A.; Tipton,
A. R.; Norvell, C. J.; Mink, L. M.; Simonis, U.; Walker, F. A. Inorg. Chem. 1998, 37, 733–745,
with permission from the American Chemical Society.
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contact (large) contributions to the paramagnetic shifts of the pyrrole-H was
attempted, the situation is probably even more complicated than thought, because
of some contribution of the (dxz,dyz)

4(dxy)
1 electron configuration as a thermally-

accessible excited state, a situation that will be discussed further in Section IV.A.8.d,
where the effect of single meso-substitution on the chemical shifts of [OEPFe(CN)2]

−

complexes348 is also discussed. The temperature dependences of these spectra,
however, have not been reported.
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Figure 41. 300 MHz 1H NMR spectra of the pyrrole region of a series of low-spin [(2-X-
TPP)FeIII(CN)2]− complexes in methanol-d4 at 293 K. X substituents are marked on each trace.
The most characteristic 3-H and 8-H pyrrole resonances are labeled by 3 and 8, respectively.
The X = D pyrrole-H pattern is shown in the insert to the left of the other spectra. Reprinted
from Wojacz.yński, J.; Latos-Graz.yński, L.; Hrycyk, W.; Pacholska, E.; Rachlewicz, K.;
Szterenberg, L. Inorg. Chem. 1996, 35, 6861–6872, with permission from the American
Chemical Society.
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ii. The shifts of coordinated imidazole ligands and the effect of imidazole
deprotonation on the pattern and extent of spin delocalization

(a) Neutral imidazole ligands
Paramagnetic shifts of the protons of the imidazole ligands of [(TPP)Fe(R-Im)2]

+,
and their separation into contact and pseudocontact contributions, have been
reported.2,4,489 The pseudocontact shifts of all imidazole protons are positive (to
low shielding), while the contact contributions are negative at all ring positions.
Since the time of the original study it has been found that the imidazole ligand
shifts are consistent with delocalization into the filled π orbital that has large den-
sity on the bonding nitrogen.490 Hence, imidazoles interact with low-spin iron(III)
as π donors, and the mechanism of spin delocalization is Im → Fe π bonding. This
orbital has large π electron density at the 2-position and very small π electron den-
sity at the 4- and 5-position. For low-spin iron(III) porphyrins which have a
(dxy)

2(dxz,dyz)
3 electronic ground state, the pseudocontact contribution to the para-

magnetic shift is positive at all axial proton positions. Thus the positive shifts of
the imidazole 4-H and 5-H are indicative of mainly pseudocontact shifts at those
positions, while the negative shift of the 2-H is the balance of a positive pseudo-
contact shift and a negative contact shift caused by large π delocalization at that
position. The same conclusion (L → Fe π bonding) has been reached concerning
the interaction of strongly basic pyridines with low-spin iron(III), while weakly
basic pyridines are found to act as π acceptors toward low-spin iron(III).34,491

It is found that two N–CH3 and two 2-H signals of the imidazole moiety are
well resolved when one phenyl ring has an ortho- or meta-substituent in the
unsymmetrically phenyl-substituted derivatives of [(TPP)Fe(NMeIm)2]

+ dis-
cussed in Section IV.A.8.b(ii).80,226,419,486 Thus, the NMeIm ligands on the two sides
of the porphyrin plane have different contact and/or pseudocontact shifts. These
differences may be due to different contributions of the two ligands to the orien-
tation of the nodal plane of the complex, which would be expected to affect both
the contact and pseudocontact contributions to the paramagnetic shifts of the pro-
tons of the two ligands.8 However, if the ligands are rotating very fast on the NMR
timescale, then the two ligands cannot contribute to the orientation of the nodal
plane of the 3e(π) orbital used for spin delocalization. In this case the differences
in chemical shift of the two N–Me groups must be the result of different Fe–N
bond lengths for the two ligands, which result from a nonplanar conformation of
the porphyrin ring which results from the unsymmetrically-placed substituents,
Usually, if one of those substituents is at an ortho-phenyl position, there will be a
ruffling distortion to remove steric hindrance between this ortho-substituent and
the rotating axial ligand. That ruffling distortion will contribute to strengthening
the bond between the iron and the axial ligand on the same side of the plane as the
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ortho-substituent, and weakening the bond between the iron and the axial ligand
on the opposite side of the plane.

(b) Imidazolate ligands
Deprotonation of the coordinated imidazole ligands of [(TPP)Fe(ImH)2]

+ results in
large shifts in the resonances of the protoporphyrin and imidazole ring protons to
lower frequency,490 and a concommitant decrease in the g-anisotropy of the com-
plex (Table 12). Thus, the pseudocontact contributions to the paramagnetic shifts
of imidazolate ligand protons are decreased in magnitude as compared to those of
the neutral ligands.490 The contact contribution is decreased to somewhat over half
that observed for the neutral ligand at H-4′ and approximately doubled at the H-5′
position of the ring, which suggests that deprotonation of the imidazole leads to
an increase in the strength of L → Fe π donation.490 The increased value of ∆/λ
(Table 12) is consistent with this conclusion.

iii. Effect of imidazole plane orientation on the paramagnetic shifts of
low-spin iron(III) porphyrins

For some time it has been known that the orientation of planar axial ligands is sig-
nificant in producing the large spread of the methyl resonances of the protopor-
phyrin ring of heme proteins,2–5,8,13,16,141–150 as is discussed earlier in Section II.C.3.
A number of investigations of model hemes have been carried out aimed at test-
ing this hypothesis.80,226,492–495 Since the barrier to rotation of axial ligands in model
hemes is very low,89–92,496 a number of systems that involve covalent attachment of
one or both axial ligands have been investigated.488,492–494 However, such covalent
attachment often leads to lower symmetry than desired.488,492 Nevertheless, the
importance of axial ligand plane orientation was clearly demonstrated by the fact
that eight ring-CH3 resonances were observed for the diastereomeric mixture of
two coordination isomers of the dichelated protohemin monocyanides of Traylor
and Berzinis, with a total spread of 17.1 ppm in DMSO-d6 at ambient tempera-
ture,492 as shown in Figure 42. Although two isomers are present, this approaches
the known spread of the –CH3 resonances in heme proteins (for example, 11.5 ppm
for cyanoferricytochrome c,497 22.3 ppm for sperm whale cyanometmyoglobin,10

and 27.1 ppm for HRPCN498), where axial ligands are held in particular orienta-
tions by the protein. (And as it turns out, the two outer CH3 signals, 17.1 ppm
apart, are in fact from the same isomer, as discussed below.)

2D NMR techniques have been used by this research group to assign a num-
ber of the resonances of the two isomers of Traylor and Berzinis’ dichelated pro-
tohemin cyanide complexes.499 As shown in Figure 43, NOESY/EXSY spectra at
room temperature have shown that the methyl resonances of the two geometrical
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Figure 42. Top: (1a) Structures of one of the four diastereomeric isomers of the dichelated pro-
tohemin monocyanide complexes of Traylor and Berzinis; (1b) interaction of the imidazole p
orbital with the dyz orbital of the metal; (1c) orientation of axial imidazole planes in three heme
proteins. Bottom: NMR spectra of cyanide complexes of the hemins 1 (lower trace), 2 (middle
trace), and the complex with two freely rotating N-methylimidazole ligands (upper trace).
Methyl group resonances are identified as M, and vinyl group resonances are identified as VA,
VB, VC and VD (α-H), and A, B, C, D (β-CH2). Reprinted from Traylor, T. G.; Berzinis, A. P. J. Am.
Chem. Soc. 1980, 102, 2844–2846, with permission from the American Chemical Society.

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 153



isomers are related by chemical exchange in pairs 1 ↔ 5, 2 ↔ 6, 3 ↔ 7 and 4 ↔ 8.
DQF-COSY spectra allow assignment of vinyl and propionate resonances, and
NOESY spectra recorded at −57 °C allow assignment of the 1- and 3-methyl res-
onances by NOEs to the 2- and 4-vinyls, respectively. The assignment of methyl
resonances, from large to small chemical shift, is 3(A), 5(B), 8(A), 1(B), 3(B),
5(A), 8(B), 1(A), where B represents the isomer shown in Figure 42 top 1a.492

Thus, isomer A has methyl order 3 > 8 ≥ 5 > 1 and is responsible for the 17.1 ppm
spread of the heme methyl resonances, while isomer B has methyl group order
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Figure 43. Left: 1D and NOESY/EXSY spectrum of the dichelated protohemin cyanide iso-
mers recorded at 300 MHz in DMSO-d6 at 35 °C. Note the strong chemical exchange cross
peaks that result from exchange of the 6- and 7-imidazole groups and thus link the resonances
of one isomer to their partners in the other isomer. As is evident, heme methyl resonances are
linked 1M ↔ 5M, 2 ↔ 6, 3 ↔ 7, and 4 ↔ 8 by chemical exchange. Right: 1D and 2D NOESY
and COSY spectra of 1 at -57 °C in DMF-d7. The COSY spectrum (below the diagonal) shows
the connectivities between α-H and β-H within each vinyl group. The NOESY spectrum
(above the diagonal) shows NOEs between 3-CH3-(I) (30.2 ppm) and 4H-βt(I) (−6.4 ppm);
5-CH3(II) (18.4 ppm) and 6Hα′(II) (9.0 ppm); 1-CH3(II) (18.6 ppm) and 2H-βt(II) (−11.5 ppm);
3-CH3(II) (9.9 ppm) and 4H-βt(II) (−3.1 ppm); 8-CH3(I) (26.1 ppm) and 7Hα′(I) (8.1 ppm).
Reprinted from Minniear, A. B.; Shokhireva, T. Kh.; Walker, F. A. Inorg. Chem. 1999, 38,
5856–5859, with permission from the American Chemical Society.
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5 > 1 ≥ 3 > 8 and has a 12.5 ppm spread of its methyl resonances. The ligand of
isomer B is actually rotated about 10° clockwise (rather than counterclockwise, as
shown) from the NII–NIV axis of Figure 42 top 1a, and that of isomer A is rotated
about 10° counterclockwise from the NI–NIII axis of the 6-imidazole bound isomer.
Thus, the methyl shifts are approximately those predicted by the angles 100° (A)
and 170° (B) of Figure 11.

The tetramesitylporphyrin complex, [(TMP)Fe(2MeImH)2]
+, proton NMR

spectrum exhibits four pyrrole-H, four ortho-CH3, four meta-H and two para-CH3

resonances at temperatures below −30 °C, even though the porphyrin is symmet-
rically substituted104,496 as shown in Figure 44. The multiplicity of porphyrin reso-
nances was explained in terms of fixed orientations of the 2-methylimidazole
ligands at low temperatures.496 It has been shown by NOESY techniques at very
low temperatures that the observed NOEs are consistent with the axial ligands
lying over the meso positions of the porphyrin ring in perpendicular planes, with
only two pyrrole-H giving rise to NOE cross peaks.104 A complete assignment of
the NMR spectrum was achieved from ROESY spectra of the complex,225 as
demonstrated in Figure 45. Such orientations of the hindered 2MeImH ligands are
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Figure 44. Temperature dependence of the 300 MHz 1D 1H NMR spectrum of [(TMP)FeIII

(2MeImH)2]+. Reprinted with permission from the Ph.D. dissertation of K. I. Momot, University
of Arizona, 1998.
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expected in order that the Fe–Nax bond lengths are short enough to allow the com-
plex to be low-spin, and have been confirmed by the X-ray crystal structure for
[(TMP)Fe(1,2-Me2Im)2]

+Cl−.32 Thus, the porphyrin ring is not sensitive to the sym-
metry of the axial ligands unless their substituents require that they bind to the
metal in a tilted manner, off the axis normal to the plane of the porphyrin ring.

Nakamura and Groves first reported the coalescence behavior of the pyrrole-
H, o-CH3, p-CH3, and m-H resonances of [(TMP)Fe(2MeImH)2]

+ as the tempera-
ture is lowered from room temperature to −48 °C496 (Figure 44). They correctly
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Figure 45. Left: 300 MHz ROESY spectrum of [(TMP)FeIII(2MeImH)2]+ in CD2Cl2 at –75 °C.
A much deeper contour, necessary to observe the weak ROEs between pyrrole-H(2) and -(4)
and between pyrrole-H and ortho-CH3 resonances, is shown in the half of the ROESY spec-
trum above the diagonal. Chemical exchange cross peaks are the same phase as the diagonal
and are shown in multi-contour dark lines, while ROE cross-peaks are the opposite phase to
the diagonal and are shown in single circles. Right: Assignment of the resonances on the basis
of the ROESY spectrum. The assignment of mesityl protons is shown in the top structure and
of mesityl and ligand 2-CH3 groups in relation to pyrrole-H in the bottom structure. Reprinted
from Shokhireva, T. K.; Nesset, M. J. M.; Walker, F. A. Inorg. Chim. Acta 1998, 272, 204–210,
with permission from Elsevier Publishing Company.
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ascribed this behavior to a slowing of axial ligand rotation as the temperature is
lowered, and calculated activation parameters from complete line shape analysis
of the two p-CH3 signals of the TMP ligand. For the rotation of 2MeImH (∆H‡ =
54 ± 2 kJ/mol; ∆S‡ = +16 ± 7 J/K-mol) and 1,2-Me2Im (∆H‡ = 52 ± 3 kJ/mol; ∆S‡ =
+22 ± 15 J/K-mol).496 Although their proposed structure of the low-temperature
complex, in which ligand rotation is hindered, was later modified on the basis of
NOESY investigations of this system104 and the X-ray crystal structure of the bis-
1,2-dimethylimidazole complex,32 the activation parameters clearly describe the
barriers to rotation of the two 2-substituted imidazoles. These barriers are consid-
erably lower than those for axial ligand exchange,583 discussed in Section IV.A.8.l,
and clearly represent a totally different kinetic process.

The rates of ligand rotation have been measured by EXSY (see definition: Table 1)
techniques for [(TMP)FeL2]

+ and [((2,6-X2)4TPP)FeL2]
+, where L = 2MeImH and

X = Cl and Br,89 for [(TMP)CoL2]
+, where L = 2MeImH and 1,2-Me2Im

89,92 and for
[(TMP)FeIIL2], where L = 1,2-Me2Im.92 Saturation transfer90 and T2 measurements,91

and molecular mechanics calculations90 have also been done for [(TMP)FeL2]
+,

where L = 2MeImH. Each of these systems represents a case of a four-site chemical
exchange process having a single rate constant. The volume intensities of the cross-
and diagonal peaks in the ROESY spectra, such as those shown in Figure 29 for the
diamagnetic cobalt(III) and iron(II) complexes, can be used to calculate the rate con-
stant at each temperature, using expressions derived from simple expansion of the
expressions of Ernst, Bodenhausen and Wokaun500 from two- to four-site exchange.
For systems having four such sites, there are three possible patterns of weak and
strong cross-peaks that can be obtained, depending on the sequential relationship
of the chemical shifts and the spatial relationships of the four sites, as shown in
Figure 46. The pyrrole-H resonances of [TMPFe(2MeImH)2]

+ exhibit the pattern
shown in Figure 46b, while the o-CH3 resonances of the same complex exhibit the
pattern shown in Figure 46c and the o-CH3 resonances of the cobalt(III) analog
exhibit the pattern shown in Figure 46d.

The rates of ligand rotation measured by saturation transfer difference spectra
yielded somewhat higher values of the activation parameters ∆H‡ and ∆S‡ (59 kJ/mol
and +41 J/molK, respectively)90 than did the DNMR, EXSY or T2 methods (54 and
+16;496 41 and +3;83 48 and −10,91 respectively, where all entropies of activation
are within experimental error of zero). It is likely that spin diffusion occurs during
the long irradiation times required for the saturation transfer experiments, which
alters the intensities of the apparent saturation transfer peaks,91 and thus this
method is probably not the best for measuring rates of ligand rotation (and possi-
bly other processes as well).

Other axial ligands rotate much more rapidly on all of the metal centers stud-
ied than do hindered imidazoles. The [(TMP)Co(4-NMe2Py)2]

+ complex shows
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broadening of the o-CH3 resonance at 300 MHz at −90 °C that is indicative of a
slowing of the rate of 4-NMe2Py rotation and thus the creation at lower temperatures
of two different types of mesityl o-CH3 groups.92 It is not possible to cool the solu-
tion to a low enough temperature to go through coalescence and see the two o-CH3

resonances, at least at 300 MHz. Using line-broadening expressions in the fast-
exchange regime,86,87 and assuming what the final difference in frequency, ∆ν,
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Figure 46. Computer simulation of the four-site chemical exchange process for four equally-
separated exchanging peaks 1-4 observed in the 1D NMR spectrum, together with the three
different possible 2D EXSY patterns that result from the possible spatial locations of the pro-
tons that give rise to the four resonances. Note that in each case there are four relatively weak
cross-peaks and eight much stronger cross-peaks. These patterns result from “first-order” and
“second-order” cross-peaks that depend on the spatial relationship between the exchanging
protons and thus which protons can exchange upon one (or more) step(s) of chemical
exchange. Reprinted from Shokhirev, N. V.; Shokhireva, T. Kh.; Polam, J. R.; Watson, C. T.;
Raffii, K.; Simonis, U.; Walker, F. A. J. Phys. Chem. A 1997, 101, 2778–2886, with permission
from the American Chemical Society.
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would be for the two o-CH3 resonances, it was possible to estimate the rate constants
over the temperature range 188–228 K and to determine the activation parameters
∆H‡ and ∆S‡ for this complex. The latter are 26 kJ/mol and −60 J/K-mol for the bis-
(4-NMe2Py) complex,92 as compared to 48 kJ/mol and −62 J/K-mol for the bis-
(2MeImH) complex and 44 kJ/mol and −84 J/K-mol for the bis-(1,2-Me2Im)
complex.89 The reason for the very negative values of ∆S‡ for the cobalt(III) com-
plexes, as compared to the near-zero values for the corresponding iron(III) com-
plexes, is not known, but may have to do with solvation differences arising from the
difference in anion used (BF4

− for cobalt(III), ClO4
− for iron(III)).89 The extrapolated

rate constant for rotation of 4-NMe2Py ligands at 298 K on (TMP)CoIII is at least
1.1 × 106 s−1, as compared to 5.1 s−1 for 1,2-Me2Im on the same metal,92 a factor of
at least 2 × 105 increase for the substituted pyridine. Since ligand rotation is much
faster for (TMP)FeIII complexes than for (TMP)CoIII (at least a factor of 700 times
faster at 298 K),89 it is not surprising that it has not been possible to obtain evidence
of slowed rotation of pyridines or nonhindered imidazoles on low-spin iron(III) por-
phyrinates over the temperature ranges accessible in common NMR solvents. As for
(TMP)FeII, estimation of a rate constant of ligand rotation for the bis-(1,2-Me2Im)
complex at −80 °C from the intensity of the EXSY cross peaks (Figure 29) of about
1 s−1, and assumption of similar ∆H‡ to those of the corresponding (TMP)FeIII and
(TMP)CoIII systems, suggests that the rate constant at 298 K could be of the order of
2 × 104 s−1, similar to that of the iron(III) complex.92

It was reported by Nakamura that the same multiplicity of pyrrole-H, o-CH3,
m-H and p-CH3 resonances were observed for the corresponding 2-methylbenz-
imidazole complex,501 although the paramagnetic shifts of the TMP protons, their
anti-Curie behavior, and the single observed EPR feature at g = 2.6 are all consis-
tent with a (dxz,dyz)

4(dxy)
1 ground state having thermal occupancy of the

(dxy)
2(dxz,dyz)

3 excited state, discussed in Section IV.A.8.c.

iv. Bis-ammine, amino ester and phosphine complexes

Though it has been reported that iron(III) porphyrins undergo autoreduction in the
presence of aliphatic amines502 and phosphines,503 several workers have succeeded in
obtaining the proton NMR spectra of several of these complexes. Kim and Goff
found that although aliphatic amines caused autoreduction, the bis-ammonia complex
was stable.504 The NMR spectrum of [(TPP)Fe(NH3)2]

+ SO3CF3
−, recorded in CD2Cl2

at 25 °C is clearly indicative of a low-spin iron(III) complex with the “normal”
(dxy)

2(dxz,dyz)
3 ground state, with pyrrole-H resonance at −21 ppm and phenyl reso-

nances close to their diamagnetic positions. An interesting feature of the spectrum is
the extremely large positive paramagnetic shift of the ammonia protons (+240.6 ppm).
The Curie plots are linear for all protons of the TPP ligand, indicating a simple
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electronic ground state. The EPR spectrum, recorded at 5.2 K, has a “large gmax” sig-
nal at g = 3.75, nearly the limit for low-spin iron(III), which indicates that there is
very little, if any, rhombic splitting of dxz and dyz.

504 This is the expected situation for
axial ligands that have no planes of symmetry and no π-bonding orbitals.

Simonneaux and coworkers have more recently reported the synthesis and
characterization of low-spin bis-amino ester (the amino group of the carboxy-
esterified amino acid) iron(III) porphyrin and chlorin complexes.505,506 By using
several esters of valine and leucine, they were able to prevent the autoreduction of
the (TPP)FeIII center. The bis-(amino ester) complexes thus formed are partial
models of cytochrome f, which has the N-terminal amino group coordinated to the
heme, as well as a histidine imidazole.507 The porphyrin complexes are typical
(dxy)

2(dxz,dyz)
3 ground state complexes with the pyrrole-H resonance at −23.0 ppm

at 293 K and “large gmax” EPR signals at gzz = 3.56–3.57, as well as a zero-crossing
derivative feature at gyy = 1.77–1.76.505 The nonzero intercepts of the Curie plot
suggest that the (dxz,dyz)

4(dxy)
1 excited state is thermally accessible.505 The

tetraphenylchloriniron(III) complex has a rhombic EPR spectrum, with g-values
of 2.70, 2.33, and 1.61.506

The bis-(trimethylphosphine) complex, [(TPP)Fe(PMe3)2]ClO4 shows a simi-
lar NMR spectrum;508 the pyrrole-H resonance is observed at −19.6 ppm in CD2Cl2

at 20 °C. In this case, however, the PMe3 methyl-H have an paramagnetic shift of
−2.4 ppm, and a derived contact shift of −13.3 ppm. The opposite sign of the con-
tact shift, as compared to that of the bis-(NH3) complex discussed above, is con-
sistent with the fact that although NH3 can act only as a σ-donor, PMe3 can act
both as a σ-donor and a π-acceptor, the latter due to the presence of the empty 3d
orbitals. Clearly, this π-acceptor character has a very large effect on the observed
paramagnetic shift of the axial ligand protons. The EPR g-values reported in this
work are g = 2.687, 2.088 and 1.680, from measurements at 140 K.508 However, at
8 K the only signal found present by the author of this chapter is a “large gmax” sig-
nal at g = 3.5 (Table 12). Based on this latter spectrum, the effective pseudocon-
tact contribution to the paramagnetic shift at 20 °C is negative at all TPP positions,
and the ground state appears to be essentially pure (dxy)

2(dxz,dyz)
3. The mixed lig-

and PMe3-NMeIm complex was also reported,509 and has been used as a model for
PMe3-bound heme proteins, as discussed by Simonneaux.510 The synthesis and
characterization of the bis-dimethylphenylphosphine complex of tetraphenylchlo-
rinatoiron(III) and –(II) has also been reported.511

v. Mixed-ligand complexes

Numerous 1H NMR spectra of mixed-ligand complexes have been reported, includ-
ing (N-RIm)(2MeImH),493,494 (NMeIm)(R-Py),512 (R-Py)(R′-Py),512 (ImH)(Im−),490
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(ImH)(CN−),490 (2MeImH)(CN−),513 (Im−)(CN−),490 (NMeIm)(CN−),514,515 (R-
Py)(CN−),512 (ImH)(OR−),331 (Py)(C≡CR−),330 (NMeIm)(PMe3),

508,509 (Py)
(PMe3),

508 (ImH)(p-NO2C6H4O
−)331 and (NMeIm)(R−) and (Py)(R−) (R− = aryl,

alkyl or carbanion).516 Most of these are direct models for the cyanide5,16 or phos-
phine517,518 complexes of a number of heme proteins. The mixed-ligand complexes
involving R− will be discussed in Section IV.A.8.d.

Mixed hindered/nonhindered imidazole ligation of (TPP)FeIII produces a
pyrrole-H paramagnetic shift (−13.0 ppm for (2MeImH)(NMeIm) at 34 °C) that is
intermediate to those of the two symmetrical bis-imidazole complexes (−11.8 ppm
for bis-(2MeImH); −16.5 ppm bis-(NMeIm),494 while covalent attachment of the
nonhindered imidazole to the TPP ligand produces a large spread of the pyrrole-H
resonances.493,494

Complexes of (TPP)FeIII with mixed phosphine-nitrogen donor axial ligands
have very similar pyrrole-H shifts to those of the bis-L complexes: At 20 °C for
(NMeIm)(PMe3), δiso = −27.3 ppm as compared to −27.8 ppm for (PMe3)2,

508,509

and −26.4 ppm for (NMeIm)2.
486 However, while for (Py)(PMe3) at 20 °C, δiso =

−28.8 ppm, δiso is about −21 ppm for the bis-(pyridine) complex.519 Thus, it would
appear that the phosphine ligand stabilizes the “normal” (dxy)

2(dxz,dyz)
3 ground

state of the mixed-ligand complex containing pyridine, as compared to the mixed
(dxz,dyz)

4(dxy)
1/(dxy)

2(dxz,dyz)
3 ground state of the bis-(pyridine) complex. (See

Section IV.A.8.d.) The PMe3 complexes of myoglobin and hemoglobin have one
and two methyl-H resonances from the coordinated phosphine, respectively,
which may suggest some difference in the α and β heme distal environments of
hemoglobin. Each of these PMe3 methyl resonances have different paramagnetic
shifts, suggesting some difference in either steric or electronic factors at the heme
center of these proteins when bound to the phosphine;517 permutation of the ring-
CH3 resonance order (Structure 1) for met-Mb(PMe3) (5 > 8 > 1 > 3) as compared
to met-Mb(CN), met-Mb(N3) and met-Mb(Im) (5 > 1 > 8 > 3) (Structure 1) sug-
gests a possible steric factor of the phosphine ligand.518

c. Observed shifts and the mechanism of spin delocalization
for the (dxz,dyz)4(dxy)1 ground state

Of the “pure” (dxz,dyz)
4(dxy)

1 systems having EPR g-values near 2.0 that have also
been studied by NMR spectroscopy, the first report was for that of [(TPP)Fe(t-
BuNC)2]

+.155 The 1H NMR resonances, with pyrrole-H resonance at +10 ppm at
298 K was shown to follow the Curie law. The solution magnetic susceptibility of
the complex was measured by the Evans method,376,377 which also clearly showed
that this was a S = 1/2 paramagnetic complex.155 Strong alternation in the direc-
tion of the meso-phenyl-H shifts (Figure 28) suggested large π spin density at the
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meso positions.155 A later NMR, EPR and magnetic Mössbauer study showed that
for [(OEP)Fe(t-BuNC)2]

+, there is very small π delocalization to the β-pyrrole
positions, as evidenced by only a 0.5 ppm shift to lower shielding of the α-CH2

resonances, while there is very large π spin delocalization to the meso-H positions
of [(OEP)Fe(t-BuNC)2]

+,463 as shown in Figure 47, where the meso-H resonance is
at −37 ppm at 30 °C, −63 ppm at −78 oC and −80 ppm at −98 °C. There is some
σ spin delocalization to the β-pyrrole positions, for the TPP analog has observed
pyrrole-H shifts of about 10 ppm, which amounts to about a 1 ppm shift to lower
shielding. The Curie plot for [(OEP)Fe(t-BuNC)2]

+ is also shown in Figure 47,
where it can be seen that there is a thermally-accessible excited state.25 In this case
the ∆E is the energy difference between the (dxz,dyz)

4(dxy)
1 ground state and the

(dxz,dyz)
3(dxy)

2 excited state. For [(OEP)Fe(t-BuNC)2]
+, this ∆E is 296 cm−1.463 For
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Figure 47. Left: 300 MHz 1D 1H NMR spectrum of [(OEP)FeIII(t-BuNC)2]+ in CD2Cl2 recorded
at (A) 303 K and (B) 195 K. Assignments of the resonances are given in (B). Right: Curie plot
of the meso-H and α-CH2 resonances of [(OEP)Fe(t-BuNC)2]+. The dashed lines show the linear
dependence, while the solid lines show the temperature dependence expected on the basis
of a thermally-accessible excited state with ∆E = 296 cm−1. The derived orbital coefficients for
the ground and excited state orbitals are 0.0332 and 0.0084 for the meso-H and 0.0004 and
0.0116 for the α-C to which the α-CH2 are attached, respectively. The meso-H orbital coeffi-
cients are approximately one-quarter and twice those expected for the 3a2u(π) and 3e(π)
orbitals, respectively, on the basis of simple Hückel calculations. The β-C orbital coefficients
obtained from the temperature dependence of the α-CH2 resonance are in the right relative
size order for those expected for the β-pyrrole carbons for those two orbitals (ρC = 0.004 and
0.051, respectively). Reprinted from Walker, F. A.; Nasri, H.; Turowska-Tyrk, I.; Mohanrao, K.;
Watson, C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R. J. Am. Chem. Soc. 1996, 118,
12109–12118, with permission from the American Chemical Society.
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the related substituted [(TPP)Fe(2,6-xylylisocyanide)2]
+ complexes, it is difficult

to estimate ∆E from NMR data.449 The report of the EPR spectrum of the bis-
pyridine complex of ((C3F7)4PFeIII, where ∑g2 = 12.53,132 unfortunately did not
include the NMR spectrum. This spectrum would allow unambiguous assigment
of the location of the unpaired electron (metal or porphyrin π).

The bis-(tert-butylisocyanide) complexes of three dodecasubstituted iron por-
phyrinates (OETPP, OMTPP; and TC6TPP) have been prepared and studied by
EPR and 1H NMR spectroscopy.520 From the results it has been found that the
ground states of the bis-(t-BuNC) complexes of OETPP, OMTPP, and TC6TPP are
mainly (99.1–99.4%) (dxz,dyz)

4(dxy)
1 electron configurations, with an excited state

lying 700 cm−1 to higher energy for the OMTPP complex, and probably at lower
and higher energies, respectively, for the OETPP and TC6TPP complexes.520 In the
1H NMR spectra the (dxz,dyz)

4(dxy)
1 electron configurations of all three complexes

are indicated by the large and positive meso-phenyl-H shift differences, δm–δo and
δm–δp, and close to the diamagnetic shifts of groups (CH3 or CH2) directly attached
to the β-carbons. However, in comparison to meso-only substituted porphyrinates
such as [FeTPP(t-BuNC)2]ClO4, the meso-phenyl shift differences are much
smaller, especially for the OETPP complex.520 2D NOESY spectra show that the
flexibility of the porphyrin core decreases with increasing nonplanar distortion in
the order TC6TPP > OMTPP > OETPP and in the same order the stability of the
binding to t-BuNC ligands decreases.520 The structures of two crystalline forms of
[FeOMTPP(t-BuNC)2]ClO4 were determined by X-ray crystallography. Both
structures showed purely saddled porphyrin cores and somewhat off-axis binding
of the isocyanide ligands.520

Although no structure of the corresponding [FeOETPP(t-BuNC)2]ClO4 com-
plex was determined, it is clear that it is more purely and more rigidly saddled than
the corresponding OMTPP complex. Thus, as mentioned above in Section II.C.2
and shown in Figure 4a, in a saddled porphyrin conformation, the dxy orbital has
proper symmetry to interact with the 1a1u(π) porphyrin orbital,130 which has nodes
at the meso-carbons and very small electron density at the β-pyrrole carbons. The
fact that the OETPP complex does have at least small π delocalization to the meso-
carbons suggests that there are ruffling modes that can be activated to some extent
in this basically purely saddled iron porphyrinate; however, the lower stability of
this complex than that of the OMTPP complex suggests that neither ruffling
modes nor delocalization via the 1a1u(π) orbital are favored by low-spin iron(III)
when bound to isocyanide ligands. To our knowledge, this is the first example of a
porphyrin complex with a purely saddled conformation that adopts the (dxz,dyz)

4(dxy)
1

ground state. All structurally-characterized complexes of this electron configura-
tion reported previously are ruffled. Therefore, it was concluded that a ruffled
geometry stabilizes the (dxz,dyz)

4(dxy)
1 ground state, but is not necessary for its
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existence.520 It should be added that if a ruffled geometry is not possible, a saddled
geometry can also allow delocalization of a dxy unpaired electron via the 1a1u(π)
orbital,130 although less enthusiastically. Overall we can say that putting bulky
groups on the meso-carbons of a porphyrin certainly encourages ruffling and the
(dxz,dyz)

4(dxy)
1 ground state.451

By substituting the four phenyl rings of OETPP with 3,5-bis(trifluoromethyl)
groups, Nakamura and coworkers were able to turn the bis-t-BuNC complex into
a (dxy)

2(dxz,dyz)
3 ground state system.521 The bis-t-BuNC complex of octaethyl-

monoazaporphyriniron(III) also appears to have a (dxy)
2(dxz,dyz)

3 ground state.522

d. The mixed ground state behavior of bis-cyanide complexes
of low-spin ferrihemes: Observed shifts and the mechanism
of spin delocalization

The cyanide ligand has been used for both model hemes and heme proteins for
many reasons: (1) CN− enforces the low-spin state for most iron(III) systems;
(2) it is not a planar ligand and hence does not create in-plane magnetic anisotropy
(unless it binds in a bent Fe–C–N fashion); (3) CN− is small and can enter the
heme pocket of most heme proteins; (4) it may (or may not) be a good mimic of
other ligands (O2, CO, NO) that bind to heme proteins; (5) since it binds more
readily to iron(III) than to iron(II), CN− produces a coordination geometry, in a
paramagnetic state of iron, that is relevant to many active sites of heme proteins
(the paramagnetism “illuminates” the heme in the NMR spectrum of the protein);
and finally, and most importantly, (6) the NMR spectra of dicyanohemin com-
plexes are well resolved, since the lines are quite narrow, due to very rapid elec-
tron spin relaxation times and long proton T1s and T2s. (Both T1s and T2s are much
longer for dicyano and monocyano, monoimidazole than for bis-imidazole com-
plexes of most, if not all, iron(III) porphyrins,102,218 as discussed in Section II.B.2.)
This excellent resolution, combined with the availability of high-field NMR spec-
trometers, has made it possible to identify a number of iron porphyrins in coals
and to assess their degree of carbonification,523–525 to allow detection of very long-
range isotope shifts in β-vinyl deuterated derivatives of dicyanoprotohemin IX,526

and to allow a variety of heteronuclear 2D NMR experiments to be carried out on
dicyanoprotohemin IX.216,222 Dicyano and (cyano)(pyridine) complexes of natural
hemins have also been studied in aqueous detergent micelles.527,528

The NMR spectra of the bis-cyanide complexes of a number of naturally-
derived ferrihemes were, as mentioned above, reported before 1979,2,168,169 the
spectra of some of which are shown in Figure 22. These NMR studies showed that
the spread of the heme methyl resonances is strongly dependent on the nature of
the 2,4-substituents of the heme,168,169 Structure 1. There was, even in 1979, some
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indication that the meso-H of these bis-cyanide complexes were exposed to more
spin density than were those of the corresponding bis-(imidazole) complexes.
Nevertheless, the “large gmax” EPR spectrum of [(PP)Fe(CN)2]

−443 indicated that
this was clearly a (dxy)

2(dxz,dyz)
3 ground state system. Simple [(TPP)Fe(CN)2]

−

complexes have also been studied by NMR spectroscopy,514 but with no evidence
of “anomalous” contact shifts for the resonances, aside from a small alternation in
the direction of the phenyl-H shifts. However, since then it has been shown that
the bis-(cyanide) complexes of meso-substituted iron(III) porphyrinates having
alkyl substituents of increasing size (H < CH3 < C2H5 < i-Pr),450,529 meso-tetrachi-
roporphyrinatoiron(III) derived from (1R)-cis-caronaldehyde acid methyl ester
and pyrrole,530 meso-tetracyclohexylporphyrinatoiron(III),531 quinoxalinote-
traphenylporphyrinatoiron(III),532 tetramesitylporphyrinatoiron(III)533 and even
mono-(ortho-substituted) derivatives of (TPP)FeIII419 show varying degrees of
shift of the pyrrole-H resonances toward the limiting +10.82 ppm value indicative
of the purest (dxz,dyz)

4(dxy)
1 ground state reported thus far.531 These more recent

results have been interpreted as demonstrating the extremely low energy barrier to
ruffling of the porphyrinate ring, as well as the interconnection (and perhaps con-
tinuum) between the (dxy)

2(dxz,dyz)
3 and (dxz,dyz)

4(dxy)
1 ferriheme complexes. The

bis-2-methylimidazole complex of tetrakis-(meso-isopropyl)porphyrinatoiron(III)
and the bis-1,2-dimethylimidazole complex of tetrakis-(meso-cyclohexyl)por-
phyrinatoiron(III) are other cases where NMR spectra indicative of the
(dxz,dyz)

4(dxy)
1 ground state are observed, with four pyrrole-H resonances at 3.2,

4.3, 7.4 and 7.8 ppm at −35 °C for the meso-isopropyl derivative,513,534,535 and 11.1,
10.6, 7.6 and 6.2 ppm at −20 °C for the meso-cyclohexyl derivative,531 respec-
tively. Presumably, the bulky meso-isopropyl and –cyclohexyl groups encourage
the porphyrin to ruffle even more than does a meso-phenyl or –mesityl group,
which hence stabilizes the (dxz,dyz)

4(dxy)
1 ground state.

However, all of these solution studies are in contradiction to the solid state
studies (X-ray crystallography, EPR and Mössbauer spectroscopies reported by
Scheidt et al.,536 who find that in the solid state, whether the heme is ruffled or not,
the ground electron configuration is always (dxy)

2(dxz)
2(dyz)

1, with the energy gap
between dxz and dyz being quite small (≤ ∼600 cm−1) and variable. For bis-cyanide
derivatives, the two limiting ground states can be close in energy, and there is not
a single structural feature that assures that bis-cyanoiron(III) porphyrinates will
not have the (dxy)

2(dxz)
2(dyz)

1 ground configuration. Small perturbations of the bis-
cyanoiron(III) porphyrinate systems may be sufficient to tip them into the alter-
nate (dxz,dyz)(dxy)

1 state, but these require a solution state.536

Introduction of a single meso substituent into K[(NC)2Fe(OEP)] results in sig-
nificant changes in the spectroscopic (and probably geometric, although no struc-
tures are available) properties of these complexes.348 In methanol solution in the
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presence of excess potassium cyanide, the low-spin six-coordinate complexes
K[(NC)2FeIII(meso-R-OEP)], where R = Ph–, n-Bu–, MeO–, Cl–, NC–, HC(O)–
and O2N–. The 1H NMR spectra of these show that electron-donating substituents
produce a relocation of the meso-proton chemical shifts to higher shielding, with
observed shifts from +3.32 ppm for [OEPFe(CN)2]

− to +5.50 (cis), +3.10 (trans)
ppm for the formyl-substituted complex and −3.50 (cis), −10.31 (trans) ppm for
the chloro-, −7.49 (cis), −10.74 (trans) ppm for the methoxy-, and −10.46 (cis), −
17.15 (trans) ppm for the n-butyl-substituted complex.348 This relocation was
interpreted in terms of increased contribution from the (dxz,dyz)

4(dxy)
1 ground elec-

tronic state as the meso substituent becomes more electron donating,348 and sug-
gests that electron-donating substituents may encourage ruffling of the porphyrin
ring.

As has been pointed out elsewhere,131 a correlation between the degree of ruf-
fling of low-spin iron(III) porphyrinates whose structures have been reported and
their electronic ground states can be made: If the average deviation of the meso-
carbons, ∆Cm, is 0.55 Å or greater, the electronic ground state is (dxz,dyz)

4(dxy)
1,

while if it is smaller than 0.51 Å the electronic ground state is (dxy)
2(dxz,dyz)

3. The
single anomaly in this correlation is the bis-1,2-Me2Im complex of (TMP)FeIII,
which has the largest value of ∆Cm, 0.72 Å,32 but whose EPR spectral type is inter-
mediate between that of a “large gmax” and that of an axial system.533 The gmax value
of 3.02 is much smaller than those of most other bis-(hindered imidazole) com-
plexes (3.3 and greater, Table 12) but larger than any of the axial (dxz,dyz)

4(dxy)
1

species (2.6 and smaller, Table 12). In fact, the EPR signal for this complex is very
broad, as was also observed earlier for the (TMP)FeIII complex with 3-chloropyri-
dine,34 which was also considered to be very close to the crossover point of the two
electronic ground states. Thus, the [(TMP)Fe(1,2-Me2Im)2]

+ complex is seen as
being “frustrated” by having strong π donor ligands that strongly favor the
(dxy)

2(dxz,dyz)
3 ground state, but a very ruffled porphyrinate ring that strongly

favors the (dxz,dyz)
4(dxy)

1 ground state, and hence having some features of each
electronic ground state. For the one octaethylporphyrinatoiron(III) complex hav-
ing the (dxz,dyz)

4(dxy)
1 ground state, the value of ∆Cm, is 0.38 Å,463 which suggests

that this β-pyrrole substituted, tetra-meso-H porphyrinate, the most similar to the
naturally occurring ferriheme centers, switches to the (dxz,dyz)

4(dxy)
1 ground state

at far lower degrees of ruffling than do the tetraphenylporphyrinates. No structures
of meso-alkyl porphyrinato-iron(III)-bis-ligand complexes having (dxz,dyz)

4(dxy)
1

ground states have yet been reported; it would certainly be interesting to compare
the structures of the series of bis-(cyanide) complexes reported by Nakamura et al.529

and those of Latos-Grażyński et al.530,532 The impression, based on NMR results,
however, is that meso-substituted porphyrinates ruffle very readily, and are prob-
ably much more ruffled than the octaethylporphyrinate and the naturally-occurring
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porphyrinates. Analysis of the distortions observed for the heme centers of a number
of heme proteins537,538 and structural studies of nickel(II) meso-(t-butyl)porphyrins539

appear to bear this out. In contrast, the structures of meso-ethynylphenyl- and meso-
diethynylphenylporphyrins are not ruffled,540 and their bis-cyanide complexes have
pyrrole-H shifts of −14 ppm for the symmetrical tetra-meso-(ethynylphenyl)
porphyriniron(III) complex, or somewhat less for mixed-meso-substituted porphyrins
at 298 K.540

The bis-cyanide complex of octaethyloxaporphyriniron(III) has an EPR spec-
trum that could be consistent with either ground state (g-values of 2.4, 2.2 and
1.8), but the NMR spectrum is clearly consistent with the (dxy)

2(dxz,dyz)
3 ground

state, with α-CH2 resonances ranging from +12 to +2 ppm and meso-H resonances
at +4.5 ppm.541 Consistent with this ground state, the crystal structure shows a pla-
nar porphyrin ring. The rhombic EPR signal of this bis-(cyanide) complex must
arise from the asymmetry of the macrocycle.

e. The mixed ground state behavior of bis-(pyridine) complexes
of low-spin ferrihemes: Observed shift trends and the mechanism
of spin delocalization

The early work on the bis-pyridine complexes of FeIII β-alkyl porphyrins such as
[(OEP)Fe(R-Py)2]

+, where R-Py = substituted pyridine, has been reviewed else-
where.2–4 A model that explains the paramagnetic shifts and solution magnetic sus-
ceptibilities of the [(OEP)Fe(R-Py)2]

+ complexes was developed that includes
contributions from the 2E, 6A1(5/2), 6A1(3/2), 4A2(3/2) and 2B2(1/2) states.542 For
[(OEP)Fe(3-ClPy)2]

+ at 320 K the percent contribution of each of these compo-
nents to the E′′ ground state is calculated to be 77%, 1%, 10%, 8% and 3%, respec-
tively. The first and second excited states, both E′, are composed mainly of
6A1(1/2) and 2E(1/2); hence, magnetic moments of these complexes may not rise
above 4.5 µB, even though the ground state is not S = 3/2.542 Interestingly, two dif-
ferent spin states (S = 3/2 and an S = 1/2 ↔ 5/2 equilibrium) have been observed
for [(OEP)Fe(3-ClPy)2]

+ in the crystalline state, depending on the relative and
absolute orientations of the 3-chloropyridine ligands: When the ϕ angles are near
45° (ligands lying over the meso positions) and the ligands are in perpendicular
planes, the complex was found to have a spin equilibrium,543 while when the ϕ
angles are small (ligands lying nearly over the porphyrin nitrogens) and the lig-
ands are in nearly parallel planes, the spin state of the complex was found to be
S = 3/2.544,545 [(OEP)Fe(3-CNPy)2]

+ also crystallizes as a S = 3/2 ground state com-
plex with the axial ligands in parallel planes over the porphyrin nitrogens.546

Certainly, all orientations are expected to be observed in solution, where axial lig-
ands are expected to rotate rapidly over the temperature ranges investigated; hence
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the solution magnetic susceptibility and NMR results542,547 and the X-ray crystal-
lographic and solid state magnetic susceptibility, EPR and Mössbauer results543–546

are all consistent with the fact that low-basicity pyridine complexes of the type
[(OEP)Fe(R-Py)2]

+, as well as those of the natural porphyrins,547 are very close to
the magnetic triple point of S = 1/2, 3/2 and 5/2.542 However, in the case of the
basic pyridine complex, [(OEP)Fe(4-NMe2Py)2]

+, the S = 1/2 state alone, with a
pure (dxy)

2(dxz,dyz)
3 ground state, is stabilized at all temperatures,2,4,33 as it is for all

bis-(imidazole) complexes.
Compared with the complex spin state behavior of β-alkylsubstituted por-

phyrins discussed above, all known bis-(pyridine) complexes of FeIII tetraphenyl-
porphyrins are low-spin.2,4,34,491,519 Nevertheless, their behavior is not as simple as
that of the corresponding bis-(imidazole) complexes. While it has been found in
all cases that the pyrrole-H resonance shifts to lower shielding as the basicity of
the pyridine decreases,2,4,34,491,519 all TPP complexes not having ortho-phenyl sub-
stituents show Curie behavior, albeit with very small temperature dependence for
[(TPP)Fe(4-CNPy)2]

+,519 while TPP derivatives which have ortho-phenyl sub-
stituents, such as [(TMP)Fe(R-Py)2]

+,34,491 exhibit anti-Curie behavior when R-Py
is a low-basicity pyridine (3-CNPy, 4-CNPy). The meta-phenyl-H paramagnetic
shift also increases dramatically as the basicity of the pyridine decreases, so that
for low-basicity pyridines it is no longer possible to assume that the meso-phenyl-
H paramagnetic shifts are totally due to the pseudocontact contribution.491 The
shift of the pyrrole-H resonance to lower shielding and the increasing contact shift
of the meta-phenyl-H of the TMP, the anti-Curie behavior of the weakly basic
pyridine complexes, and the change in the size (and sign) of the pseudocontact
contribution to the paramagnetic shift are indicative of a progressive change in the
ground state of these low-spin iron(III) complexes. For (TMP)FeIII complexes
with pyridines of decreasing basicity, the pyrrole-H resonance position at −80 °C
shifts from −30.9 ppm (4-NMe2Py) to +2.1 ppm (4-CNPy).34,491 The latter is
clearly not a (dxy)

2(dxz,dyz)
3, but rather a (dxz,dyz)

4(dxy)
1 ground state complex.

Because the shift is a smooth function of the pKa of the conjugate acid of the pyri-
dine ligand, it is difficult to say where the (dxy)

2(dxz,dyz)
3 electron configuration

ends and the (dxz,dyz)
4(dxy)

1 begins, partly because the energy separation between
the two electronic ground states decreases as one moves from the right to the left
extreme of the orbital diagram of Figure 1, and so both states are populated ther-
mally as a function of the particular ligand and the temperature. Curie plots of the
whole series of pyridine ligand complexes create a family of lines of decreasing
negative slope to increasing positive slope as one goes from [(TMP)Fe(4-
NMe2Py)2]

+ to [(TMP)Fe(4-CNPy)2]
+.491

When axial imidazole or pyridine ligands are bound to low-spin iron(III)
porphyrins in perpendicular planes, as discussed above, only one resolved EPR
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feature, the “large gmax” signal discussed above, is observed.33,34,431,458 The other
two g-values are not resolved, probably due to g-strain, but they can be estimated
by single crystal EPR techniques440 or by magnetic Mössbauer spectroscopy at
4.2 K.33,431,458 The g-values available are included in Table 12. The gmax values of nine
bis-R-pyridine complexes of (TMP)FeIII decrease in size from 3.48 to 2.53 as the
pKa of the conjugate acid of the pyridine decreases from 9.7 (4-NMe2Py) to 1.1 (4-
CNPy), with the type of EPR spectrum changing from “large gmax”, with gmax = gzz

in the former case, to an axial signal, with gmax = gxx = gyy in the latter.34 Structures
of seven of these complexes have been reported.32–34 In all of these complexes the
axial ligands are in perpendicular planes lying over the meso positions of the por-
phyrin ring, with strong ruffling of the porphyrin core in order to reduce steric
crowding between the o–CH3 groups and the pyridine ligands, as shown in Figure 48.
This strong ruffling produces two oblong “cavities” at right angles to each other,
one above and one below the plane of the porphyrin ring, which hold the axial lig-
ands in perpendicular planes over the meso positions. The EPR spectrum of
[(TPP)Fe(4-CNPy)2]

+ is also axial in both frozen solution and the solid state, and
the X-ray crystal structure shows that the axial ligands are also in perpendicular
planes lying over the meso positions, with a strongly ruffled porphinato core,
even though there are no ortho-phenyl substituents.129 The axial EPR spectra, with
g⊥ > g||, Table 12, are indicative of a (dxz,dyz)

4(dxy)
1 ground state.129 MCD studies of
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Figure 48. ORTEP diagram showing the arrangement of the effectively coplanar mesityl
rings and the axial ligands of [(TMP)FeIII(4-NMe2Py)2]+. Hydrogen atoms have been drawn arti-
ficially small, and two of the mesityl rings have been deleted to improve clarity. Reprinted
from Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W. R. J. Am. Chem. Soc. 1991, 113,
5497–5510, with permission from the American Chemical Society.
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the TMP analog are also consistent with the (dxz,dyz)
4(dxy)

1 ground state.127 Thus,
low-basicity pyridines stabilize the less common (dxz, dyz)

4(dxy)
1 electronic ground

state for low-spin iron(III), though not as strongly as do isonitrile ligands.155

A change in ground state of low-spin iron(III) from the usual (dxy)
2(dxz,dyz)

3 to
the “unusual” (dxz,dyz)

4(dxy)
1 electron configuration occurs smoothly through the

series of pyridine complexes of both (TPP)FeIII 514 and (TMP)FeIII,34,491 but the
trend is much more pronounced for the TMP complexes, which made it apparent
that this change in the ground state was the reason for the pKa(BH+) dependence
of the paramagnetic shifts in both cases. This pKa(BH+) dependence is due to pro-
found effects of the electron configuration of the metal on both the pseudocontact
and contact contributions to the paramagnetic shift. For the pseudocontact shift, a
change in sign of the axial magnetic anisotropy term (Eqs. 7 and 9) occurs at some
pKa(BH+) between that of 4-dimethylaminopyridine and 3-cyanopyridine,491 since
the former complex has gzz > gyy > gxx

33 while the latter has gxx = gyy > gzz.
34

However, the actual anisotropies in homogeneous solution at −80 °C appear to be
smaller than those calculated from the g-values (Eq. 9) as a result of thermal pop-
ulation of the “other” electron configuration. If the axial g-anisotropies derived
from the g-values of Table 12 are compared to those estimated from the NMR
shifts of model low-spin ferrihemes it becomes evident that g-values measured at
77 K and below may not be good indicators of the actual magnetic anisotropy of
the complexes at the temperatures of the NMR measurements (183 K and above),
and that in many cases the actual magnetic anisotropy may be of opposite sign
from that predicted by the g-values measured at very low temperatures (Table 12).

The bis-4-dimethylaminopyridine, bis-1-methylimidazole, bis-cyanide,548 and
bis-4-cyanopyridine549 complexes of iron(III) octamethyltetraphenylporphyrin,
(OMTPP)FeIII, octaethyltetraphenylporphyrin, (OETPP)FeIII, its perfluorinated
phenyl analog, (F20OETPP)FeIII, and tetra-(β,β′-tetramethylene)tetraphenylpor-
phyrin, (TC6TPP)FeIII, have been prepared and characterized by 1H NMR spec-
troscopy. Complete spectral assignments have been made using 1D and 2D
techniques. The temperature dependences of the proton resonances of the com-
plexes show significant deviations from simple Curie behavior and evidence of
ligand exchange, ligand rotation, and porphyrin ring inversion at ambient temper-
atures. At temperatures below the point where dynamics effects contribute, the
temperature dependences of the proton chemical shifts of the complexes could
be fit to an expanded version of the Curie law (Eq. 12) using the temperature-
dependent fitting program developed in this laboratory.25,84 The results show that,
although the ground state differs for various axial ligand complexes and is usually
fully consistent with that observed by EPR spectroscopy at 4.2 K, the excited state
often has S = 3/2 (or S = 5/2 in the cases where the ground state has S = 3/2). The
EPR spectra (4.2 K) of bis-4-dimethylaminopyridine and bis-1-methylimidazole
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complexes show “large gmax” signals with gmax = 3.20 and 3.12, respectively, and
the latter also shows a normal rhombic EPR signal, indicating the presence of
low-spin (LS) (dxy)

2(dxz,dyz)
3 ground states for both. The bis-cyanide complex

also yields a large gmax EPR spectrum with g = 3.49 and other features that could
suggest that some molecules have the (dxz,dyz)

4(dxy)
1 ground state. All of these

complexes have been characterized by X-ray crystallography.476,477,549

For the bis-4-CNPy complexes, the magnetic resonance data depend on the
porphyrin macrocycle, as first reported by Nakamura et al.550 An axial EPR signal
is observed (g⊥ = 2.49, g|| = 1.6) in frozen solutions of both [FeOMTPP(4-
CNPy)2]ClO4 and [FeTC6TPP(4-CNPy)2]ClO4 at 4.2 K, which is indicative of the
low spin (S = 1/2), (dyz,dxz)

4(dxy)
1 electronic ground state for these two com-

plexes.549 However, in CD2Cl2 at 183 K the CH2 chemical shift of [FeTC6TPP(4-
CNPy)2]ClO4 is +6.8 ppm, which indicates the same spin state as seen in the EPR
spectrum, while the CH3 chemical shift of [FeOMTPP(4-CNPy)2]ClO4 is +31.4 ppm,
which indicates that the latter complex has a higher spin state, identified as S =
3/2.549 At 273 K the same two chemical shifts are 51.3 and 65.4 ppm, which indi-
cates that both of these complexes have spin states S = 3/2 at ambient tempera-
tures.549 In contrast, the EPR spectra of [FeOETPP(4-CNPy)2]ClO4 at 4.2 K are
typical of the S = 3/2 state, with g-values of 5.21, 4.25, and 2.07, in agreement
with Nakamura et al.550 However, distinct from previous conclusions, large nega-
tive phenyl-H shift differences δm–δo and δm–δp in the 1H NMR spectra indicate
significant negative spin density at the meso-carbons, and the larger than expected
positive CH2 shifts (+66.1, +14.8 ppm at 183 K, +45.7, +14.0 ppm at 273 K) are
also consistent with a significant population of the S = 2 FeII, S = 1/2 porphyrin
π-radical state, with antiferromagnetic coupling between the metal and porphyrin
unpaired electrons.549 This is the first example of this type of porphyrin-to-metal
electron transfer to produce a partial or complete porphyrinate radical state, with
antiferromagnetic coupling between metal and macrocycle unpaired electrons in
an iron porphyrinate.

The dynamics of porphyrin ring inversion of a number of iron(III) complexes
of octamethyltetraphenylporphyrin, (OMTPP)FeIII; octaethyltetraphenylpor-
phyrin, (OETPP)FeIII; octaethyltetra(perfluorophenyl)porphyrin, (F20OETPP)FeIII;
and tetra-β,β-tetramethylenetetraphenylporphyrin, (TC6TPP)FeIII, having either
one (Cl−, ClO4

−) or two [4-(dimethylamino)pyridine, 4-Me2NPy; 4-cyanopyridine,
4-CNPy, N-methylimidazole, NMeIm; tert-butylisocyanide, t-BuNC; or cyanide,
CN−] axial ligands were characterized by 1D dynamic NMR (DNMR) and 2D 1H
NOESY/EXSY spectroscopies as a function of temperature.421,549,551 An example
of the compounds studied and the types of spectra analyzed is shown in Figure 49,
where it can be seen that some compounds could be studied both above and
below the coalescence temperature, using fast-exchange techniques in the higher
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Figure 49. Top: Representation of the macrocycle inversion process for the saddle structure
of a dodecasubstituted metalloporphyrin: (a) Displacements of the atoms with respect to the
porphyrin mean plane are shown as + above the plane, — below the plane, and 0 in the
plane; (b) ring inversion approximated using the ORTEP plot generated from the crystal struc-
ture of [FeOMTPP(2-MeImH)2]Cl (phenyl ring and axial ligands have been omitted for clarity);
ring inversion results in exchange between methyl (for OMTPP) or methylene (for OETPP,
F20OETPP, and TC6TPP) protons.551 Middle: Stacked 1H 300 MHz NMR spectra (low shielding
region only) that show broadening of the methyl signal in (OMTPP)FeCl with decreasing tem-
perature.551 The intensities of all resonances are on a common scale. Reprinted from Yatsunyk,
L. A.; Ogura, H.; Walker, F. A. Inorg. Chem. 2005, 44, 2867–2881, with permission from the
American Chemical Society. Bottom: 300 MHz 1H NMR spectrum of (OMTPP)FeCl and the
lower-shielding part of the NOESY/EXSY spectrum at −80 °C, with 5-ms mixing time; * repre-
sents impurities.548 Reprinted from Yatsunyk, L. A.; Shokhirev, N. V.; Walker, F. A. Inorg. Chem.
2005, 44, 2848–2866, with permission from the American Chemical Society.

temperature region and 2D NOESY/EXSY (slow-exchange) techniques in the
lower temperature region. The activation parameters, ∆H‡, ∆S‡, and ∆G‡

298, and the
extrapolated rate constants at 298 K for three chloride, one perchlorate, and three
bis-(4-Me2NPy) complexes as well as [FeOETPP(NMeIm)2]Cl, [FeOETPP(t-
BuNC)2]ClO4, and Na[FeOETPP(CN)2] have been determined. The results
indicate that there is a wide range of flexibility for the porphyrin core (kex

298 =
10–107 s−1) that decreases in the order TC6TPP > OMTPP > F20OETPP ≥ OETPP,
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which correlates with increasing porphyrin nonplanarity.551 To determine the effect of
axial ligands, the free energy of activation, Eyring plots were constructed and ∆G‡

298

for OETPPFeIII and OMTPPFeIII bis-ligated complexes were calculated for the com-
plexes with 4-Me2NPy, NMeIm, or 4-CNPy (∼59 kJ mol−1), and for complexes with
small cylindrical ligands (t-BuNC and CN−) (∼37 kJ mol−1), as well as the S = 3/2,
5/2 spin-admixed chloroiron(III) complexes, as shown in Figure 50. These data
suggest that the ∆G‡

298 for planar ligand rotation is roughly 20–25 kJ mol−1.551

f. The mixed ground state behavior of bis-(pyridine) complexes
of low-spin iron(III) complexes of oxophlorins and meso-amino
porphyrins

The bis-(pyridine) complexes (pyridines of a range of basicities) of the deprotonated
meso-hydroxyoctaethylporphyrinatoiron(III), also called the oxophlorin complex,
where the oxoplorin ligand is OEPO, formally OEPO3−, Structure 8, the bis-
(N-methylimidazole) and bis-(imidazole) complexes, as well as the bis-(pyridine)
or cyanide, pyridine complexes of the same iron(III) macrocycle all show
two meso-H resonances (ratios 2:1) at very negative chemical shifts.321,472,473,552

(The oxophlorin derived from protoheme is an intermediate in the oxidation of

174 Walker

Figure 50. Eyring plots of the kinetics data obtained for porphyrin ring inversion in
octaalkyltetraphenyliron(III) five- and six-coordinate porphyrins. Reprinted from Yatsunyk,
L. A.; Ogura, H.; Walker, F. A. Inorg. Chem. 2005, 44, 2867–2881, with permission from the
American Chemical Society.
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heme to verdoheme by the enzyme heme oxygenase.220) The methylene and
methyl resonances of both [(Py)2FeOEPO] and [(Py)2FeEtioPO] were assigned by
1D NOE difference spectroscopy; for the former, the methylene resonances were
found at +30 (2-CH2), +15 (3-CH2), +4.7 (4-CH2) and −3 (1-CH2) ppm, and, as
mentioned above, the meso-H were found at −110 and −153 ppm,475 assignments
that indicate major spin delocalization to an orbital with a2u(π)-like symmetry.

Three resonance structures of the macrocyclic OEPO complex, which involve
FeIII, FeII, or FeI have been considered,475 as mentioned in Section IV.A.8.a. To
clarify the electron configuration, the electronic and geometric structures of
(Py)2FeIII(OEPO), (ImH)2FeIII(OEPO)•2THF, and (ImH)2FeIII(OEPO)•1.6CHCl3

have been examined by single-crystal X-ray diffraction, measurement of magnetic
moments as a function of temperature, and by EPR and NMR spectroscopy.553 The
results clearly show that both complexes exist in the FeIII oxophlorin trianion form
rather than the FeII oxophlorin radical form previously established for (2,6-
xylylNC)2FeII(OEPO•).554 In the solid state from 10 to 300 K, [(Py)2FeIII(OEPO)]
exists in the high-spin (S = 5/2) state with the axial ligands in parallel planes, a
planar porphyrin, and long axial Fe–N distances.553 However, in solution it exists
predominantly in a low-spin (S = 1/2) form. In contrast, the structures of
(ImH)2FeIII(OEPO)•2THF and (ImH)2FeIII(OEPO)•1.6CHCl3 consist of por-
phyrins with a severe ruffled distortion, axial ligands in nearly perpendicular
planes, and relatively short axial Fe–N distances. The crystallographic, magnetic,
EPR, and NMR results all indicate that (ImH)2FeIII(OEPO) exists in the low-spin
FeIII form in both the solid state and in solution.553 The meso-H resonances of the
bis-ImH complex were found at −25 ppm, which suggests a (dxz,dyz)

4(dxy)
1 electron

configuration, but their temperature dependence is curved; the EPR spectrum at
4 K is rhombic, with g-values 2.72, 2.27 and 1.64.553 These facts can be rational-
ized if the electron configuration at 4 K is (dxy)

2(dxz,dyz)
3, while that at ambient

temperature is (dxz,dyz)
4(dxy)

1; whether this change is the result of a temperature-
dependent equilibrium between the two, as found for the [TPPFe(OCH3)(OO-
tBu)]− case481 discussed in Section IV.A.8.a, or a thermally-accessible excited
state, is not clear. The bis-cyanide complex was also investigated and formulated
as [(CN)2FeIII(OEPO)]2−.473

[(Py)2FeIIIOEPO−] ↔ [(Py)2FeII(OEPO•)] reacts with NO in the strict absence
of O2 to produce a dimer, [(Py)(NO)FeII(OEPO)]2,

555 which has a 15-meso-15-
meso bond. Its 1H NMR spectrum at −10 °C has eight equally intense methylene
resonances with chemical shifts of 18.9, 8.4, 4.3, 2.0, 1.6, 1.2, −1.6, and −4.8 ppm
and two meso-H resonances at −95.9 and −148.2 ppm; the −148.2 ppm meso-H is
at the bridging carbon. The reaction can be reversed upon purging with N2.

555 The
crystal structure of the dimer has been obtained and shows that the Fe–N–O unit
is bent (138o), as expected for this {FeNO}7 center.555
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Chemical shifts of the meso-H resonances of a series of [(R-Py)2FeOEPO]
complexes decrease as the basicity of the axial ligand increases and range from
−141.9, −195.8 ppm (4-AcPy) to −81.8, −99.6 ppm (3,4-Me2Py) to −40.3, −39.8 ppm
(NMeIm),321 and −118, −152 ppm (bis-pyridine) and −70, −90 ppm (Py, CN−),472–475

as shown in Figure 51. The bis-(hydrazine) adduct has meso-H shifts of −39 and
−44 ppm.552) This is another interesting case of the degree of a2u(π) character decreas-
ing as the basicity of the axial ligand increases, as observed previously also for the
pyridine complexes of (TMP)FeIII,34,491 and as discussed in Section IV.A.8.d above.
As discussed earlier in Section IV.A.8.a, the EPR spectra also change in concert
with the NMR spectra, such that the 4-AcPy complex has the axial spectrum with
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Figure 51. Left: 1H NMR spectra of [(OEPO)FeIII(R-Py)2] measured in the ligand as solvent:
(a) 4-acetylpyridine; (b) pyridine-d5; (c) 4-methylpyridine; (d) 3,4- dimethylpyridine; (e) N-
methylimidazole. Sharp signals are due to observable α-CH2 (additional signals buried in the
diamagnetic region), while insets of broad signals represent the meso-H. Note the decreasing
meso-H shifts as the basicity of the ligands decreases. Right: EPR spectra of the same com-
plexes measured at 77 K. (f ) is [OEPOAc)FeIII(ImH)2] in CH2Cl2. Note the shift from rhombic
to axial spectra and the decrease in g-anisotropy as the basicity of the ligands decreases.
Reprinted from Morishima, I.; Fujii, H.; Shiro, Y. J. Am. Chem. Soc. 1986, 108, 3858–3860,
with permission from the American Chemical Society.
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the smallest difference between g⊥ and g||, while 3,4-Me2Py has the largest differ-
ence, and the NMeIm and ImH complexes have rhombic signals, as shown in
Figure 51, right hand side. Clearly the oxophlorin ring system has a much greater
tendency to have the (dxz,dyz)

4(dxy)
1 ground state than does the porphyrin ring, with

a given axial ligand, yet the trend is still the same as for the (TMP)FeIII system
with pyridines of increasing basicity.34,491 These oxophlorin-based complexes were
originally assigned to be [(OEPO−•)FeII]+ π-cation radical electronic structures.321

However, neither the EPR g-values, Figure 51, right, (which deviate too much
from 2.0 to represent porphyrin-based unpaired electrons), nor the sharpness of the
meso-H NMR signals, Figure 51, left, (which do, however, become broader with
lower-basicity pyridine ligands),321 are consistent with the unpaired electron being
localized in the porphyrin π orbitals, because organic radicals in the absence of
any other source of unpaired electrons (such as the [(P−•)FeIINO]+ complexes
reported by Morishima and coworkers322) have extremely broad to undetectable
NMR signals, because of their short electron spin relaxation times. Nevertheless,
the large, negative meso-H shifts for the 4-acetylpyridine complex of octaethy-
loxophloriniron(III)472,473 could represent up to 72% occupation of the a2u(π)
orbital by the unpaired electron, while the meso-H shift of the [(OEP)Fe(t-
BuNC)2]

+ complex represents much less (only about 27%) occupation of that
orbital, if simple Hückel calculations211 are at all meaningful. Thus, this series of
varying basicity pyridine complexes of octaethyloxophloriniron(III) may repre-
sent the closest approach to a smooth transition from a (dxz,dyz)

4(dxy)
1 ground state

to a porphyrin-based 3a2u(π) unpaired electron-low-spin iron(II) electron configu-
ration found thus far. These systems should be compared to the [(OEP−•)
Ru(CO)Br)] and [(OEP−•)Ru(CO)]+ ClO4

− complexes discussed in Section IV.B
later, where there is a clear shift from the ruthenium(III) to ruthenium(II) π-radical
states, with relatively small differences in chemical shifts — at least of the pyrrole
substituents.

Treatment of the bis-pyridine complexes of a series of mono-meso-substituted
iron(II) derivatives of octaethylporphyrin, where the meso-substituent is NO2, CN,
HC(O), Cl, OMe, phenyl, or n-butyl, with hydrogen peroxide in the strict absence
of dioxygen in d5-pyridine at −30 °C yielded stable oxophlorin derivatives, as long
as the samples were protected from exposure to dioxygen.556 These reactions
yielded mixtures of three possible oxygenation products, [(Py)2Fe(cis-meso-R-
OEPO)], [(Py)2Fe(trans-meso-R-OEPO)], and [(Py)2Fe(OEPO)]. The yield of
[(Py)2Fe(OEPO)], which results from replacement of the unique meso substituent,
as a function of the identity of the meso substituent, decrease in the order NO2 >
HC(O) ∼ CN ∼ Cl > OMe > Ph, Bu, which suggests that the species responsible
for attack on the porphyrin periphery is nucleophilic in nature. The 1H NMR spec-
tra of the products show methylene resonances in the +25 ppm region, but with
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quite a wide variation in the separation between the cis resonances (largest for
formyl (+16, +24 ppm), smallest for methoxy (+25 to +26 ppm)). The meso-H res-
onances were found in the −125 to −225 ppm region, with the trans isomer’s
meso-H resonance generally being at lower shielding than the two widely-spaced
cis isomer meso-H resonances.556 A mechanism involving isoporphyrin formation
through attack of hydroxide ion on a cationic iron porphyrin with an oxidized por-
phyrin ring is suggested.556 The identity of the unique meso functionality also
affects the regiospecificity of substitution when the unique meso group is retained.
Although random attack at the two different meso sites is expected to yield a
cis/trans product ratio of 2, the observed ratios vary in the following order: cyano,
5.0; chloro, 3.2; formyl, 2.6; methoxy, 1.9; phenyl, 1.4.556

Pyridine solutions of ClFeIII(meso-NH2-OEP) undergo oxidative ring opening
when exposed to dioxygen.557 The high-spin iron(III) complex, ClFeIII(meso-NH2-
OEP), was isolated and characterized by X-ray crystallography. In the solid state,
it has a five-coordinate structure typical for a high-spin (S = 5/2) iron(III) com-
plex. In CDCl3 the 1H NMR spectrum of ClFeIII(meso-NH2-OEP) is characteristic
of a high-spin, five-coordinate complex which is unreactive toward dioxygen.
However, in pyridine-d5 solution a temperature-dependent equilibrium exists
between the high-spin (S = 5/2), six-coordinate complex, {(Py)ClFeIII(meso-NH2-
OEP)}, and the six-coordinate, low spin (S = 1/2 with the less-common
(dxz,dyz)

4(dxy)
1 ground state) complex, [(Py)2FeIII(meso-NH2-OEP)]+. Such pyridine

solutions are air-sensitive, and the remarkable degradation has been monitored by
1H NMR spectroscopy.557 These studies reveal a stepwise conversion of
ClFeIII(meso-NH2-OEP) into an open-chain tetrapyrrole complex in which the
original amino group and the attached meso-carbon atom have been converted into
a nitrile group.557 Additional oxidation at an adjacent meso carbon occurs to pro-
duce a ligand that binds iron by three pyrrole nitrogen atoms and the oxygen atom
introduced at a meso carbon. This open-chain tetrapyrrole complex itself is sensitive
to attack by dioxygen and is converted into a tripyrrole complex that is stable to
further oxidation and has been isolated557 and investigated by NMR spectroscopy.558

The process of oxidation of the iron(III) complex, ClFeIII(meso-NH2-OEP), has
been compared with that of the iron(II) complex, (Py)2FeII(meso-NH2-OEP);559

both converge to form identical products.

g. Low-spin FeIII complexes of meso–meso-linked
5,5′-bis(10,15,20-triphenylporphyrin)

The 1H NMR spectra of iron(III) complexes of dimeric 5,5′-bis-(10,15,20-triph-
enylporphyrin) [(TrPPH2)2], 5,5′-bis(10,15,20-tris(p-methoxyphenyl)porphyrin)
[(Tr(p-MeOP)PH2)2], and hybrid (TrPPH2)(Tr(p-MeOP)PH2) and the respective
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monomeric 5,10,15-triphenylporphyrin (TrPPH2) and 5,10,15-tris(p-methoxyphenyl)
porphyrin [Tr(p-MeOP)PH2] were investigated in order to investigate the impact
of a direct meso–meso linkage on the electronic structure of corresponding high-
and low-spin iron(III) porphyrins.560 The following species, covering the repre-
sentative spin/oxidation states, have been investigated: (TrPP)2(FeIIICl)2 (high
spin); [(TrPP)2(FeIII(CN)2)2]

2− (low spin); [(TrPP)2(FeIIICl)2]+ (high-spin iron(III),
diporphyrin radical); [(TrPP−•)2(FeIIICl)2]

2+ (high-spin iron(III), diradical of dipor-
phyrin). The iron(III) diporphyrins (TrPP)2(FeIIICl)2, [(TrPP)2(FeIII(CN)2)2]

2−,
{[(TrPP)FeIII(CN)2][(Tr(p-MeOP)P)FeIII(CN)2]}

2−, and [(TrPP)2(FeIIICl)2]
2+ revealed

the same 1H NMR features which have been typically encountered in the spectra
of the relevant monomeric complexes. Thus magnetic interactions between the
two subunits via the skeleton appear to be minor. This is consistent with the struc-
tures, in which the two porphyrin planes are perpendicular to each other. The char-
acteristic broadening and/or paramagnetic shifts of 3-H and 7-H resonances were
determined and are diagnostic features of the meso–meso linkage. One-electron,
ligand-based oxidation of (TrPP)2(FeIIICl)2 to produce [(TrPP)2(FeIIICl)2]

+ was
observed with the unpaired electron delocalized over both macrocycles.560

h. Five-coordinate low-spin iron(III) porphyrins and a porphycene

Publications on the NMR spectra of a number of low-spin iron(III) complexes
bound to one alkyl, aryl or silyl axial ligand have appeared;166,516,561–563 the chemi-
cal shifts of typical examples are presented in Table 13. The group IV anions are
expected to be extremely strong σ-donors, and indeed, they are able to stabilize
both low-spin iron(II)243 and low-spin iron(III) in a 5-coordinate state, except
when four or five electronegative fluorine atoms are present on the aryl ring, in
which case the 5-coordinate complexes are high-spin.564 For the low-spin com-
plexes, porphyrin β-pyrrole-H and –CH2 shifts are indicative of the “normal”
(dxy)

2(dxz,dyz)
3 ground state, with spin delocalization via P → Fe π bonding.516 The

α-H of alkyl groups had not been detected under any condition until Li and Goff163

reported the 2H NMR spectra of [(d8-TPP)Fe(CD3)] and [(d8-TPP)Fe(C2D5)] in
toluene at 25 °C, recorded over a very large spectral width at 55 MHz: For the CD3

group, δobs = 532 ppm, and for the C2D5 group, δobs for the CD2 group is 562 ppm,
with the CD3 signal of the ethyl group at −117 ppm. These are the largest chemi-
cal shifts reported thus far for iron porphyrins; the low frequency of the 2H nucleus
makes possible the use of spectral bandwidths that correspond to such a large
number of ppm. Widths of the α-CD3 and –CD2 resonances are reasonably narrow,
80 and 115 Hz, respectively, in both THF and toluene.163 In light of the expected
narrowing of deuterium resonances of up to a factor of 42 over those of protons at
the same molecule positions (Section II.D.2), it is not surprising that –CH3 and
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α-CH2 signals have not been detected. It has been possible to separate the β-H and
more distant proton paramagnetic shifts of the 1-adamantane complex,
[(TTP)Fe(1-adamantane)], into contact and pseudocontact contributions.563

Contact shifts within the 1-adamantane group (as well as other alkyl groups) are
negative, since the unpaired electron of low-spin iron(III) is in a π-symmetry
orbital, while the spin must be delocalized to the alkyl group via σ-delocalization.
It was noted, however, that whereas the β-methyl resonances of the ethyl, isopropyl,
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Table 13. Chemical shifts of five-coordinate iron(III) porphyrins with alkyl, aryl and silyl
ligands.

Porphyrin Ra T °C Solvent δ (Rβ-H), ppm δ (pyrr-H), ppm Ref.

TPP Si(CH3)3 24 C6D5CD3 −1.2 −21.7 565
TTP C(CH3)3 0 C6D5CD3 −111.5 −21.0 578
TPP CH3 21 C6D6 — −19.2 561

CH4H9 21 C6D6 −63.7 −18.4 561
C6H5 21 C6D6 −81.0 −17.6 561
(p-CH3)C6H4 21 C6D6 −84.7 −16.9 561

TTP CH3 −70 C6D5CD3 — −34.0 331
C2H5 −70 C6D5CD3 154.0 −34.0 578
n-C3H7 −70 C6D5CD3 −27.4 −35.0 578
CH(CH3)2 −70 C6D5CD3 −145.6 −32.6 578
C(CH3)2 −70 C6D5CD3 −135.5 −33.7 578
1-adamantane −70 C6D5CD3 −33.3 −17.9 578
4-camphor −70 C6D5CD3 −30.8 −42.8, −48.7 578
[NMeIm][CH3] −70 C6D5CD3 — −37.0 331
[NMeIm][C2H5] −70 C6D5CD3 −94.0 −36.0 331

TMP [NMeIm][C6H5] −60 CDCl3 −69.0 −34.0 516
TPP [Py][C6H5] 21 C5D5N −55.0 −21.2 562
(p-CF3)4TPP C6H5 21 C6D6 −84.27 −17.97 564

C6F4H 21 C6D6 — 63.32 564
C6F5 21 C6D6 — 66.67 564
[Py][C6H5] 21 C5D5N −58.85 −21.18 564
[Py][C6F4H] 21 C5F5N — −16.63 564
[Py][C6F5] 21 C5D5N — −16.43 564

Porphyrin Ra T °C Solvent δ (Rβ-H), ppm δ(meso), ppm δ(α-CH2), ppm Ref.

OEP CH3 21 C6D6 — 3.32 2.43, −2.13 561
n-C4H9 21 C6D6 −58.6 3.55 2.33, −1.70 561
C6H5 21 C6D6 −79.9 5.53 4.46, −1.70 561
C6F4H 21 C6D6 — −48.56 39.91, 42.89 564
C6F5 21 C6D6 — −55.01 41.71, 42.69 562
[Py][C6H5] 21 C5D5N −55.7 −3.23 0.07, −2.27 562
[Py][C6F4H] 21 C5D5N − 1.94 3.78, 5.60 564
[Py][C6F5] 21 C5D5N — 2.28 4.18, 5.81 564

aR = alkyl, aryl or silyl ligand.
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and tert-butyl groups have characteristic resonances at about –115 ppm (at 20 °C),
the β-methylene groups of n-propyl, n-butyl, 1-adamantane, and 4-camphor
appear at least 50 ppm to lower shielding than these, due to the importance of the
cos2ϕ term in Eq. 6.563 The much smaller shift of the silyl methyl protons,565

Table 13, seems to suggest the possibility of competing σ and π delocalization
mechanisms for this heavier coneger of the tert-butyl anion. For aryl anions bound
to iron(III), the alternating sign pattern of aryl-H contact shifts (Table 13) is
indicative of mainly π spin delocalization to the aryl group.516 Addition of N-
methylimidazole or pyridine to either 5-coordinate low-spin or high-spin iron(III)
porphyrins produces low-spin mixed-ligand complexes, in which the paramag-
netic shifts of the phenyl-H or alkyl groups bound to iron are decreased,516 proba-
bly due to decreased R− → Fe σ (and, in the case of R− = aryl, π as well)
delocalization from the R group to the metal. Thus, the effect of adding a sixth lig-
and, which decreases the contact shifts of the aryl-H, suggests that the aryl anion
acts as either a strong σ donor or a π donor, rather than a π acceptor toward low-
spin iron(III). However, the planar nature of the aryl ligand is not sufficient to pro-
duce a resolved rhombic EPR spectrum for [(TTP)Fe(C6H5)]; instead, a “large
gmax” signal at g = 3.54 is observed, with a broad feature at about g ∼ 1.7,331 indi-
cating near-degeneracy of dxz and dyz, probably due to the strong σ-donor nature
of the aryl ligand. Addition of pyridine shifts this signal to g = 3.86 and the broad
feature to higher field (lower g-value).331 Comparison of the 1H chemical shifts of
the phenyl and 2,3,5,6-tetrafluorophenyl complexes of both (OEP)FeIII and ((p-
CF3)4TPP)FeIII with d5-pyridine reveals a shift to higher frequency in approximate
proportion to the geometric factors for all porphyrin resonances as the electroneg-
ative fluorine atoms are substituted onto the phenyl ring; the 4-H of that ring shifts
to lower frequency by about the same geometric factor proportion,564 a clear indi-
cation that the major difference in the paramagnetic shifts is due to the pseudo-
contact contribution. Thus, it appears that the magnetic anisotropy of the low-spin
6-coordinate complexes [(OEP)Fe(C6F4H)(Py)] and [((p-CF3)4TPP)Fe(C6F4H)(Py)],
as well as the perfluorophenyl analogs, is considerably smaller than that of the
phenyl complexes. The EPR spectra of these 6-coordinate, low-spin fluorophenyl
complexes have not been reported.

A report of NMR studies on an iron(III) phenyl etioporphycene (Structure 14)
has appeared.354 The 3,6,13,16-CH3 resonance is at +11.5 ppm while the α-CH2

resonances are at 8 and 3.3 ppm and the 9,10,19,20-“vinyl”-H are at +6.7 ppm,
and the phenyl-H are at −5.5 (o,p-H) and +3.7 (m-H) ppm. The pattern of shifts is
similar to that of the corresponding [(OEP)Fe(C6H5)],

561 although the aryl-H shifts
are much smaller in magnitude for the porphycene complex, and the alkyl shifts
are somewhat smaller.354 The EPR spectra of the phenyliron(III) porphycene com-
plex and its pyridine adduct have been reported: The g-values are 2.29, 2.27 and

29/NMR and EPR Spectroscopy 181

b867_Vol-06_Ch-29.qxd  6/10/2010  4:42 PM  Page 181



1.94 for the 5-coordinate and considerably more anisotropic for the pyridine
adduct. The above-quoted g-values are consistent with the (dxz,dyz)

4(dxy)
1 ground

state, a very different result than obtained for the TTP analog, which has a “large
gmax” EPR signal at g = 3.54 and a broad feature at g ∼ 1.7.563 A pure (dxz,dyz)

4(dxy)
1

ground state should have very small paramagnetic shifts and Curie plot intercepts
of zero, whereas the phenyliron(III) etioporphycene has negative intercepts for all
types of protons.354 This suggests that there is a thermally-accessible (dxy)

2(dxz,dyz)
3

excited state, as has been found for many other (dxz,dyz)
4(dxy)

1 ground state systems
discussed above.

i. Low-spin iron(III) complexes of reduced hemes

A number of investigations of the NMR spectra of the dicyano complexes of two
reduced hemes have been reported.133,206,207,566–568 The structure of sulfhemin iso-
mer C, extracted from sulfmyomoglobin cyanide, was determined by NMR tech-
niques,133,566–568 and shown to be reduced at pyrrole ring II, Structure 1. Reduction
of the porphyrin ring to the chlorin changes the symmetries and molecular orbital
coefficients of the frontier orbitals,133 as shown in Figure 5. The pattern of para-
magnetic shifts of this prosthetic group is indicative of delocalization not only
from L → Fe π donation from the filled A−2 orbital of the chlorin (the modifica-
tion of one of the 3e(π) orbitals of the porphyrin ring), but also from the filled A−1

orbital of the chlorin, which, unlike the 1a1u orbital of the porphyrin, has proper
symmetry to overlap with the dxz orbital of the metal. The NMR spectra of all three
of the modified hemin complexes have been observed and assigned as the met-
myoglobin cyanide complexes.362,569 Similar investigation of the dicyanoiron(III)
complex of a chlorophyll a derivative, pyropheophorbide a methyl ester, in which
it is ring D or IV, Structure 1, that is reduced, and a fifth ring is present that bridges
positions 13 and 15, yielded total assignment of the 1H NMR spectrum of this
“green heme” complex, as well as the corresponding bis-(imidazole) complex.206

Later, the assignments were confirmed by 2D NMR techniques.208 Again, the pat-
tern of paramagnetic shifts was explained in terms of spin delocalization via L →
Fe π donation from the A−2 and A−1 filled π orbitals of the chlorin (Figure 5).206

The NMR and EPR spectra of a series of pyridine complexes [(OEC)Fe(L)2]
+

(L = 4-Me2NPy, Py, and 4-CNPy) have been investigated.115 The EPR spectra
at 4.2 K suggest that with a decrease of the donor strength of the axial ligands,
the complexes change their ground state from (dxy)

2(dxz,dyz)
3 to (dxz,dyz)

4(dxy)
1. The

NMR data from 303 to 183 K show that at any temperature within this range the
chemical shifts of pyrrole-8,17-CH2 protons increase with a decrease in the donor
strength of the axial ligands. The complete peak assignments of the
[(OEC)Fe(L)2]

+ complexes of this study have been made from COSY and NOE
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difference experiments.115 The pyrrole-8,17-CH2 and pyrroline protons show large
chemical shifts (hence indicating large π spin density on the adjacent carbons
which are part of the π system), while pyrrole-12,13-CH2 and -7,18-CH2 protons
show much smaller chemical shifts, as predicted by the spin densities obtained
from molecular orbital calculations, both Hückel and DFT; the DFT calculations
additionally show close energy spacing of the highest five filled orbitals [of the
Fe(II) complex] and strong mixing of metal and chlorin character in these orbitals
that is sensitive to the donor strength of the axial substituents.115 The EPR spectra
of the bis-ImH and -4-NMe2Py complexes are rhombic, with g-values of 2.54,
2.39, 1.72 and 2.85, 2.47, 1.85, respectively, while those of the bis-Py and
−4–CNPy complexes have only one resolved feature, at g⊥ = 2.47 and 2.37,
respectively; the bis-t-BuNC complex, however, has a rhombic EPR signal, with g-
values of 2.32, 2.18, 1.93,115 which are consistent with the (dxz,dyz)

4(dxy)
1 electron

configuration in a complex where the macrocycle does not have 4-fold symmetry.
The pattern of chemical shifts of the pyrrole-CH2 protons of [(OEC)Fe(t-

BuNC)2]
+ looks somewhat like that of [(OEC)Fe(4-Me2NPy)2]

+, while the
chemical shifts of the meso-protons are qualitatively similar to those of
[(OEP)Fe(t-BuNC)2]

+. The temperature dependence of the chemical shifts of
[(OEC)Fe(t-BuNC)2]

+ shows that it has a mixed (dxz,dyz)
4(dxy)

1 and (dxy)
2(dxz,dyz)

3

electron configuration that cannot be resolved by temperature-dependent fitting of
the proton chemical shifts, with a S = 5/2 excited state that lies somewhat more
than 2 kT at room temperature above the ground state; the observed pattern of
chemical shifts is the approximate average of those expected for the two S = 1/2
electronic configurations, which involve the a-symmetry SOMO of a planar chlo-
rin ring with the unpaired electron predominantly in the dyz orbital and the b-
symmetry SOMO of a ruffled chlorin ring with the unpaired electron
predominantly in the dxy orbital.115 A rapid interconversion between the two, with
calculated vibrational frequency of 22 cm−1, explains the observed pattern of
chemical shifts, while a favoring of the ruffled conformation explains the negative
chemical shift (and thus the negative spin density at the α-pyrroline ring carbons),
of the pyrroline-H of [TPCFe(t-BuNC)2]

+CF3SO3
−.570

Thus, although most of the chlorins studied thus far by 1H NMR spectroscopy
clearly have (dxy)

2(dxz,dyz)
3 ground states when bound to imidazoles or high-basicity

pyridines (despite their g-values, Table 12), when bound to strong π-acceptor lig-
ands, they, like their porphyrin analogs, do have (dxz,dyz)

4(dxy)
1 ground states.

The NMR and EPR spectra of two bis-imidazole and three bis-pyridine com-
plexes of tetraphenylchlorinatoiron(III), (TPC)Fe(L)2

+ (L = Im-d4, 2MeImH,
4-Me2NPy, Py, and 4-CNPy), have been investigated.365 The full resonance assign-
ments of the [(TPC)Fe(L)2]

+ complexes of this study have been made from corre-
lation spectroscopy (COSY) and nuclear Overhauser enhancement spectroscopy
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(NOESY) experiments and Amsterdam density functional (ADF) calculations.
Unlike the [(OEC)Fe(L)2]

+ complexes reported previously,115 the NMR data for the
[(TPC)Fe(L)2]

+ complexes of this study indicate that the ground state is S = 1/2 for
each bis-ligand complex, whereas a higher spin state was present at NMR tempera-
tures for the Py and 4-CNPy complexes of (OEC)FeIII. The pyrrole-8,17 and pyrro-
line-H of all [(TPC)Fe(L)2]

+ show large magnitude chemical shifts (hence indicating
large spin density on the adjacent carbons that are part of the π system), while
pyrrole-12,13-CH2 and −7,18-CH2 protons show much smaller chemical shifts, as
predicted by the spin densities obtained from ADF calculations.365 The magnitude of
the chemical shifts decreases with decreasing donor ability of the substituted pyri-
dine ligands, with the nonhindered imidazole ligand having slightly larger magni-
tude chemical shifts than the most basic pyridine, even though its basicity is
significantly lower (4-Me2NPyH+ pKa = 9.7, H2Im

+, pKa = 6.65 (adjusted for the sta-
tistical factor of two protons)). The temperature dependence of the chemical shifts
of all but the 4-Me2NPy bis-ligand complexes studied over the temperature range of
the NMR investigations shows that they have mixed (dxy)

2(dxz,dyz)
3/(dxz,dyz)

4(dxy)
1

electron configurations that cannot be resolved by temperature-dependent fitting of
the proton chemical shifts, with an S = 3/2 excited state in each case that in most
cases lies at more than kT at room temperature above the ground state.365 The
observed pattern of chemical shifts of the 4-CNPy complex and analysis of the tem-
perature dependence indicate that it has a pure (dxz,dyz)

4(dxy)
1 ground state and that it

is ruffled, because ruffling mixes the a2u(π)-like orbital of the chlorin into the singly
occupied molecular orbital (SOMO). This mixing accounts for the negative chemi-
cal shift of the pyrroline-H (−6.5 ppm at −40 °C) and thus the negative spin density
at the pyrroline-α-carbons, but the mixing is not to the same extent as observed for
[(TPC)Fe(t-BuNC)2]

+, whose pyrroline-H chemical shift is −36 ppm at 25 °C.570 As
mentioned above, peak assignments for high-spin (TPC)FeCl have been made by
saturation transfer techniques that depend on chemical exchange between this com-
plex and its bis-4-Me2NPy adduct.365

A series of low-spin six-coordinate (tetraphenylchlorinato)iron(III) complexes
[Fe(TPC)(L)2]

+ (L = NMeIm, CN−, 4-CNPy, and t-BuNC) which have their meso-
carbons labeled with 13C have been prepared, and their 13C NMR spectra have
been examined to aid in interpreting the electronic structure. These complexes
were all found to exist as the mixture of the two isomers, with (dxy)

2(dxz,dyz)
3 and

(dxz,dyz)
4(dxy)

1 ground states. The contribution of the (dxz,dyz)
4(dxy)

1 isomer
increased as the axial ligand changes from NMeIm, to CN− (in CD2Cl2 solution),
CN− (in CD3OD solution), and 4-CNPy, and then to t-BuNC as revealed by the
meso- and pyrroline-carbon chemical shifts; the meso-carbon signals at +146 and
−19 ppm in [Fe(TPC)(NMeIm)2]

+ shifted to +763 and +700 ppm in [Fe(TPC)(t-
BuNC)2]

+.571 In the case of the CN− complex, the population of the (dxz,dyz)
4(dxy)

1
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isomer increased to a great extent when the solvent was changed from CD2Cl2 to
CD3OD. This result is ascribed to the stabilization of the dxz and dyz orbitals of
iron(III) caused by hydrogen bonding between methanol and the coordinated
cyanide ligand.571 Comparison of the meso-13C NMR data of the TPC complexes
with those of the TPP, OEP, and OEC complexes revealed that the populations of
the (dxz,dyz)

4(dxy)
1 isomer in TPC complexes are much larger than those in the cor-

responding TPP, OEC, and OEP complexes carrying the same axial ligands.571

Sirohemin is an iron(III) isobacteriochlorin that is found in sulfite and
assimilatory nitrite reductases.572 The dicyanoiron(III) complex of the extracted
macrocycle has been studied by NMR spectroscopy,573 where it was shown that
the 13- and 17- α-CH2 protons of the propionates of the two fully aromatic pyr-
role rings have resonances in the +13.7 to +10.3 ppm region, while the 12- and
18-CH2 resonances of the acetate groups of the same two pyrrole rings lie in the
+7.0–5.2 ppm region at 15 °C in D2O, pH 6.0. The 2- and 7- methyls of the sat-
urated pyrrole rings are found in the diamagnetic region at 3.2 and 0.6 ppm, and
the four meso-H resonances occur at −5.1, −26.3, −30.4 and −58.1 ppm.573 The
basis for assignment of these meso-H resonances to the 5, 10, 15 and 20 posi-
tions573 is not clear, for it does not follow the symmetry of the molecule, and thus
the expected spin densities at the meso positions. Only COSY spectra have been
reported, and not NOESY spectra, which would have allowed unambiguous
assignment of all (or at least most) of the resonances. The large negative meso-H
shifts are indicative of 3a2u-type L → Fe spin delocalization of the unpaired elec-
tron for the ground state, consistent with a (dxz,dyz)

4(dxy)
1 electronic ground state.

Consistent with this, an axial EPR signal is observed at low temperatures (15–20 K)
with g-values of 2.37 and 1.78.573 The shifts of the meso-H resonances to high
shielding compared to the spin densities calculated from the simple Hückel pro-
gram, MPorphW,118,211 suggest an assignment 15 < 5 < 10,20, but this should be
confirmed on the basis of NOESY spectra. The 13 and 17 α-CH2 resonances
exhibit anti-Curie behavior, suggesting that the (dxz,dyz)

3(dxy)
2 excited state is

thermally accessible. Based on the anti-Curie behavior of the 13,17-α-CH2 reso-
nances but the “Curie” behavior of the meso-H, the excited state orbital is prob-
ably the former 3e(π) orbital having a node through the 5,15 meso carbons. The
sirohemin bis-cyanide complex of the sulfite reductase protein has very similar
NMR spectra, and the sulfite and nitrite complexes of the sirohemin-containing
protein are fairly similar as well.573 Thus, the electronic ground states of this low-
spin iron(III) isobacteriochlorin and the chlorins discussed at the beginning of
this section are different, and it thus appears that all reduced hemes cannot be
classified as having the same electronic ground state, but rather only the isobac-
teriochlorins (and possibly also dioxoisobacteriochlorins) have the less-common
(dxz,dyz)

4(dxy)
1 ground state as the dicyano complexes.
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j. Low-spin iron(III) complexes of N-alkylporphyrins

Enzymatic turnover of cytochrome P450 enzymes causes formation of N-substituted
porphyrins; they are also formed by the reaction of substituted hydrazines with
heme proteins. Their formation results in the inactivation of the proteins
involved.574,575 N-substituted porphyrins are also inhibitors of the enzymes fer-
rochelatase and heme oxygenase.576 Their iron(II) complexes are surprisingly sta-
ble to oxidation in air,577 but upon oxidation with halogens or the thianthrene
π-cation radical they form high-spin iron(III) complexes, which readily bind axial
ligands such as cyanide or imidazoles.578 The NMR spectra of iron(III) complexes
of both N-methyl-tetra-(p-tolyl) porphyrin (N-MeTTP) and N-methyl-tetrame-
sitylporphyrin (N-MeTMP) complexes having one or two cyanide, and two imi-
dazole or 5-methylimidazole ligands show the effects of the lowered symmetry of
the porphyrin: Three of the four pyrrole-H resonances of [(N-MeTMP)Fe(CN)2]
occur at very high shielding. In the case of the bis-(5-MeImH) or the bis-ImH
complex, six of the eight pyrrole-H resonances are resolved, indicating the effect
of the N-methyl group on hindering the rotation of at least the 5-MeImH ligand on
the same side of the porphyrin plane.578 Two-dimensional NMR methods would
allow assignment of the observed pyrrole-H resonances and identification of the
two that occur in the 0–7 ppm region and are obscured by the presence of excess
ligand, as well as investigation of possible kinetic processes involving ligand rota-
tion in this system.

k. Thermodynamics of axial ligation of iron(III) porphyrins

Previous reports2,489 have shown that the equilibrium constants for ligand addition
to the axial positions of iron(III) porphyrins can be readily measured by observing
the relative intensity of peaks due to known proton types within the starting mate-
rial, [(P)FeX], and product, [(P)Fe(X)(L)] or [(P)FeL2]

+X−, if the rate of ligand
exchange is slow on the NMR time scale. The intermediate complex,
[(P)Fe(X)(L)], can be either 6-coordinate, as implied by the parentheses and
brackets, or 5-coordinate, as a tight ion pair, [{(P)FeL}+X−], and is often not
detected by UV-visible spectroscopy.579,580 However, NMR spectroscopic investi-
gations at temperatures above 25 °C indicate conclusively that it is present in mea-
sureable concentrations in many cases.2,231,489 Ligands for which binding constants
to either tetraarylporphinatoiron(III) or protohemin have been measured by NMR
techniques include imidazoles,197,198,489,581–583 cyanide,581 and pyridine/water.345 In
CDCl3 it was found that NMR measurement of the overall binding constants, β2,
for addition of two substituted imidazole (RIm) ligands to a series of tetraphenyl-
porphinatoiron(III) halides yielded values of β2 similar to those measured by
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UV-visible spectroscopy.579 Only the overall binding constant, β2, could be meas-
ured by NMR spectroscopy at 25 °C and below.489 A more detailed summary of
this work has been presented previously.3

l. Kinetics of axial ligand exchange

Investigations of the dynamics of axial ligand exchange in the low-spin iron(III)
complex [(TPP)Fe(NMeIm)2]

+Cl− in CDCl3 by observing line broadening of the
coordinated NMeIm N-methyl peak as a function of temperature were first
reported by La Mar and Walker.231 It was established that even in the presence of
excess ligand, ligand exchange proceeds by a dissociative mechanism which
involves a 5-coordinate (P)FeL+X− transition state:

[(P)FeL2]
+
� [[(P)FeL]+]‡ + L k1, (35)

[[(P)FeL]+]‡ + L* � [(P)FeLL*]+ rapid. (36)

These studies were extended by Satterlee et al. to characterize the axial labil-
ity of various imidazoles and pyridines in bis-ligated low-spin ferric complexes of
synthetic porphyrins, including tetraphenyl- and tetra-n-propylporphyrins.583

Typical activation parameters determined in this study are ∆H‡ = 17–20 Kcal/mol
(71–84 kJ/mol), ∆S‡ = 15–19 eu (63–79 J/K-mol). More recently it has been
shown by a combination of saturation transfer, line width analysis and line shape
analysis in the intermediate exchange rate region that, as for the TPP complexes,
ligand exchange in sterically more hindered (tetramesitylporphinato)iron(III)
complexes is also dissociative.197,198 Dissociation rates of axially coordinated imi-
dazoles measured for TPP and TMP complexes reveal that the axial lability of
coordinated imidazoles increases with increasing steric bulk of the base; that is, 2-
methylimidazole complexes have larger dissociation rate constants than the corre-
sponding N-methylimidazole species. The increased lability is believed to be due
to the steric repulsion between the alkyl substituent in the 2-position of the imi-
dazole ring and the porphyrin macrocycle. Overall it was determined that TPP
complexes are more labile than TMP counterparts. However, the stability of the
TMP complexes is invariably greater than their TPP counterparts, as discussed in
Section IV.A.8.k. In fact, the rate constants are inversely proportional to the equi-
librium constants, β2,

198 which suggests that this reaction indeed proceeds as
described by Eqs. 35 and 36, and that β2/K2 = kf/kr, where kr = k1.

Kinetics of ligand exchange on cobalt(III) porphyrins have been studied by
saturation transfer techniques at high temperatures and compared to those of the
corresponding iron(III) porphyrins, where the ligands were all 1-alkyl, 2-alkyl or
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1,2-dialkylimidazoles.584 It was found that 2-alkylimidazoles (Me, Et, i-Pr)
exchange 24–40 times more rapidly than NMeIm, and 1,2-Me2Im exchanges
1400 times more rapidly than NMeIm for (TPP)CoIII and 40–200 (Me, Et, i-Pr)
and 200 times more rapidly than NMeIm for (TPP)FeIII at 90 °C. In comparison,
the rates of ligand exchange on TMPCoIII were found to be slower and much more
similar to each other for all ligands studied (0.074 vs. 0.2 s−1 for NMeIm, 0.38 vs.
8.2 s−1 for 2MeImH and 0.011 vs. 280 s−1 for 1,2-Me2Im). Similarly, the rates of
ligand exchange on TMPFeIII were found to be slower than those for TPPFeIII (0.71
× 104 vs. 6.8 × 104 s−1 for NMeIm, 1.7 × 104 vs. 160 × 104 for 2MeImH and 5.2 ×
104 vs. 1200 × 104 s−1 for 1,2-Me2Im). The reason for the slower rates of ligand
exchange for the TMP complexes was suggested to be the attractive interaction
between the ortho-methyls and the imidazole π system, or the lowered repulsion
between ligand atoms and the porphyrin ring in the ruffled, perpendicularly-
oriented axial ligand complexes of 2-alkylimidazoles.584 The latter is undoubtedly
the most important reason.

9. Electron Exchange Between Low-Spin Iron(III) and Low-Spin
Iron(II) Porphyrins

Heme protein electron self-exchange has been studied by NMR spectroscopy since
1965, when Kowalsky first discovered the line broadening in mixed ferro-/ferri-
samples of horse heart cytochrome c, which was not present in samples of the pure
ferro- or ferri- protein.585 The electron self-exchange reaction can be written as:

(37)

where the hemes were inside the cytochrome c protein. Kowalsky estimated the
rate of electron exchange as ∼5 × 104 M−1s−1 at pH 6.6, ∼25 °C.585 Gupta,
Koenig and Redfield followed up on this report in 1972 with NMR studies on
mixed solutions of the two oxidation states of cytochrome c.586 They found that
the rate of exchange of oxidation states by electron transfer was sensitive to the
conformation of the protein molecules, and that the electron transfer process
in vitro arose from binary collisions. At low ionic strengths, the rate was found
to be affected by the electrostatic charge on the protein molecules.586 Wüthrich
and coworkers used this method to measure the self-exchange rate for
Pseudomonas aeruginosa cytochrome c551 as 1.2 × 107 M−1s−1 at pH 7.0, 42 °C
in 1976,587 and of Euglena gracilis cytochrome c552 as 5 × 104 at pH 7.0, 29 °C
in 1977.588

 L L L L
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Thereafter the rates of electron exchange between several ferro- and ferricy-
tochromes c and b were studied in more detail by Dixon and coworkers.589–591

Electron self-exchange was measured by measurement of NMR linewidths and
chemical shifts for cytochromes c551 from Pseudomonas aeruginosa and
Pseudomonas stutzeri.589 The rate for P. aeruginosa cytochrome c551 was found to
be 1.2 × l07 M−1s−1 at 40 °C in 50 mM phosphate at pH 7. For P. stutzeri under the
same conditions the rate was found to be 4 × l07 M−1s−1.589 The electron-transfer
self-exchange rate constant of trypsin-solubilized bovine liver microsomal
cytochrome b5 was also investigated as a function of temperature and ionic
strength. Calculations based on 1H NMR spectra acquired using the inversion-
recovery method determined this rate constant to be 2.6 × l03 M−1s−1 at pH 7.0,
µ = 0.1 M (sodium phosphate), 25 °C, with AH‡ = 5.5 kcal mol−1 and AS‡ = −23 eu.
The rate constant increases with ionic strength, and reaches a value of 4.5 × 104

M−ls−1 at µ = 1.5 M. Analysis of the data in terms of Marcus theory gives a reor-
ganization energy, λ, in the range 0.9–1.3 eV mol−1.591 Finally, the ionic strength
dependence of the electron self-exchange rate constants of cytochromes c, c551,
and b5 were measured and analyzed590 in terms of a monopole-dipole formalism.592

The self-exchange rate constants, extrapolated to infinite ionic strength, of horse
heart cytochrome c, Pseudomonas aeruginosa cytochrome c551, and bovine
cytochrome b5 were found to be 5.1 × 105, 2 × 107, and 3.7 × 105 M−1s−1, respec-
tively, at 27, 40 and 25 °C, respectively; cytochrome c showed almost no ionic
strength dependence, while the other two proteins showed strong ionic strength
dependence below 0.2 M, with the rate of change decreasing from 0.2 M up to 1.6
M, the highest ionic strength investigated.590 The control of electron transfer by the
size and shape of the protein was investigated using a model which accounted for
the distance of the heme from each of the surface atoms of the protein. These cal-
culations indicated that the difference between the electrostatically corrected self-
exchange rate constants of cytochromes c and c551 is due only in part to the
different sizes (103 vs., 72 amino acids, respectively) and heme exposures of the
two proteins.590

The role of the protein in controlling the rate of electron transfer between two
cytochrome molecules which differ only in the oxidation state of the iron, is gen-
erally believed to involve electron transfer through the heme edges exposed to the
solvent. The role of the protein in this process could best be assessed by investi-
gating the factors that control electron transfer in hemes themselves; that is, the
electron self-exchange rate constants between two hemes free in solution needed
to be determined (Eq. 37). Dixon and coworkers employed NMR line broaden-
ing methods to determine electron self-exchange rate constants in a variety of
heme model compounds with the goal of establishing how changes in porphyrin
or axial ligand structure and in macrocycle saturation affect the exchange
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rates.196,593–595 The electron self-exchange rates for various bis-N-methylimida-
zole complexes of iron porphyrins determined at −21 °C in CD2Cl2 are found to
range from 8.1 × 107 M−1s−1 for the TPP complex to 5.3 × 107 M−1s−1 for the 3-
MeTPP derivative and do not vary in a regular fashion with increase of steric
crowding on the periphery of the porphyrin macrocycle. The total range was less
than a factor of 2. Similar rate constants were measured for systems with steri-
cally bulky imidazole ligands, such as N-butylimidazole, which suggests that
increasing the steric bulk at either the heme site or on the axial ligand has almost
no effect on the rate constants of electron exchange. Changes in the degree of sat-
uration of the macrocycle also affect the rate constants in a minor way. Similar
rate constant values were obtained for both the OEP and the octaethylisobacteri-
ochlorin complexes, thus indicating little effect of the macrocycle on the electron
transfer rate, perhaps due to counterbalancing effects in either the inner or outer
sphere reorganization and orbital occupation.595

This conclusion was also drawn from the analysis of the rate constants for the
dicyano derivatives, [(TPP)FeIII/II(CN)2]

2−, for which rate constants ranging from
1.0 × 107 to 5.8 × 107 M−1s−1 at 37 °C in deuterated dimethyl sulfoxide solution
were obtained.196 The value of the rate constant obtained for the heme undecapep-
tide derived from cytochrome c proteolysis (1.3 × 107 M−1s−1) is comparable to
those of other model compounds195 and indicates that the rate constants for model
hemes are approximately a factor of 10 larger than those found in cytochromes
with 80–90 amino acids. This also argues that the heme exposure to the solvent
seems not to be a major factor that controls the rate constants for electron self
exchange in cytochromes. However, complexes with axial imidazoles bearing NH
groups have self-exchange rate constants which are a factor of 2–3 smaller than
those with N-alkyl imidazole substituents, which indicates that hydrogen bonding
or complete deprotonation of the axial imidazole nitrogen atom may play an
important role in controlling electron transfer rates.595

10. 1H and 13C NMR Spectroscopy of High- and Low-Spin Ferriheme
Proteins: The Nitrophorins and Heme Oxygenases

a. NMR spectroscopy of the nitrophorins

Several species of blood-sucking insects, including the Amazon river-based kissing
bug, Rhodnius prolixus,596–599 and the common bedbug, Cimex lectularius,600,601 have
developed the strategy of causing vasodilation by injecting the NO-transporting
heme proteins known as nitrophorins (NP) into the tissues and capillaries of their
victims. On rise in pH from ∼5–6 in the salivary glands of the insect to ∼7.3–7.5 upon
injection of the saliva into the victim’s tissues, and the dilution of the protein, NO
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dissociates. This NO can pass through cell walls to reach the capillaries, and
thereby allow their dilation. At the same time, in the case of the Rhodnius NPs, the
insect’s bite triggers release of histamine by the victim’s mast cells and
platelets.602,625 This histamine readily binds to the distal heme site of the
nitrophorins. Both of these actions permit the insect to remain on the victim for a
longer period of time to obtain a sufficient blood meal before detection. One of the
nitrophorins, NP2, has an additional activity which helps the insect obtain its
blood meal, that of binding with coagulation factors IX (fIX) and IXa (fIXa).603

The health concerns raised by the insect bites are discussed in detail elsewhere.604–610

It was discovered very early in the study of the nitrophorins that the heme-NO
complex found in the salivary glands of the Rhodnius NPs is EPR silent,597 as
shown in Figure 52. The homogenate of the salivary gland pairs of 100 insects
exhibited a small g = 6 signal, which grew larger when argon gas was equilibrated
with the sample for extensive periods of time, and disappeared when NO gas was
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Figure 52. EPR spectra of 100 pairs of Rhodnius salivary glands obtained in 125 µL of
PBS (A) before argon equilibration; (B) after equilibration in an argon atmosphere for 4 hours;
and (C) after equilibration of (B) with NO for 2 min. (E) is the homogenate as in (A) treated
with dithionite (DT) to reduce Fe(III) to Fe(II). All spectra are presented on the same scale
except (E), which is shown reduced 3x in amplitude. Reprinted with permission from Ribeiro,
J. M. C.; Hazzard, J. M. H.; Nussenzveig, R. H.; Champagne, D. E.; Walker, F. A. Science
1993, 260, 539–541 with permission from the American Association for the Advancement of
Science.
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subsequently equilibrated with the sample. Subtraction of the EPR spectrum of the
NO-added sample from that of the argon-equilibrated sample yielded an axial EPR
spectrum with g-values of 6.0 and 2.0, which is characteristic of 5-coordinate,
high-spin ferriheme centers having histidine as the sixth ligand (Figure 52D).
Thus, the NO-bound NP sample was EPR silent, as expected for a {FeNO}6 cen-
ter in the nomenclature of Feltham and Enemark,611 in which the number of metal
electrons plus the π* electron of NO are counted. In the absence of NO, the heme
center was clearly high-spin Fe(III). In order to obtain the typical EPR spectrum
known for heme-NO samples612 it was necessary to pre-reduce the untreated sam-
ple with dithionite and then to equilibrate this dithionite-treated sample with NO,
as shown in Figure 52E. The observed EPR spectrum of the resulting sample is
that of a 6-coordinate {FeNO}7 center, where the sixth ligand is a nitrogen
donor,612 in this case a histidine. The NPs are unique among heme proteins in hav-
ing stable {FeNO}6 centers. This is the result of having a number of negatively-
charged protein side chains at physiological pH within 8–16 Å of Fe, all but one
of which help to stabilize the formal positive charge on iron(III).613 As a result of
the stabilization of the iron(III)-NO state, the dissociation constants for NO
release are in the nM to µM range,614 a very appropriate size of Kd for biological
systems, rather than the pM range of the more typical iron(II)-NO Kds,615 which
would prevent the NO from being utilized by the insect to help obtain a sufficient
blood meal. Interestingly, the iron(II)-NO Kds of the nitrophorins are even smaller
than those (fM range).614

In common with the Rhodnius nitrophorins, the Cimex nitrophorin (cNP) was
also found to bind one molecule of NO to the stable iron(III) form of the protein
to form an EPR-silent {FeNO}6 center.601 However, in contrast to the Rhodnius
NPs, in the absence of NO the EPR spectrum of the Cimex NP is rhombic, with
g-values of 7.25, 4.75, and 1.90, which are typical of the high-spin iron(III) form
of cytochromes P450.616 This EPR spectrum thus indicated that in cNP the ferri-
heme is bound to a cysteine ligand. Also in contrast to the Rhodnius NPs, when
the cNP is exposed to high concentrations of NO, two molecules of NO can bind,
one to the one-electron-reduced iron(II) form to produce a {FeNO}7 center whose
EPR spectrum showed that the center was a 5-coordinate heme-NO complex,612

i.e., that the iron(II) heme had lost its cysteine ligand.601 The other NO was shown
in the crystal structure to be bound to the cysteine, to form a thionitrosyl, SNO.601

The conclusions which were based the EPR spectra, that the ferriheme center in
the absence of NO was bound to a cysteine thiolate, and that the {FeNO}7 center
was 5-coordinate, with a bent Fe–N–O bond, were also confirmed by the structure
of cNP in the absence and presence of two molecules of NO.601 It is probable that
the two-NO-bound form is not physiologically relevant, but it is interesting that it
can form when the crystals are soaked in mother liquor containing NO. Because
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the cNP protein has a mass of 30 kD and is thus not that easy to study by multin-
uclear, multidimensional protein NMR spectroscopy, and because initial charac-
terization of it by 1D 1H NMR spectroscopy revealed that only two heme
resonances were exposed outside the spectral envelope of the protein, it will not
be discussed further in this chapter.

For further investigation of the Rhodnius NPs, a cDNA library was produced
from the salivary glands, and the gene for the most abundant nitrophorin, NP1,
was cloned599 and expressed.617 The genes for NP2, NP3 and NP4 were later also
cloned, sequenced, and found to be similar in sequence to NP1.618 Two additional
nitrophorins, designated NP5 and NP6,619 were later detected in the five nymphal
stages of development. The cDNA of another nitrophorin, designated NP7, was found
in fifth instar nymphs.620 The N-terminal sequence of NP5 is very similar to that
of NP4 and that of NP6 is very similar to those of NP2 and NP3.621 The sequences
of the four NPs found in the adult insect, plus NP7, are shown in Figure 53, where
it can be seen that there are a number of conserved features in the protein
sequence, including the four cysteines, the His 59(57)(60), the Leu 123(122)(125)
and Leu133(132)(135). NP7 is very different in sequence from NP1–NP4. It
shows most similarity to NP2 and NP3 (63 and 64% identity, respectively). NP1
and NP4 are 91% identical in sequence, while NP2 and NP3 have 78% sequence
identity. Many residues conserved in NP1–4 are very different in NP7, such that
the sequence identity among the five proteins is only 32% (39% among NP1–4).
NP7 has different properties than the other Rhodnius nitrophorins, in that it binds
to anionic phospholipid membranes.620 Its pI is 9.21,622 which is much higher than
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Figure 53. Sequences of five of the nitrophorins from Rhodnius prolixus, arranged to show
sequence identities within the two groups; NP7 has greatest homology to NP2 and NP3.
Helices and β sheet strands are labeled α and β, respectively. Definition of secondary struc-
ture is based on the structure of NP4.
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those of the others (NP1–4 pI 7.97, 7.53, 6.94, 7.75, respectively599), so that if it
were present in the saliva of the adult insects, from which NP1–4 were separated
on a mono-P chromatofocusing column on an FPLC with triethanolamine HCl
buffer at pH 8.4, it would have been missed. NP7 has been partially character-
ized622–624 and is under further study in the laboratory of Dr. Markus Knipp at the
Max-Planck-Institute for Bioinorganic Chemistry, Mülheim, Germany.

The Rhodnius NPs have a molecular mass of about 20 kDa. Crystallographic
data show that the tertiary structure of the NPs is that of a β-barrel with a histi-
dine residue that serves as the proximal ligand to the heme.604 The 3-dimensional
structures of various ligand complexes of recombinant NP1,625,626 NP4627–632 and
NP2633,634 by X-ray crystallography show that the protein fold of the nitrophorins
belongs to a diverse class of proteins called lipocalins,635,636 a family of rela-
tively small secreted proteins that typically bind small, principally hydrophobic
molecules such as pheromones,637–639 retinol,640,641 prostaglandins,640,642 retinoic
acid,643 and biliverdin.640,644–647 The structures of the cyanide and histamine
complexes of NP1 and the NO complex of NP4 are shown in Figure 54. The fer-
riheme b molecule is bound to the protein via the imidazole nitrogen of His59
in NP1 and NP4 (His57 in NP2, NP3, and His60 in NP7). The immediate heme
distal ligand-binding pocket is hydrophobic, although there are several gluta-
mate and aspartate amino acid side chains at a somewhat greater distance
(Figure 54). To date, these are the only known heme proteins with the heme
inside a β-barrel.
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Figure 54. Left: Ribbon structure of NP1-CN,620 with the A-B loop shown unstructured, stick-
ing out in front of the heme propionate (PDB file 3NP1). Center: Heme binding site of NP1-
histamine.620 Note the proximity of Asp-30 and Glu-32 to the heme center (PDB file (1NP1).
Reprinted from Weichsel, A.; Andersen, J. F.; Champagne, D. E.; Walker, F. A.; Montfort, W. R.
Nature Struct. Biol. 1998, 5, 304–309 with permission from Nature. Right: Ribbon structure
of NP4-NO,623 showing the closed form of the A-B and G-H loops (red) and the N-terminal
amino group above and adjacent to the C2-C122 disulfide bond (red). The two loops are well-
resolved in this structure (PDB file 1ERX). Reprinted from Weichsel, A.; Andersen, J. F.;
Roberts, S. A.; Montfort, W. R. Nat. Struc. Biol. 2000, 7, 551–554, with permission from
Nature.
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As is clearly shown in Figure 54 right, the structure of NP4-NO, now at 0.85 Å
resolution, shows the heme to be highly nonplanar; this nonplanarity is largely a
result of ruffling deformation of the heme. Among the structures of the
nitrophorins now available (of NP1, NP2 and NP4), it is found that NP2 structures
are most ruffled, with the average deviation of the meso-carbons, ∆Cm, being
much larger for NP2 than for NP4 ligand complexes with NO, CN−, ImH, Hm,
NH3, and even for the HS H2O complex (50.8 vs. 30.3; 40.8 vs. 31.0; 27.0 vs. 15.0;
40.5 vs. 19.5; 39.8 vs. 22.7; 46.3 vs. 25.5, respectively, in 0.01 Å). Thus, the
degree of ruffling of the various ligand complexes differs, yet the pattern of ∆Cm

significantly larger for NP2 than for NP4 is preserved throughout. Probably the
reason for this is the shorter length of both β-strand A and the A-B loop for NP2
(and NP3) than for NP4 (and NP1), Figure 53. The reason for some ruffling of
the heme in all NPs is clear from the structure of apo-NP2, discussed below in
Section IV.A.10.a(vii), where it is found that when heme is inserted into the
apoprotein, the β-barrel must stretch horizontally in order for heme to bind, and
the heme itself must also distort in order to fit within the β-barrel. As will be dis-
cussed below, the ruffling of the nitrophorin heme leads to several properties of
the NPs that are not seen for other heme proteins.

We have made over 80 mutants of the nitrophorins, some of which will be dis-
cussed below. Goodin and coworkers have also made at least one mutant of NP1,
the H57C mutant.648 This mutant was characterized by UV-vis, resonance Raman,
and room temperature MCD spectroscopies, and by X-ray crystallography. There
is some evidence from low temperature measurements (MCD) that the cysteine
binds weakly to Fe, although in the structures obtained, imidazole is able to
replace the Cys and bind to both the proximal and the distal sites.648 Histamine
also can bind to the distal site, as it does in the native proteins,648 NP1, NP2 and
NP4 (PDB files 1NP1, unsubmitted, and 1IKE, respectively). NMR spectroscopy
would be the best way to determine if the Cys ligand actually binds to heme iron
at ambient temperatures.

NMR spectroscopy has played an important role in the characterization of the
Rhodnius nitrophorins.141–146,170,613,622–624,649 The proteins are stable in the ferriheme
state (which is stabilized by the presence of multiple carboxylate side chains, nine
for NP2 at distances of 7.99 to 18.45 Å from iron613), either as the high-spin (S =
5/2) aqua complex which is present in the absence of added ligand, or the low-spin
(S = 1/2) form which is present in the presence of added electron-pair donor lig-
ands such as histamine and various imidazoles or cyanide ion. The diamagnetic
FeIII–NO complex is also stable enough for NMR study, and considerable NMR
data have been collected, although none are published at present.

The first report, in 1999, of the 1H NMR spectrum of the imidazole complex
of NP1, purified from the insect salivary glands,626 was acquired from a sample
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obtained by purification of approximately 5000 gland pairs of protein (of which
NP1 was the major component, 50% of the nitrophorin fraction, 25% of the total
protein present). This sample showed two possible protohemin methyl reso-
nances, at +25.3 ppm and +13.0 ppm.626 Additional experiments, however,
showed that the +13.0 ppm resonance was the result of the accidental superposi-
tion of three 1-proton resonances at pH* 7.0 (pH* indicates the value measured
with a pH meter and glass electrode, without correction for the deuterium isotope
effect). When recombinant protein was available, after 1998, it was possible to
investigate more highly purified protein samples.141–146,170 Soon thereafter it was
found that as is the case for the protein sequences (Figure 53), the rates of NO
release also fall into two groups, with NP1 and NP4 having much larger kds than
NP2 and NP3.614

i. NMR investigations of the high-spin forms of the nitrophorins
from Rhodnius prolixus

The result of the first studies of the high-spin recombinant proteins, however, was
highly disappointing for NP1 and NP4, because there were many overlapping
heme resonances in the +70 to +30 ppm region,170 as shown in Figure 55. High-
spin NP2, however, showed paramagnetically-shifted heme substituent resonances
that could be interpreted as having relative peak areas of 6:3:4:1:1:1:1:1.141 As
shown in Figure 55, there were also three small resonances, which were only
about 1/8th of the intensity of the peaks of area 3, at +69, +68 and +56 ppm (and
a fourth expected heme methyl resonance later shown to be at about +51 to
+53 ppm which overlapped with the more intense resonances),141,142 which were
later shown to be the result of a minor (A) heme orientation.170 The three small
peaks were at first not assigned141,142 because the crystal structure of NP2–NH3 had
definitively shown only one heme orientation.633 However, it soon became clear,
by following the intensities of the heme resonances as a function of time follow-
ing addition of hemin, that either the crystals used for determining the structure of
NP2–NH3

633 contained only the major (B) heme orientation (presumably because
the protein molecules containing the minor (A) heme orientation did not crystal-
lize with the major (B) form), or else X-ray crystallography was unable to detect
the minor (12–13% A) heme orientation (Figure 56).

Heme orientation in the nitrophorins has been defined in terms of the view of
the heme from the distal pocket side, with the proximal His57 of NP2 being
behind the plane of the heme. Viewed in this way, the major heme orientation for
NP2 is B, with counterclockwise numbering of the heme substituents, as shown in
Figure 56B. As has been known for many years, heme b-containing proteins may
contain either one heme orientation exclusively, or, more frequently, both heme
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orientations, with one or the other (A or B) being predominant, as first reported by
La Mar and coworkers for the methemoglobins from the insect Chironomus
thummi thummi650 and sperm whale metmyoglobin.651 The ratio of the two heme
orientations, A and B, is the result of thermodynamic equilibrium between the
two that depends on the steric requirements of the 2,4-vinyl substituents of the
protohemin molecule in the particular protein’s heme binding pocket (Figure 56).
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Figure 55. 1D 1H NMR spectra of the high-frequency (16–73 ppm) region of the four NPs in
the absence of added ligand at 25 °C, recorded at 500 MHz. The more intense resonances in
the 55–68 ppm region for NP1 and NP4 and in the 49–67 ppm region for NP2 and NP3 are
those of the eight heme methyls of the two heme rotational isomeric proteins (Figure 51).
Resonance assignments given for NP2 were reported previously.141 Reprinted from
Shokhireva, T. Kh.; Smith, K. M.; Berry, R. E.; Shokhirev, N. V.; Balfour, C.; Zhang, H.; Walker,
F. A. Inorg. Chem. 2007, 46, 170–178, with permission from the American Chemical Society.
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[For a dramatic example of how a single residue can affect the heme orientation,
see the story of NP7, NP7(E27V,Q) and NP2(V24E).145,623,624]

To prove unambiguously that the reason for the poorly-resolved spectra of
NP1 and NP4 was nearly equal abundance of heme orientations A and B, the four
NPs were also reconstituted with 2,4-dimethyldeuterohemin, the so-called “sym-
metrical hemin,” also shown in Figure 56, which greatly simplified the spectra of
all four nitrophorins;170 more detailed studies of these high-spin symmetrical
hemin complexes and some of their mutants were carried out,170 as shown in
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Figure 56. Top: A and B: the two isomers that result when protohemin IX is inserted into the
heme pocket of a protein, with the circles showing the location of specific distal side chains
for the nitrophorins. The orange circle represents the side chain of Thr121 for NP1 and NP4,
Ile120 for NP2 and NP3, while the yellow circles represent the side chains of Leu123 and
Leu133 for NP1 and NP4, Leu122 and Leu132 for NP2 and NP3. The proximal His59 (NP1,
NP4) or His57 (NP2, NP3) is behind the plane of the heme. The equilibrium A:B ratio for each
of the wild-type recombinant proteins is 1:1 (NP1, NP4), 1:8 (NP2), and 1:4 (NP3); mutation
of Thr121 of NP1 to Ile changes the equilibrium A:B ratio to 1:8.170 Bottom: 2,4-
dimethyldeuterohemin, herein called the “symmetrical hemin”. By convention, methyl num-
bering according to the A isomer is used for the symmetrical hemin. Reprinted from
Shokhireva, T. Kh.; Smith, K. M.; Berry, R. E.; Shokhirev, N. V.; Balfour, C.; Zhang, H.; Walker,
F. A. Inorg. Chem. 2007, 46, 170–178, with permission from the American Chemical Society.
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Figure 57 for NP1–NP4 and several mutants of NP2. However, it is now clear that
there is a further contribution to the poorly-resolved spectra for NP1 and NP4
shown in Figure 55, and that is dynamics of the heme seating. This dynamics was
clearly evident in the NOESY/EXSY spectra of the L44F mutant of NP1, as
shown in Figure 58, where the EXSY cross peaks between two sets of heme
methyl resonances for each heme orientation were evident; the positions of these
cross peaks suggest a rotation about the H59 imidazole-Fe bond of approximately
10°.144 The same type of broadened heme substituent resonances are present in the
1D spectrum of wild-type NP1, although the change in heme seating appears to be
smaller and is more difficult to analyze in the wild-type protein case.652

The heme methyl resonances of high-spin NP2 were assigned by saturation
transfer difference from the already-assigned low-spin complex with N-methylim-
idazole,141 as shown in Figure 59, while the heme methyl resonances of high-spin
NP1 and NP4 were assigned with the help of specifically deuterium-labeled iso-
mers of protohemin provided by Professor Kevin M. Smith, the 5-CD3, 5,8-
(CD3)2, and 1,3-(CD3)2 isomers.170 This latter method was used for many years by
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Figure 57. 1H 1D NMR spectra of high-spin complexes of NP1sym–NP4sym (a) and the
NP2sym mutants L122V, F27Y, S40A, and I120T (b) with symmetrical heme, all at 25 °C, pH*
7.0, recorded at 500 MHz. The NP2 sample used in spectra (a) and the NP2–S40A sample
used in spectra (b) both have small amounts of a low-spin species present (a result of an
adventitious ligand introduced during expression or purification), but this does not affect the
chemical shifts of the high-spin complexes. Reprinted from Shokhireva, T. Kh.; Shokhirev,
N. V.; Berry, R. E.; Zhang, H.; Walker, F. A. J. Biol. Inorg. Chem. 2008, 13, 941–959, with
permission from Elsevier Publishing Company.
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La Mar, Smith, and their coworkers to assign the heme resonances of many ferri-
heme proteins, as summarized in Ref. 19.

Wüthrich and Keller used the saturation transfer method very early to assign
the heme resonances of ferricytochrome b5 using the assignments already made
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Figure 58. Water-eliminated Fourier transform (WEFT) nuclear Overhauser enhancement spec-
troscopy (NOESY) spectrum of the NP1(L44F)-ImH complex for the protohemin-containing pro-
tein at 35 °C, pH 7.0, recorded at 500 MHz. The sample contains both high-spin and low-spin
forms of the mutant protein. The NMR spectrum shows both A and B orientations of the proto-
hemin and chemical exchange between two high-spin forms for both A and B isomers, with dif-
ferent nodal plane orientations (A′, B′). At the same time, the low-spin complex shows chemical
exchange (A–A′) for 3Me. Note that there are no exchange spectroscopy (EXSY) peaks between
the high-spin and low-spin complexes. The frequency difference (approximately 1.4–2 × 104 Hz)
between the high- and low-spin species, which are additionally in chemical exchange with each
other, is much larger than the inverse mixing time of the NOESY experiment (33–100 Hz), while
the off rate for ligand exchange for histamine is of the order of 5.6 × 10−2 s−1, and even if it is a
factor of 100 faster for N-methylimidazole (NMeIm), it would be much too slow to allow ligand
exchange between low- and high-spin forms of the protein on the time scale of the NOESY exper-
iments. Reprinted from Shokhireva, T. Kh.; Shokhirev, N. V.; Berry, R. E.; Zhang, H.; Walker, F. A.
J. Biol. Inorg. Chem. 2008, 13, 941–959, with permission from Elsevier Publishing Company.
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for ferrocytochrome b5,
192 and we have used it to assign the resonances of high-

spin NP2 from the already-assigned resonances of the NMeIm complex of NP2.141

The order of the heme methyl chemical shifts for the high-spin NP2 major B heme
orientation is 5 = 8 > 1 > 3, while for the A heme orientation it is 8 > 5 > 1 > 3,
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Figure 59. 1D 1H saturation transfer difference spectra (STD) of a mixture of NP2 and the
NP2-NMeIm complex at 37 °C and pH* 7.0, recorded at 500 MHz. Reprinted from
Shokhireva, T. Kh.; Shokhirev, N. V.; Walker, F. A. Biochemistry 2003, 42, 679–693, with
permission from the American Chemical Society.
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and the ratio A:B = 1:8.170 For NP1,170 NP3146 and NP4170 the order for the A iso-
mer is also 8 > 5 > 1 > 3 while the order for the B isomer is 5 > 8 > 1 > 3 in all
cases; the ratio A:B = 1:1,170 1:4,141 1.1:1,170 respectively, as compared to 1:8 for
NP2.170 The orientation of the His59(57) imidazole plane could be predicted for
each of these by using the angle plot specific for high-spin ferrihemes shown in
Figure 60,141 which is rotated by 90° from that of the low-spin ferrihemes,8 which
was discussed earlier in Section IV.A.8.b(iii), Figure 11.

An important property of the nitrophorins is the behavior of the mobile loops
that form the opening to the heme distal pocket, the A–B and G–H loops. These
are shown in red in the ribbon diagram of NP4-NO at pH 5.6, Figure 54, right.
At this low pH, for the NO complex, the loops are well-ordered and there are
hydrogen-bonds from several side chains of the A–B loop to side chains or back-
bone atoms of the G-H loop, so as to “close the door” to the heme pocket
entrance.627 This closed loop conformation is shown best by NP4 when bound to
NO, as well as to some other ligands at low pH.629–631 In contrast, structures solved
at high pH (usually 7.5), including that of NP1-CN shown in Figure 54, left, have
poorly-ordered loops that give rise to very diffuse electron density, because of the
presence of multiple conformations of those loops; in the best-case scenarios, one
or two open loop conformations can be modeled.629–631 The change in loop con-
formation for NP4 as a function of pH has been used to develop models for the
role of loop conformation in determining the rate of NO release from the
nitrophorins.629–631,653–655

However, while for NP4 the first residue of the recombinant protein is Ala1,627

as is true for native NP4 as well,656 recombinant NP1, NP2 and NP3 carry the
Met0 which results from the start codon of the recombinant gene. These three
native nitrophorins have as their first amino acid one that has a charged side chain,
Lys1, Asp1, and Asp1, respectively,656 and while the native proteins are produced
by cleavage of a leader sequence whose role is believed to be to allow export of
the proteins to the salivary glands, the recombinant proteins were first produced
by simply deleting the leader gene sequence and placing the start codon immedi-
ately before the codon for the first amino acid. E. coli has a methionine aminopep-
tidase (MAP) that cleaves methionine from newly-synthesized proteins which
have a hydrophobic amino acid as the first amino acid of the mature protein
sequence, but this MAP does not have activity to cleave Met0 from a protein
whose first amino acid has a charged side chain. Therefore, recombinant NP1 pro-
duced from this gene has sequence M0K1C2…,625 and NP2 and NP3 have
sequence M0D1C2....633 In the structure of NP2-NH3 (PDB file 1EUO) it was clear
that the side chain of M0 prevented the A–B loop from attaining its closed loop
conformation. Thus, the NP2(D1A) gene was prepared and that mutant protein
was expressed and studied in detail.649 It was found that there were significant
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Figure 60. (A) Dependence of heme methyl shifts on the axial ligand nodal plane orienta-
tion angle ϕ for high-spin ferrihemes.141 The angle ϕ is defined in Figure 51. No chemical
shifts are provided on this modified plot, which is thus generically applicable to any high- or
low-spin histidine-ligated heme protein, although the approximate end of the protein dia-
magnetic resonance envelope appropriate for low-spin ferrihemes is marked; for high-spin
iron(III) proteins, the observed methyl shift pattern is that of the angle that is 90° shifted from
the axial ligand plane orientation.151 (B) Iron dxz and dyz, axial ligand π filled orbital on the
binding nitrogen, and porphyrin 3e(πx) and 3e(πy) orbital interactions for high-spin ferri-
hemes. The transfer of spin density from the dyz orbital of Fe to the histidine π orbital occurs
by His → dyz π donation, while the transfer of spin density from the dxz orbital of Fe occurs
by porphyrin → dxz orbital by 3e(πy) π donation. Therefore, the 3e(πy) orbital obtains greater
spin density than does the 3e(πx) orbital, and therefore gives rise to the 90° shift in the angle
plot shown. This mechanism is modified from that discussed in Ref. 141 because of the find-
ing that the 4e(π*) orbitals are not involved in spin delocalization.156 Although H2O is bound
weakly to the sixth position of the high-spin nitrophorins, it is not expected to interact
unequally with the dxz and dyz orbitals of the metal. Modified from Shokhireva, T. Kh.;
Shokhirev, N. V.; Walker, F. A. Biochemistry 2003, 42, 679–693, with permission from the
American Chemical Society.
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differences between that point mutant protein and the wild-type, M0-containing
protein: (1) While the equilibrium ratio of heme orientations A and B for the M0-
containing protein was 1:8 (Figure 57), for NP2(D1A) A:B = 1:22 at equilib-
rium.649 (2) While the t1/2 for heme A:B equilibration of NP2(M0D1) was ∼2 hours,
that for NP2(D1A) was ∼42 hours.649 (3) Once ligand was added to NP2(D1A)
there was no further A � B equilibration over periods of weeks. For NP2(M0D1)
ligand complexes there was slow equilibration over periods of weeks.649 (4) At
pH 5.5 the midpoint potential of NP2(D1A) was about 30 mV more negative than
that of NP2(M0D1) in the absence of added axial ligand (−318 vs. −287 mV),
while at pH 7.5 the difference was only about half as great (−325 vs. −310 mV);649

the axial ligand complexes (NO, Hm, ImH) in general had almost identical Ems at
pH 5.5 (NO: 48 vs. 49 mV; Hm: −408 vs. −410 mV; ImH: −400 vs. −423 mV,
respectively), but at pH 7.5 the differences were in general greater (NO: −20 vs.
+8 mV; Hm: −440 vs. −474 mV; ImH: −453 vs. −454 mV).649 (5) In spite of these
differences, the Kds at pH 7.5 were identical for NP2(D1A) and NP2(M0D1)
(Kd = 5.0 nM (NO), 10.0 nM (Hm), 40 nM (ImH)).649 (6) The rate constants for
Hm binding and release (kon, koff, respectively) were a factor of 2.5–5 larger for
NP2(M0D1) than for NP2(D1A) (5 × 106, 2 × 106 M−1s−1; 0.056, 0.011 s−1, respec-
tively).649 (7) The crystal structure of NP2(D1A)-NH3 (PDB file 2EU7) showed
that the A–B and G–H loops were much more closed, albeit not as closed as those
of NP4-NO at low pH (PDB file 1ERX). However, what were very similar
between the two proteins were the chemical shifts of the high-spin ferriheme res-
onances, as well as their NMeIm complexes,649 which thus indicates that the inter-
action between the heme substituents and the protein, as well as the His57
orientation, were relatively unchanged by the D1A mutation and A–B loop con-
formation change. Since the publication of that work, a soluble expression system
with export of the protein to the periplasm of E. coli, together with cleavage of the
export sequence to leave D1 as the first amino acid has been successfully engi-
neered,657 and future NMR studies will use native NP2. The same soluble expres-
sion system has been achieved for NP1, and could in principle be achieved for
NP3;657 however, NP4 still requires its original recombinant gene, which begins
with the start codon, immediately before the codon for A1, and the original purifi-
cation of the apoprotein inclusion bodies obtained during expression627 to obtain
native NP4(A1).

ii. pH titration of the high-spin nitrophorins from Rhodnius prolixus

As shown in Figure 23 and discussed in Section IV.A.6.b earlier, the meso-H res-
onance of OEPFeIII in DMSO, where the iron(III) porphyrin is 6-coordinate with
two DMSO molecules bound axially, is observed at about +41 ppm at ambient
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temperature. For symmetrical hemin-reconstituted nitrophorins, occasionally it is
possible to see at least some of the broad meso-H resonances in the 33–45 ppm
region of the 1H NMR spectra of the high-spin proteins, as is evident in the
NP1sym and NP4sym spectra144 of Figure 57A, but usually these resonances are
too broad to be observed. Based on the best-case examples and analogy to most
other high-spin ferriheme proteins that have one protein-provided axial ligand
(except peroxidases),19 we have assumed that all four of the Rhodnius NPs of the
adult insect have a water molecule bound on the distal side of the heme. In sup-
port of this, we have done pH titrations for NP2 and NP3 and found that they
behave quite differently.146

What has been known for a long time about ferriheme proteins is that if they
have only one protein-provided ligand, in the absence of added exogenous ligands,
the aqua complex deprotonates at some basic pH to leave a hydroxide bound to
FeIII — or, a 5-coordinate ferriheme center without a bound water molecule reacts
with hydroxide to produce a 6-coordinate ferriheme center. The reactions for met-
myoglobin have been described as follows:19

metMbH2O + OH−
� metMbOH + H2O, (38a)

metMb + OH−
� metMbOH. (38b)

For ferroheme proteins it is not so common to have a water bound to FeII at
low pH, and thus reaction (38b) may be more common for FeII than for FeIII. As
pointed out previously,19 the hydroxide complex may exist as an equilibrium mix-
ture of S = 5/2 and S = 1/2 spin states, with characteristic temperature dependence
for the equilibrium. This point, and inclusion of an S = 3/2 possibility as well,
becomes quite important for the heme oxygenases (HOs),658,659 discussed later in
Section IV.A.10.b.

For NP2 this water/hydroxide has a pKa of about 10.5, and the spin state
changes cleanly from S = 5/2 to S = 1/2,144 as shown in Figures 61c and d, where
the growing resonances of the high-pH form (the hydroxide complex) are clearly
in the expected chemical shift range for a low-spin complex, with a compressed
chemical shift scale which is indicative of the (dxz,dyz)

4(dxy)
1 electronic ground

state (see next section) (19.0 (3M), 13.0 (5M), 10.7 (8M), 6.5 (1M) at 30 °C).146

As can be seen, beyond the half-titration point the high-spin resonances become
increasingly broadened, so that at pH = 10.99 most features of the high-spin 1H
NMR spectrum are too broad to interpret (Figure 61e), yet the low-spin reso-
nances are still quite sharp.146 This signifies that the rate of deprotonation of the
HS form is approaching the difference in frequency between the HS and LS reso-
nances, (νHS(5M)–νLS(5M)), which is about 25.5 kHz at 500 MHz and 30 °C for 5M,
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Figure 61. pH titration of NP2 in the absence of added axial ligand, recorded at 500 MHz,
25 °C. pH* values (uncorrected for the deuterium isotope effect) are (a) 7.10, (b) 9.90,
(c) 10.30, (d) 10.86, (e) 10.99, (f ) plot of pH dependence vs. fraction of hydroxo complex
formed (from the relative intensities of the 3Me resonance of the high-spin aquo and the
hydroxo complexes). From these data the pKa of the water molecule bound to NP2 is esti-
mated to be 10.5 (uncorrected for the deuterium isotope effect). Note that spectrum (e) shows
the beginning of observable kinetic averaging of the NMR signals of the high-spin aquo and
the hydroxo complexes that is quite far advanced at pH* 9.6 for NP3.146 Methyl resonance
assignments for the hydroxo complex146 are marked on (d). Reprinted from Shokhireva, T. Kh.;
Berry, R. E.; Zhang, H.; Shokhirev, N. V.; Walker, F. A. Inorg. Chim. Acta 2008, 361, 925–940,
with permission from Elsevier Publishing Company.
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26.7 kHz for 8M, or that the rate constant for deprotonation is on the order of
2.6–2.7 × 104 s−1.

However, for NP3 the same titration does not give well-resolved resonances
of the hydroxide complex, but rather the high-spin aqua complex is in chemical
exchange with the hydroxide complex on the NMR timescale, and resonances
of both are broad and poorly resolved above pH 8.146 Thus the results are not as
clear, beyond the fact that 3M is the methyl resonance having the largest chemical
shift for NP3–OH, as for NP2–OH146 (Figure 61). A rough estimate of the pKa of
NP3–OH is ∼9.9–10.146 It is surprising that the rate of proton exchange is so dif-
ferent for the two proteins, when both the aqua and hydroxide complexes have
very similar chemical shifts of the heme resonances. The calculated isoelectric
points660 of NP2 and NP3 are similar (6.1 and 6.5, respectively), and thus proba-
bly cannot explain the difference in the rate of proton exchange. Additional exam-
ples of deprotonation of the water bound to high-spin ferriheme proteins will be
discussed in the section on heme oxygenases (Section IV.A.10.b).

iii. NMR investigations of the low-spin forms of the nitrophorins
from Rhodnius prolixus, and comparison to other heme proteins

The low-spin (S = 1/2) complexes of the nitrophorins of interest to their biologi-
cal functions of NO-binding and release and histamine binding include the hista-
mine (Hm) complexes, their simpler models, the imidazole (ImH) complexes,
other imidazole complexes (N-methylimidazole, NMeIm, and 2-methylimidazole,
2MeImH), which may be less stable and thus good candidates for saturation trans-
fer studies aimed at assigning the hyperfine-shifted heme resonances of the high-
spin complexes, and the cyanide (CN−) complexes, which have been used as
paramagnetic models for the diamagnetic NO complexes.143–146 All of these have
been studied in detail for all four of the major nitrophorins of the adult insect141–146

and for a number of their mutants, and most have been studied for NP7 and several
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of its mutants.145,623,624 Most of the exogenous ligand complexes of the NPs are
extremely stable, with binding constants for ImH and Hm both being 108 M−1 or
larger (Kds < 100 µM) at pH 7.5,613 and that for cyanide estimated to be of the
order of 1012 M−1 (Kd ∼1 pM) at pH 7.5.613 The binding constants for NMeIm and
2MeImH are several orders of magnitude smaller than those for ImH and Hm.661

In 1998, Shokhirev and Walker showed that the methyl and meso-H resonances
of low-spin ferriheme proteins are strongly affected by the orientation of the plane
of one or possibly both axial ligands, because the orientation of that plane deter-
mines the nodal plane orientation of the 3e(π) orbital that is involved in spin delo-
calization from low-spin iron(III) by Por → Fe π donation, and the angular
dependence of the pseudocontact contribution to the paramagnetic shifts.8 Thus, as
the planar axial ligand is rotated to a certain angle in a particular ferriheme protein,
as defined by Figure 8, so also is the nodal plane of the 3e(π) orbital rotated by sim-
ple rehybridization of the two Hückel orbitals, combined with the change in the
angle of the pseudocontact contribution,140,211 as discussed above in Section II.C.3
and shown in Figures 9–11. This concept was shown to apply to a large number of
ferriheme proteins8 and many more141–150 since that original publication. A program
called Shift Patterns151 was developed for plotting methyl and meso-H chemical
shifts as a function of ligand plane angle in a general way that is independent of the
effect of ligand donor strength (that is, the pattern of relative spacings is used, rather
than exact chemical shifts). By use of this program, it is possible to determine the
orientation of the nodal plane of the heme 3e(π) orbital utilized for spin delocaliza-
tion, if the heme methyl order has been assigned, by using the relative spacings of
the resonances, with an accuracy in most cases to ±2–3°. Several systems for which
this program did not predict the correct relative chemical shifts, for example N.
europae cytochrome c552,

662 were later shown to have an unusual heme methyl chem-
ical shift order (5 > 8 > 3 > 1) and a highly compressed chemical shift range because
of dynamic flipping of the methionine ligand’s methyl group on the NMR timescale,
which has the effect of averaging the chemical shifts of the heme substitutents for
the two possible nodal plane orientations of the methionine ligand.663–666

The NP2-ImH complex has been studied at pH* 7.0,141–143,145 5.5145,624 and
4.0.145 As can be seen in the 1D spectrum at these three pH* values shown in
Figure 62, besides the major B orientation and minor A orientation, the 1D 1H
NMR spectrum at pH* 5.5 exhibits an extra set of three hyperfine-shifted reso-
nances between 24 and 22 ppm which increased remarkably in intensity on low-
ering the pH* to 4.0. Peaks were assigned from the pH* 5.5624 and the pH* 4.0145

WEFT-NOESY spectra (Figure 63) and from the pH* 5.5624 and pH* 4.0 1H{13C}-
HMQC spectra.145 For the major B heme orientation of NP2, the order of heme
methyl chemical shifts is the same from pH* 7.0 to 4.0, 3 > 5 > 1 > 8.145 From the
angle plot (Figure 11),8,151 we can see that although the chemical shifts of the heme
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methyls change quite a bit, the effective ligand nodal plane angle varies by only a
few degrees, in the range of 150–154°; this angle represents the orientation of
the exogenous ImH ligand for the B heme orientation, while for the A orientation
the angle is believed to be 116–120°, although because of chemical exchange, not
enough resonances of the A heme orientation of NP2-ImH have been observed to
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Figure 62. 1D 1H NMR spectra of the hyperfine-shifted resonances of NP2-ImH at pH* 7.0
(top), pH* 5.5 (middle), pH* 4.0 (bottom), recorded at 25 °C at 600 MHz. Lines showing the
variation in chemical shift of heme resonances of A (red) and B (blue) are displayed. Reprinted
from Yang, F.; Knipp, M.; Berry, R. E.; Shokhireva, T. K.; Zhang, H.; Walker, F. A. J. Biol. Inorg.
Chem. 2009, 14, 1077–1095, with permission from Elsevier Publishing Company.
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define the angle well. Thus, the heme methyl chemical shifts change rapidly with
the small changes in axial ligand orientation over this angle range.

Chemical exchange was observed in the NOESY/EXSY spectra of NP2-ImH
at pH* 5.5624 and 4.0145 between the additional signals and the 5M, 1M, 8M and

210 Walker

Figure 63. 1D 1H and WEFT-NOESY/EXSY NMR spectra of NP2-ImH in D2O, buffered with
30 mM Na2DPO4/acetic acid-d4 (pH* 4.0), recorded at 33 °C and 600 MHz. There are both
chemical exchange cross peaks between B′ and B (red boxed), and NOESY cross peaks for B.
Reprinted from Yang, F.; Knipp, M.; Berry, R. E.; Shokhireva, T. K.; Zhang, H.; Walker, F. A.
J. Biol. Inorg. Chem. 2009, 14, 1077–1095, with permission from Elsevier Publishing Company.
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3M resonances of the B orientation, which shows that these resonances are caused
by an additional species with B heme orientation, which we have called B′. The
methyl resonances of B′ are easily assigned from the chemical exchange cross
peaks between B′ and B from the NOESY (EXSY) spectrum (Figure 63). In con-
trast to the methyl resonance order 3 > 5 > 1 > 8 obtained for B, B′ exhibits the
order 5 > 8 > 1 > 3 at both pH* 5.5624 and pH* 4.0.145 The effective nodal plane
angle of B′ (∼42°) is about 110° different from that of B (∼152°).145 Since the prox-
imal His imidazole plane orientation is about 135° from the heme axis defined by
the line connecting NII and NIV

633,634 (Figure 8), it is obvious that the effective
nodal plane angle obtained from the angle plot is dominated by the exogenous lig-
and ImH for NP2, as was observed previously at pH* 7.0,141 and within 5° (156.9°)
of the angle observed in the crystal structure (PDB file 1PEE).Thus the ImH plane
in isomer B is nearly parallel (a difference in angle of ∼17°) to the His57 imidazole
plane, while in isomer B′′ the ImH plane is nearly perpendicular to the His imida-
zole plane (a difference of ∼93°). Therefore, for simplicity, we can describe the
two isomers as having parallel (B) and perpendicular (B′) ImH plane orientation.

Although a perpendicular orientation of the ImH ligand of NP2-ImH was not
observed in our previous study of wt NP2 at pH* 7.0,141 the B′ orientation was
seen for the symmetrical hemin complex, NP2sym-NMeIm,146 and for the proto-
hemin NP2 L → V mutants at pH* 7.0: NP2(L122V)-ImH, NP2(L132V)-ImH,
and NP2(L122V, L132V)-ImH,142 as well as for the other three major NPs of the
adult insect, both for the protohemin143,144 and the symmetrical hemin146 com-
plexes. However, for NP7-ImH, only the A heme orientation has been observed,
and there is no chemical exchange, probably because of the crowding in the heme-
binding pocket due to the presence of E27.145,623,624

Both Leu122 and Leu132 point from the β-strands above the heme pocket
toward the distal side of the heme (Figure 54, center), and at the time of publica-
tion of the first study of the single and double Leu → Val mutants142 it was believed
that the perpendicular ImH orientation was permitted by the shorter Val side chain,
which was able to create enough space in the distal pocket to allow ImH ligand
rotation. It is now clear that it was only an accident of fate that the perpendicular
orientation of ImH, B′, with chemical exchange between B′ and B for wt NP2-ImH
was not observed at pH 7.0, and that the reason for the existence of the perpendi-
cular ImH orientation is the presence of a minor ruffled conformation of the heme,
which cannot accommodate the parallel ImH ligand, but can allow binding of ImH
in the perpendicular orientation; dissociation and re-binding of ImH, all within the
distal pocket, are thus required in the exchange reaction.143–145

By measuring the NOESY/EXSY cross peak and diagonal peak intensities of
wt NP2-ImH at low pH, the rate constants and equilibrium constant of interchange
between B′ and B can be calculated by use of the program “Two Site Exchange of
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NMR Lines” developed in this laboratory.667 From the results of this calculation,
the equilibrium constant Keq for the reaction B′ � B at pH* 5.5 is larger (8.0)
than that at pH* 4.0 (3.4). This is also easily seen from the 1D 1H NMR spectra
(Figure 62), that the peaks from B′ at pH* 4.0 are relatively more intense than are
those at pH* 5.5. The NOESY/EXSY spectra at different temperatures and differ-
ent mixing times show that as the temperature decreases, the B′ orientation is more
favored.145 Thus, at low temperature the ImH ligand has more tendency to be per-
pendicular to the His57 imidazole plane than at room temperature. The rate con-
stants for the reaction B′ � B (kf, kr = 8 and 1 s−1 at pH 5.5; 6.7 and 1.9 s−1 at pH
4.0, respectively, both at 33 °C)145 also show that different mixing times in the
EXSY experiments give the same rate constant, and thus confirm that both the rate
and equilibrium constants are independent of mixing time.145 NOESY/EXSY
spectra of wild-type (wt) NP2–ImH and its L122V and L132V distal pocket sin-
gle mutants and the L122V,L132V double mutant also exhibit chemical exchange
cross peaks.142 The rate of interconversion of the two forms at pH 7.5 could be esti-
mated from the NOESY/EXSY diagonal and cross peak intensities (kf ∼ 54 s−1, kr

∼ 0.5 s−1, Keq = kf/kr = 100 or larger),142 where the major B ImH orientation angle
is somewhat larger than that found for the wt NP2–ImH complex (168–170°).141

NMR spectroscopic investigations of the more sterically-demanding 2-methylim-
idazole ligand (2MeImH) showed that it binds to all three distal pocket mutants to
create low-spin six-coordinate FeIII complexes which have the protein-provided
H57-imidazole and the distal 2MeImH in nearly perpendicular planes; it also
binds to the wt protein in the presence of higher concentrations of 2MeImH, but
yields a different ligand plane orientation (about 20° different) than is present in
any of the three distal pocket mutants.142 The crystal structure of the double
mutant-ImH complex shows an approximately perpendicular angle which is dif-
ferent than any of those observed in solution (ϕ = 19.5°, ∆ϕ = 69.1°, PDB file
1PM1), and is highly ruffled, although not as ruffled as the wild-type (∆Cm = 38.8
in 0.01Å).634 In contrast, the orientation angle ϕ determined for the ImH of the B′
species in solution is 56o. While both of these give similar dihedral angles to the
H57 plane (∆ϕ = 69° vs. 74°, since in both cases the dihedral angle less than 90°
is measured), the orientation of the ImH ligand for the B′′ species is different by
about 36° in solution from its orientation in the solid state.

The relevance of the B′′ � B exchange processes, whose rates can be meas-
ured by NOESY/EXSY techniques,142,145 to the kinetics of NO release from the
nitrophorins668,669 is that B′′ � B exchange clearly involves loss of the ligand, but
not loss from the distal pocket, followed by its re-binding in a different orienta-
tion. As shown above, the rate constant for ImH orientation change from B to B′′
for NP2 (L122V,L132V) at pH 5.5, is kr ∼ 0.5 s−1 at pH 7.5,142 whereas the rate of
NO loss from the binding pocket of wild-type NP2 has been measured at pH 8.0
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as koff ∼ 0.12 s−1,668 and at pH 7.5 as 0.16 s−1.669 Although NO is a much smaller
ligand, and thus might be expected to have a faster rate of dissociation than ImH,
the wild-type NP2 pocket is much more crowded than is that for the L → V dou-
ble mutant.634 And also, crystal structures of the NO complexes of NP2 and NP4
have shown that the A-B and G-H loops are in the closed conformation, whereas
crystal structures of the ImH complexes of both NPs have shown that the A-B and
G-H loops are fairly open.628–634 In addition, in the B/B′′ case, it is likely that the
ImH ligand does not completely leave the protein, but simply slides away from the
binding site and then slides back in, in a different orientation (it cannot simply
rotate through an angle of ∼90° because of the bulky Leu122 and Leu132 side
chains, Figure 54, center). The kr values for B/B′′ kinetics of wild-type NP2-ImH
at low pH (kr ∼ 1.9 s−1 at pH 4.0 and 1 s−1 at pH 5.5)145 are considerably larger than
kr for the B/B′′ kinetics of ImH orientation change of the NP2 L → V double
mutant,142 but kr (as well as the fraction of B′′) decreases with increasing pH, which
is consistent with the fact that the kinetics are not observed by EXSY techniques
at pH 7.0,141–143,145 and also suggests that at pH 7.5,669 the rate of NO dissociation
and ImH reorientation are rather similar.

The NMR spectra of NP2-histamine (Hm) have been studied by NMR spec-
troscopy at three different pH* values (6.5, 5.5, 4.5). The assignments at each pH*
value were derived from WEFT-NOESY and 1H{13C}-HMQC spectra.145 The
major B orientation at pH* 6.5 is 3 > 5 > 1 > 8, with 3,5,1-methyls very similar in
chemical shift, but 8M is far from the other three and falls in the diamagnetic
region.145 From the angle plot (Figure 11), it can be seen that the effective ligand
nodal plane orientation is 156–157°, which is similar to that for the ImH complex.
Chemical exchange between the major B Hm imidazole plane orientation, which
is fairly close to parallel to H57 (∆ϕ = 37.6° from the unpublished X-ray structure
of NP2(D1A)-Hm,634 ∆ϕ = 22° from the NMR chemical shifts of the heme
methyls145), and a very small amount of B′ Hm orientation at pH* 5.5 and 4.5,
which has the Hm imidazole plane nearly perpendicular (84°) to that of H57.145

The intensities of the NOESY/EXSY cross peaks were too small to allow accurate
measurement of the rate and equilibrium constants.145 It is clear that the larger size
of Hm as compared to its simple model, ImH, limits the ability Hm to bind in a
perpendicular orientation. It is also very clear that the orientation of the Hm lig-
and cannot change by such a large amount unless the ligand leaves the distal bind-
ing pocket and then re-enters in a different orientation.

In Figure 64 the 1H{13C}-HMQC spectra of NP2-Hm at pH* 6.5 is shown; the
1H,13C cross peaks of all heme substituents, except for 4Vα and the meso-CH, are
clearly observed for the B heme isomer; they are fairly easy to assign because
of their unique 1H,13C shifts.145 These unique shifts are a result of a combination
of the contact, pseudocontact and ring current contributions to the chemical shifts
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of both nuclei,172 which shift these cross peaks well outside the normal ranges
observed for the two nuclei in diamagnetic compounds, and thus make them easy
to recognize and assign. The β-vinyl and α- and β-propionate C-H cross peaks can
be spotted because pairs of protons have cross peaks to the same carbon. 1H reso-
nances of the 2- and 4α and −β vinyl resonances are confirmed by their NOESY
cross peaks, as are also the 6- and 7α and β propionate resonances,145 Figure 64.
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Figure 64. 1D 1H and 1H-13C HMQC spectra of NP2–Hm in D2O, buffered with 30 mM
Na2DPO4/acetic acid-d4 (pH* 6.5), recorded at 35 °C and 500 MHz. Reprinted from Yang, F.;
Knipp, M.; Berry, R. E.; Shokhireva, T. K.; Zhang, H.; Walker, F. A. J. Biol. Inorg. Chem. 2009,
14, 1077–1095, with permission from Elsevier Publishing Company.
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Other CH2 groups that are easily recognized are those of His57 β-CH2, 
13C chem-

ical shift +17.6 ppm, 1H chemical shifts +11.8 and +5.3 ppm for the B heme ori-
entation, and in addition, the cross peaks from the histamine β-CH2 group
(adjacent to the imidazole ring) are also observed, 13C chemical shift +18.7 ppm,
1H chemical shifts +9.4 and +9.0 ppm. The 1H His57 β-CH2 chemical shifts are
also confirmed by the NOESY spectra.145,670 Additional 1H,13C cross peaks from
protein methyls of I120, L122 and L132, which are close to the heme are also
seen, with 13C chemical shifts of 10–30 ppm and 1H chemical shifts of 0 to
−5 ppm.670 There is a rough linear correlation between 1H and 13C shifts of the
heme methyls that helps in the assignment of the heme methyl resonances and
the electronic ground state of the ferriheme center.671 This correlation is based on
the contributions to the contact, pseudocontact and ring current shifts of heme
substituents.172

With regard to the minor A isomer, the heme methyl 1H,13C cross peaks,
except for that of 3M, are also observed in Figure 64. The 1H,13C cross peak for
the most hyperfine-shifted methyl resonance is often not observed because it is
broader than the other three methyl resonances, as expected from its larger 1H
chemical shift and thus larger expected spin density on its β-pyrrole carbon.8 In
addition, when chemical exchange is involved, as for the wild-type NP2-ImH
complex 1H{13C}-HMQC spectrum at low pH*, not all heme substituent cross
peaks are observed, even for the major B isomer (6α, 7α, 2α and 4α are not
observed).145

The wt NP2-CN complex has been investigated at four different pH values,
pH* 7.0, 6.5, 5.5 and 4.5. 1D 1H NMR spectra at pH* 6.5 and 4.5 are shown in
Figure 65. Since CN− is cylindrical, an exogenous ligand plane cannot be dis-
cussed in this case. However, as shown previously,143–145 the nonplanarity of the
heme still creates a ruffling nodal plane α for isomer A of around 157–159°, and
for isomer B of around 108–112°. The orientation of this ruffling nodal plane, as
determined from the NMR data agrees well with one of the two ruffling nodal
planes seen from the crystal structure, that which is near the nitrogen and center
of the pyrrole ring I and III for the B heme isomer or II and IV for the A heme iso-
mer, which are just clockwise to the positions of Leu132 and Leu122 above the
mean plane of the heme,143 Figure 56. In contrast, for isomer B′ this nodal plane
α is around 19°, which is 90° from the just-discussed ruffling nodal plane, and the
methyl order is 1 > 5 > 3 > 8. The methyl order for the B isomer is 3 > 8 > 1 > 5
at all three pH values, as we have seen for NP–CN complexes at pH 7.0.143 The
fact that 1M has larger chemical shift than 5M has previously been explained by
the large degree of ruffling of the heme and somewhat off-axis binding of the
cyanide.143 The methyl order for the A isomer is characterized by 3M having sim-
ilar chemical shift to 5M, and 1M having similar chemical shift to 8M (Figure 11).
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All methyl orders for A, B and B′ isomers are different from those of the ImH and
Hm complexes.145 In the 1H{13C}-HMQC spectrum the 1H,13C cross peaks for all
heme substituents except the meso-CH are observed; His57 β-CH2 cross peaks are
also not seen.145

As for the case of the ImH and Hm complexes, resonances from a B′ species
are observed as the pH* is lowered. Although they are very weak in the 1D spec-
tra, the B′–B exchange cross peaks for the methyl resonances are relatively strong
in the NOESY/EXSY spectra. And by comparing the 1D spectra at pH* 6.5 and
pH* 4.5 (Figure 65), the B′ methyl peaks are relatively stronger at pH* 4.5; thus
the trend is the same as seen for the ImH and Hm complexes. Since cyanide is a
cylindrical anion and has no ligand plane, the B′ isomer does not arise from distal
ligand rotation, but from dynamic changes in heme symmetry, as concluded pre-
viously.143–145 It is already known that the NP2-CN complex is very ruffled (PDB
file 2HYS143), and as concluded previously143–145 the B′ species is a different ruf-
fled form, with different orientation of the ruffling ridges. Although not observed
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Figure 65. 1D 1H NMR spectra of the hyperfine-shifted resonances of NP2-CN at pH* 6.5
(top) and pH* 4.5 (bottom), recorded at 35 °C at 500 or 600 MHz. Lines showing the varia-
tion in chemical shift of heme resonances of A (red) and B (blue) are displayed. Reprinted from
Yang, F.; Knipp, M.; Berry, R. E.; Shokhireva, T. K.; Zhang, H.; Walker, F. A. J. Biol. Inorg.
Chem. 2009, 14, 1077–1095, with permission from Elsevier Publishing Company.
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in the solid state, protein dynamics in solution at ambient temperatures allow the
minor ruffled form to occur transiently on the NMR timescale.

iv. Heme ruffling of the nitrophorins and comparison to other
heme proteins

This summary of the NMR spectra of the low-spin ImH, Hm and CN− complexes
of the nitrophorins shows that they are uniquely different from most other ferri-
heme proteins. Both heme orientations are observed,142–146,170 except in the case of
NP7,622–624 and there are two orientations of planar axial ligands (ImH, Hm)
observed for the major (B) heme isomer, which are in chemical exchange on the
NMR timescale with each other at lower pH* for NP2,145 but at all pH values for
the other three major NPs.143,144,146 The cyanide complexes also show chemical
exchange, which helps to explain its nature for all ligands studied: A dynamic
change in ruffling which is active on the NMR timescale.143–146 To our knowledge
there has been no report of such ruffling dynamics for any other class of ferriheme
protein, although the reason is fairly obvious: No other class of heme proteins has
such ruffled ferriheme centers as do the Rhodnius NPs. This high degree of ruf-
fling is believed to contribute to the very negative midpoint potentials of these
proteins, which stabilizes the iron(III) state which can release NO with nM to µM
Kds, whereas the iron(II) state would have pM to fM Kds.142,613 One of the effects
of this ruffling that has been investigated recently, the average and the spread of
the heme methyl resonances,143,146 will be discussed in the following paragraphs.
As these proteins are studied further, additional aspects of the effects of this
ruffling will undoubtedly come to light.

In comparison to the nitrophorins, most of the ferriheme proteins for whose
cyanide complexes the 1H NMR spectra have been reported are those of myoglo-
bins, hemoglobins, and peroxidases,8,19,672–674 almost all of which have the histidine
imidazole plane aligned along one or the other of the NP–Fe–NP axes (Figure 8, ϕ
∼0 or ∼90°). Such alignment of the imidazole plane “discourages” ruffling of the
heme, whereas the orientation of H57(59) over the β,δ-meso carbons, as in the
Rhodnius nitrophorins, “encourages” ruffling. In addition, the two leucine
residues in the distal pocket (L123 and L133 for NP1625 and NP4,629 L122 and
L132 for NP2633 and NP3) that are in van der Waals contact with the heme and are
believed to further encourage the heme to ruffle, with important consequences in
terms of the stability of the FeIII–NO oxidation state.605,606 Ruffling of a ferriheme
tends to stabilize the dxz and dyz orbitals of the iron and, in the limit, leads to a
change in the electron configuration of low-spin iron(III) from the more common
(dxy)

2(dxz,dyz)
3 to the less common (dxz,dyz)

4(dxy)
1 configuration129 discussed in

Section IV.A.8.c. This change in electron configuration brings about major
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changes in the g-values measured by EPR spectroscopy, as well as major
decreases in the proton chemical shifts of the β-pyrrole substituent resonances of
the ferriheme. Both of these effects are aided by overlap between the half-filled
dxy orbital of iron and the porphyrin 3a2u(π) molecular orbital.129 This orbital has
large spin density at the nitrogens and meso-carbons and very small spin density
at the β-pyrrole carbons, Figures 2 and 3. Ruffling of the heme has important func-
tional consequences for the nitric oxide complexes for which the cyanide complex
is a model, in that strong ruffling of the heme should help to maintain the FeIII

(dxz,dyz)
4(dxy)

1–NO• electron configuration rather than the FeII (dxz,dyz)
4(dxy)

2–NO+

electron configuration, which thus helps to facilitate NO release.605,606

Thus, as concluded previously,143 the spread of the heme methyl proton reso-
nances of monocyano ferriheme proteins should be a measure of the degree of dxy

character of the metal unpaired electron and thus also of the degree of ruffling of
the heme. In Table 14 are summarized the heme methyl proton chemical shifts for
a number of ferriheme-cyanide complexes of heme proteins, including the three
nitrophorins for which crystal structures are available. As is apparent, there are
two classes of ferriheme-cyanide complexes: those which have a spread of the
heme methyl resonances of 19.1–29.3 ppm and those which have a spread of
7.2–14.7 ppm. The group with the larger spread of heme methyl resonances
includes most of the metmyoglobin cyanides, except for those of Aplysia and
Dolabella, the hemoglobins of Scapharca and human, but not lower organism
hemoglobins, Pseudomonas aeruginosa hemin-containing heme oxygenase-CN in
both the normal and alternate seatings, but not human or Corynebacterium diph-
theria hemin-containing heme oxygenase cyanides. By this criterion of large
spread of the heme methyl resonances, we would expect these ferriheme-cyanide
proteins to have planar hemes and pure (dxy)

2(dxz,dyz)
3 electron configurations in

aqueous solution at ambient temperatures. On the other hand, Aplysia675 and
Dolabella676 metmyoglobin cyanides, Scapharca677 and human676 hemoglobin
cyanides, human678 and Corynebacterium diphtheria hemin-containing heme oxy-
genase cyanide,678 M80A cytochrome c cyanide,679 microperoxidase-8-cyanide,680

and horse cytochrome c cyanide681 probably all have at least somewhat ruffled
hemes, as do the Rhodnius nitrophorins.625–634 In support of this statement, the
structure of ferric Aplysia limacina Mb,682 its CN−, N3

−, SCN−, F−, and imidazole
complexes,683 and several mutants where the mutated group is not near the heme
binding pocket,684 as well as the Scapharca inaequivalis tetrameric HbII–CO685 all
show that the histidine imidazole plane is aligned closer to the meso–meso axis
than to the N–Fe–N axis. And although the heme is modeled as being planar in
these crystal structures, it is very likely that in solution a low-energy vibration can
take the heme from a planar conformation to a ruffled or possibly a saddled one.
Human metHbCN dimer has the His-imidazole plane closer to the N–Fe–N axis
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Table 14. Methyl proton shift patterns for histidine/cyanide-coordinated ferriheme proteins.

His-imidazole Methyl shift Spread Average
Protein plane angle (°) order Methyl shifts (ppm) (ppm) shift (ppm) Ref.

Sperm whale metMbCN 178 5 > 1 > 8 > 3 27.0, 18.6, 12.9, 4.8 22.2 15.8 672
Elephant metMbCN 178 5 > 1 > 8 > 3 25.3, 16.5, 11.8, 5.9 19.4 14.9 11
G. japonica metMbCN ~178 5 > 1 > 8 > 3 25.1, 16.3, 10.5, 5.7 19.1 14.5 a

M. japonicas metMbCN ~178 5 > 1 > 8 > 3 25.9, 16.6, 10.2, 5.7 20.2 14.6 a

Human metHb A CN α 159 5 > 1 > 8 > 3 20.9, 15.9, 8.7, 8.0 12.9b 13.4 676
Human metHb A CN β 164 5 > 1 > 8 > 3 20.9, 14.7, 8.8, 8.1 12.6b 13.1 676
Glycera metHbCN 95 8 > 3 > 5 > 1 19.9, 18.8, 6.5, 0.6 19.2 11.5 c

Chironomus thumi thumi
metHbCN III ~85 8 > 3 > 5 > 1 29.5, 22.2, 7.2, 3.4 26.1 15.6 d

IV ~85 8 > 3 > 5 > 1 28.9, 21.4, 7.5, 3.9 25.0 15.4 d

Aplysia metMbCN 145–154 3 > 5 > 1 > 8 17.8, 15.7, 11.8, 9.9 7.9b 13.8 672
Scapharca metHbCN ~142 3 > 5 > 1 > 8 17.1, 12.7, 12.6, 7.8 9.3b 12.6 676
Dolabella metMbCN ~145 3 > 5 > 1 > 8 17.4, 15.1, 11.8, 10.2 7.2b 13.6 677
HRPCN 95 8 > 3 > 5 > 1 29.9, 25.1, 6.4, 2.9 27.0 16.1 a, e

LiPCN 120 3 > 8 > 5 > 1 30.1, 20.5, 3.3, 0.8 29.3 13.6 e, f

(Continued )
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Table 14. (Continued )

His-imidazole Methyl shift Spread Average
Protein plane angle (ϒ) order Methyl shifts (ppm) (ppm) shift (ppm) Ref.

Human Heme-HOCN 125 3 > 8 > 5 > 1 19.6, 10.5, 9.0, 5.0 14.7b 11.0 678
C. diphtheriae Heme-HOCN 125 3 > 8 > 5 > 1 19.2, 10.6, 8.5, 5.4 13.7b 10.9 678
P. aeruginosa Heme-HOCN 35 5 > 1 > 8 > 3 27.7, 22.7, 19.0, 4.4 23.3 18.5 678
P. aeruginosa Heme-HOCN 105 3 > 8 > 5 > 1 24.6, 16.3, 5.4, 1.7 22.8 12.0 678 

alternate seating
M80A cyt c CN ∼45 8 > 5 > 1 > 3 22.5, 19.5, 15.4, 11.3 11.2b 17.2 679
MP8-CN ∼45 8 > 5 > 1 > 3 23.2, 21.7, 16.4, 10.6 12.6b 18.0 680
Horse cyt c CN ∼45 5 > 8 > 1 > 3 23.1, 21.5, 16.6, 11.4 11.7q 18.2 681
NP1-CN A 139 3 > 5 > 1 > 8 16.7, 13.3, 10.8, 7.3 9.4q 12.1 143
NP1-CN B 131 3 > 8 > 1 > 5 20.9, 13.0, 8.2, 7.3 13.6q 12.4 143
NP4-CN A 138 3 > 5 > 1 > 8 16.9, 12.9, 10.2, 7.7 9.2q 11.9 143
NP4-CN B 132 3 > 8 > 1 > 5 19.4, 12.5, 8.6, 7.9 11.5q 12.1 143
NP2-CN A 138 3 > 5 > 1 > 8 15.8, 14.2, 9.3, 7.9 7.9q 11.8 143
NP2-CN B 132 3 > 8 > 1 > 5 18.4, 13.4, 9.7, 7.8 10.6q 12.3 143
Protohemin-CN in DMSO — 8 > 5 > 3 > 1 16.3, 15.9, 12.3, 10.3 6.3 13.6 204

aYamamoto, Y.; Suzuki, T. Biochim. Biophys. Acta 1996, 1293, 129–139.
bHeme methyl spread less than 15 ppm.
cAlam, S. L.; Satterlee, J. D. Biochemistry 1994, 33, 4008–4018.
dZhang, W.; La Mar, G. N.; Gersonde, K. Eur. J. Biochem. 1996, 237, 841–853.
ePierattelli, R.; Banci, L.; Turner, D. L. J. Biol. Inorg. Chem. 1996, 1, 320
fBanci, L.; Bertini, I.; Pierattelli, R.; Tien, M.; Vila, A. J. Am. Chem. Soc. 1995, 117, 8659–8667.
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than these,686 but the angles are still far from the N–Fe–N axis as compared to
sperm whale, horse, or elephant Mb. The near-meso–meso orientation of the His-
imidazole plane in each of these cases would “encourage” the ruffled conforma-
tion, and thus the NMR observation of very small spread of the heme methyl
resonances of the cyanide complexes is consistent with a ruffled heme macrocy-
cle at room temperature.

Ruffling seems to inevitably lead to at least some degree of contribution from
the (dxz,dyz)

4(dxy)
1 electron configuration.129 Even for model hemes with sterically

bulky imidazole ligands, for which the EPR spectra are of the “large gmax” type
(Section IV.A.8.a), the average β-pyrrole–H or –CH3 chemical shift magnitude at a
given temperature is invariably smaller than for those bound to non-bulky imida-
zole ligands (−17 vs. −10 ppm for [TPPFe(NMeIm)2]

+ and [TMPFe(2MeImH)2]
+,

respectively, both at 300 K, although there may be a small effect of hydrogen-
bonding in the latter case). Notably, as just discussed for those ferriheme protein
cyanides for which structures are available, and as based on the order of heme
methyl resonances for the other members of the latter group of proteins, all have
histidine imidazole planes oriented near either the β,δ- or the α,γ-meso-carbons,
which “encourages” ruffling.129 The degree of dxy unpaired electron contribution
does not have to be major, and in most cases is not major, for all of the members
of this second group of ferriheme cyanides have larger spreads of the methyl
resonances than does protohemin bis-cyanide in DMSO-d6 (6.3 ppm spread,
Table 14),204 where there is no ligand plane. But an increase in the degree of dxy

character has the effect of yielding a much smaller spread of the heme methyl res-
onances, and a smaller average heme methyl chemical shift than the first group,
and thus suggests that the hemes of these complexes are quite ruffled.

Interestingly, the EPR spectra of the nitrophorin-cyanide complexes are very
similar to that of metMbCN, which indicates that at 4.2 K the electron configura-
tion of both complexes is pure (dxy)

2(dxz,dyz)
3. This means that the NP1-CN elec-

tron configuration must change with temperature. A similar change in electron
configuration with temperature was observed for a model of heme oxygenase,
[TPPFe(OCH3)(t-BuOO)]−, which also exhibited a (dxy)

2(dxz,dyz)
3 electron config-

uration with a planar heme at 4.2 K but a (dxz,dyz)
4(dxy)

1 electron configuration with
a ruffled heme at ambient temperature,481 as discussed above in Section IV.A.8.a.

v. Nitrite reductase activity of nitrophorin 7

He and Knipp have recently shown that NP7 reacts with sodium nitrite at pH 7.5
to produce NP7-NO and other products.687 Resonance Raman spectroscopy was
used to prove that the product was indeed NP7-NO.687 The NP-NO complex is
indeed EPR silent, and the 1H NMR spectrum of the NP2 product is identical to
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NP2-NO.688 By quantitating the products using the Griess reaction,689 the stoi-
chiometry of the reaction was shown to be:

3 NO2
− + 2 H+ → 2 NO + NO3

− + H2O. (39)

The nitrophorin, as a FeIII protein, is simply a catalyst of this reaction, and does
not itself undergo redox. This is a different reaction with nitrite than that of myo-
globin and other FeII heme proteins, in which the protein is oxidized to FeIII,690,691

and the oxidized (met) forms do not react with nitrite.692,693

vi. Dimerization of NP4

Of the four major nitrophorins in the adult Rhodnius insect, NP4 is by far the best
for X-ray crystallography because it crystallizes in only one space group (C2) and
yields structures of very high resolution (0.85 Å for NP4-NH3 at pH 7.4, PDB file
1X8P, 0.97 Å for NP4-NO at pH 5.6, PDB file 1YWB). All structures of NP4 and
its ligand complexes have four molecules per unit cell, and each is a monomer;
there are no major interactions between one molecule and another. However, at
NMR concentrations (1 mM, 50 mM acetate buffer at pH 5.5), NP4 is a dimer, and
it remains mainly so to well above pH 7.5 at 1 mM concentration.694 In fact, dimer
formation at pH 5.0 provides an excellent method for purifying NP4, by size-
exclusion chromatography.694 NP4 containing the symmetrical hemin (Figure 56)
is most useful for studies of the monomer-dimer equilibrium by 1H{15N}-HSQC.

If histamine is added to NP4, the dimer dissociates, with each monomer hav-
ing histamine bound to the distal side of the FeIII heme; the apoprotein is also
monomeric.694 However, both high-spin NP4 and the NP4-NO complex are
dimeric. One particular mutant of holo-NP4, the D30A mutant is, however,
monomeric at all pH values in the absence of added ligand. In the wild-type pro-
tein, the histamine complex has a hydrogen-bond between the histamine −NH3

+

side chain and D30. Thus, it is believed that D30 and a heme carboxylate are
involved in this dimerization, but it is not yet clear what other groups may be
involved.694 NP2 has the analogous aspartate, D29, but does not dimerize, either
as the wild-type (M0-containing) or as the native form (D1 as first residue, with
no M0). NP1 also contains D30 and is 90% identical in sequence to NP4, but per-
haps because it contains M0 (see Section IV.A.10.a(i) earlier), NP1 wild-type does
not dimerize. However, newly-prepared native NP1, with K1 as the first residue
and no M0, does dimerize, and in all respects behaves very similarly to NP4,694

except for being a less stable dimer.
Several years ago a paper was published by Ambrus and coworkers,695 on

work done at the University of Arizona during the time when we were actively
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studying the NP4 dimer, including by mass spectrometry. This study showed that
NP4 dimerized, and that in the gas phase, as detected by mass spectrometry, (stud-
ied in the same MS facility as we were using), it formed up to octomers.695 The
DOESY NMR spectra of dimeric NP4 in solution were investigated, but it was
remarked by the authors that the solvent HOD resonance was much broader than
expected, and the authors did not understand why.695 Ambrus had admitted to this
author several years prior to that publication that he did not understand what the
word “paramagnetic” meant; presumably he has never learned.

vii. NMR spectroscopy of apo-nitrophorin 2

NP2 in the absence of heme has been studied by multidimensional NMR spec-
troscopy at pH 6.5.696 An NP2 sample with an N-terminus having residues GSHM
before the D1 residue that begins the native protein sequence was used for this
study. These residues were left following cleavage of an N-terminal His6-tag that
aided the purification of the doubly-labeled protein.696 All but a few 1H,15N cross
peaks (∼8) in the 1H{15N}-HSQC spectrum were assigned and the 3-dimensional
structure was solved, first by using only the N–H and Cα-H NOEs, and later using
a multitude of side-chain NOEs as well.696 Refinement of the solution structure696

shows it to be almost identical to that of the holoprotein obtained by X-ray crys-
tallography,633 as well as to apo-NP4, which was also solved by X-ray crystallog-
raphy at pH 5.6.697 The paper describing this structure provides little detail about
the structure, other than “removal of the heme from NP4 has very little effect on
(the protein’s) structure: The heme binding cavity remains open and loops near the
cavity entrance respond to lower pH in the same manner as the intact protein,”697

meaning that the A-B and G-H loops form the closed loop conformation. Diffuse
electron density was also found within the β-barrel, which the authors hypothe-
sized resulted from one or more buffer or cryoprotectant molecules.697

The overall similarity of the calculated NMR structure of apoNP2 to the struc-
ture of the NP2 holoprotein633 is remarkable. However, the packing of the β-barrel
itself is not entirely identical; the insertion of the heme results in a widening of the
the β-barrel opening in the holoprotein parallel to the plane of the macrocycle, by
outward displacement of the D and E β-strands by ∼1.4 Å. The ability of the exten-
sively H-bonded β-barrel core to undergo such an expansion is somewhat coun-
terintuitive, considering the rigidity that might be expected for this protein fold.
However, H/D exchange rates, measured with SOFAST-HMQC698 for the back-
bone amides, indicate that the backbone of the β-barrel core opposite to the side
that faces the α2 helix is fully accessible to the solvent, and thus must possess sig-
nificant structural plasticity. The “roof” of the heme cavity undergoes important
structural rearrangements on heme binding. Steric clashes between heme and the
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L132 side chain result in upward displacement of the H-strand, while downward
rearrangement of the G β-strand brings the L122 side-chain into close contact with
the heme, presumably by displacing water molecules from the heme cavity of the
apoprotein as heme binds. It is noteworthy that both of these residues are con-
served among all NPs.

The H/D exchange lifetimes indicate that the residues that show the slowest H/D
exchange rates are localized on the α2 helix and F, G, H and A strands of the β-
barrel. The slow exchange rates are indicative of the presence of a compact
hydrophobic core involving the FGHA part of the β-barrel with the opposing side of
the barrel exhibiting a higher degree of plasticity. Higher plasticity may account
for the fact that the heme ruffling (and therefore its Em) is insensitive to the bulkiness
of the hydrophobic side chain residues located in that part of the protein. However,
the steric requirements of the residues located in the rigid part of the β-barrel do dis-
rupt the planarity of the heme, and undoubtedly modulate its Em significantly. The
rigidity of the β-barrel fold makes it uniquely suited for heme proteins such as the
NO-carrying/releasing NP proteins, where a very strong electrochemical stabilization
of the oxidized metal center is required. Mainly α-helical proteins cannot exert such
pressure on the heme, and thus have flat hemes with much higher Ems, meaning that
FeIII is much more easily reduced to FeII when the heme is flat. Thus, for release of
NO with nM Kds, the ruffled heme thus helps maintain the FeIII oxidation state.

The 1H{15N}-HSQC spectrum of the high-spin protohemin-containing holo-
NP2 aqua complex showed doubling of a significant number of resonances
because of the A:B disorder of the protohemin (1:8 at equilibrium170). Therefore
the symmetrical hemin, Figure 56, with the GSHM0D1 N-terminus present, was
used for detailed studies. Nearly complete assignment of the backbone spin-sys-
tems of the ligand-free high-spin holo-NP2 was obtained.696 Not including the pro-
lines and N-terminal GSHM sequence, the following were not observed in the 3D
triple-resonance experiments and thus were not assigned: Y38, C39, S40, L55,
Y56, H57, F66, I120, L122, L129, and L132. Backbone amide groups of all of
these are located within 10 Å of the S = 5/2 metal center in the crystal structure
(2A3F), and are thus expected to be broadened significantly. The holoprotein
shows significantly greater dispersion of 1H{15N}-HSQC resonances, due to
pseudocontact shifts and the macrocycle ring current.696 As a result, it was possible
to obtain all assignments from HNCACB/CBCA(CO)NH and HNCA/HN(CO)CA
experiments alone.696 Further study of the structure and especially the dynamics
of NP2 over multiple time scales is ongoing, but, based on the information about
the role of extra residues at the N-terminus gained from the study of NP2(D1A)
discussed above in Section IV.A.10.a(i), by using a construct which has the native
N-terminus, and a C-terminus His6-tag to allow rapid purification of small
isotopically labeled protein samples.699
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b. NMR spectroscopy of the hemin-containing heme oxygenases

Heme oxygenases (HOs) are found in organisms as simple as bacteria and as com-
plex as humans. They are also found in plants, where they are soluble enzymes in
which the product biliverdin is a starting point for the construction of linear, light-
sensing tetrapyrrole pigments.700 The heme oxygenase proteins bind hemin, which
is then both the active site of the enzyme, as well as its substrate. A histidine is the
heme ligand, and there is no distal His. The oxygenase mechanism is believed to
involve a ferric hydroperoxide intermediate, as discussed below, rather than the
ferryl Compound I species common to cytochromes P450.701 The heme ring is
cleaved at the meso-α-carbon in the case of animals, in a reaction that requires
three molecules of O2, seven electrons and nine protons,702 and produces inorganic
iron, carbon monoxide and a tetrapyrrole, biliverdin, which is subsequently
reduced to bilirubin; both biliverdin and bilirubin are powerful antioxidants.
Pathogenic bacteria such as Pseudomonas aeruginosa (Pa), Corynebacterium
diphtheriae (Cd) and Neisseriae meningitidis (Nm) use their heme oxygenase
enzymes to “mine” iron from their hosts, and the HOs of these organisms are not
necessarily regioselective for the α-meso-carbon; for example Pa-HO (sometimes
called PigA) produces 70% δ-, 30% β-biliverdin,147 while wild-type Cd-HO
(sometimes called HmuO) produces 100% α-biliverdin,148,703 as does Nm-HO
(sometimes called HemO).704

For humans there are two well-characterized isoforms of heme oxygenase,
HO-1 and HO-2.705,706 HO-1 is an inducible isoform, 33 kDa, that is expressed in
response to stress (oxidative stress, hypoxia, heavy metals, cytokines, etc.). HO-2
is the constituitive isoform, 36 kDa, which is expressed under homeostatic condi-
tions, and carries an extra ~20 amino acids at the N-terminus. Both human HOs
have a C-terminal hydrophobic tail (∼25 amino acids), which can be cleaved,705

that binds them to microsomes, and both HO-1 and HO-2 are ubiquitously
expressed and catalytically active. The X-ray crystal structures of human,707–712

rat713–717 and four bacterial (Nm,718,718 Cd,720 Pa,721 and Synechocystis sp. PCC
6803722) HOs have been reported. An example structure, that of Pa-HO, is shown
in Figure 66. As can be seen, the protein is highly helical, with the heme sand-
wiched between helices I,II and VII,VIII. The distal helix VII,VIII is very tightly
packed against the O2-binding site of the heme, and a Gly residue is believed to be
very important to the activity of the enzyme, as discussed below. In mammals the
transfer of electrons from NADPH to the enzyme is mediated by cytochrome P450
reductase,723 while Pa-HO has a NADPH-binding, FAD-containing ferredoxin
reductase, Pa-FPR, which shuttles the electrons to Pa-HO.724 A small ferredoxin,
Pa-Bfd, that can incorporate a [2Fe-2S]2+/1+ center, had earlier been thought to
shuttle the electrons from Pa-FPR to Pa-HO, but that was found not to be the case;
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Pa-FPR does the job alone.724 It is interesting that both the mammalian and the
bacterial (at least in P. aeruginosa) HO enzymes get their electrons from flavin-
containing reductases. More recently it was discovered that the mobilization of
iron from bacterioferritin B requires the binding of apo-Bfd, and to date it appears
that Bfd does not function as a normal electron-transfer ferredoxin, despite the fact
that one can assemble a 2Fe,2S cluster in its fold.725

NMR spectroscopy has been used by the groups of both La Mar and Rivera to
study the bacterial HOs, while La Mar initially and even recently has studied
mammalian, and most often the human HO-1. The La Mar papers are technically
extremely detailed and do not lend themselves to being presented as figures in a
review article. In spite of that, the work is extremely well done. La Mar and his
group do not begin by assigning the 1H{15N}-HSQC spectrum and work outward
to the side chains, but rather begin with the side chains that are affected by the
presence of the paramagnetic heme.678 If the structure of the protein is not avail-
able, they use the NOESY and TOCSY spectra of the low-spin cyanoferrihemin
state to assign the side chain resonances of all residues which interact with the
substituents of the hemin, and use the expected pseudocontact shifts to refine the
assignment of these residues, and their exact placement.678 From this point they
will go back to the high-spin and apoprotein states and look at the NOESY and
TOCSY spectra of the apoprotein and see which resonances are “bleached” by
binding of the paramagnetic heme, based on the protein sequence, side chain type
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Figure 66. Structure of Pa-HO in its ferric resting state (PDB file: 1SK7) illustrating the
α-helical fold, the positioning of the heme, and the axial coordination by a His-imidazole and
water ligands. The heme is “sandwiched between the proximal helices (I and II) and the dis-
tal helices (VII and VIII). The loop between the two distal helices is typically referred to as the
helix kink. Reprinted from Rodriguez, J. C.; Zeng, Y.; Wilks, A.; Rivera, M. J. Am. Chem. Soc.
2007, 129, 11730–11742, with permission from the American Chemical Society.
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(usually focusing on the aromatic resonances), and assign these in light of the
assignments for the low-spin cyanoferihemin state. If the structure of the protein
is available, they proceed in the same general way, but use the protein structure to
choose the side chains on which to focus, and again use the expected pseudocon-
tact shifts to refine the placement of these residues.727 The Rivera papers tend to
utilize newer multidimensional NMR methods, which include those for complete
assignment of the protein sequence, the side chains, and their dynamics, methods
that capitalize on isotopic labeling of the heme or of the polypeptide.

NMR spectroscopy has been used to study HOs for three main purposes:
(a) To investigate propionate-polypeptide interactions, which, to a large extent,
seat the heme in the pocket and determine regioselectivity (in their absence the
heme is free to undergo large-amplitude in-plane motions, which appears to be
a property so far unique to HOs); (b) to investigate the heme electronic structure
and its possible implications in heme catabolism; and (c) to investigate dynamic-
reactivity relationships, including those which involve water molecules in the distal
pocket. Each of these topics will be covered in turn in the bacterial HO section.

i. NMR study of high- and low-spin mammalian heme oxygenases

The first paper from the La Mar group, on recombinant rat HO, appeared in
1994,726 and is referenced in the Porphyrin Handbook chapter.19 The labeling of
the spectra in Figures 2 and 3 of that work does not agree with the captions given,
but can be interpreted by studying the spectra in the Porphyrin Handbook chap-
ter.19 It was reported that rat HO-1 had ∼1:1 heme heterogeneity (later refined as
55:45%678) and an “unusual hemin electronic structure that is characterized by
large differences in delocalized spin density for the two positions within a given
pyrrole, rather than the more conventional large differences between adjacent
pyrroles.”726 This “unusual” hemin electronic structure was caused by the fact that
the axial histidine was aligned close to two of the meso carbons (β,δ ) rather than
along the heme nitrogens (Figure 11), as had been the case for the myoglobins and
hemoglobins that had been studied earlier by this group. The pattern was recog-
nized as being similar to one published previously for model hemes having one
unique substituent on one phenyl ring of the [TPPFe(NMeIm)2]

+ (where one rela-
tively electron-donating substituent leads to choice of the former 3e(π) orbital
with node passing through the two meso-C which do not contain that unique sub-
stituent as the orbital preferred for spin delocalization, Figure 2, left, Figures 18
and 40),211 but was believed by the authors to be due to “a perturbation of the heme
by the protein matrix,” one that might “activate the heme for attack at the α-meso
position.”726 The heme heterogeneity did not affect the α-meso selectivity of
human HO-1.726
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In 1998 the second publication by La Mar and coworkers appeared, the first
on recombinant human HO-1, hereafter called hHO-1, in which 2D NMR studies
of substrate-free hHO-1 (apo-hHO-1) were reported.678 This paper is also refer-
enced in the Porphyrin Handbook chapter.19 A cluster of nine mobile aromatic
residues whose signals were largely “bleached” on binding high-spin hemin reap-
pear at different chemical shifts in the low-spin cyanide-inhibited hHO-hemin
complex.678 There was also heme heterogeneity for hHO-1, but the ratio of the two
heme orientations was about 3:1 (later refined to 3.5:1727) after adding “excess
cyanide” and equilibrating for 2–3 days.678 (Interestingly, the nitrophorins NP2
and NP3, which have heme A:B orientations significantly different from 1:1,143,146

do not equilibrate the two heme orientations over time periods of weeks to months
after addition of even a single equivalent of cyanide or other strong-field ligand.
This is in agreement with the difference in protein fold of the two classes of
proteins, and also suggests that the heme binding constant to hHO-1 is much
smaller than that to the NPs, which is consistent with the function of each of these
proteins.)

Resonance assignments allowed placement of the aromatic clusters into prox-
imal, distal or peripheral positions over specific pyrrole rings, based on dipolar
(NOE) contacts and/or relaxation effects. The three aromatic clusters were
located, one on the proximal side adjacent to the axial His, and the other two
peripheral and distal to the pyrrole I/II junction, the site of heme oxidation.678 The
heme methyl NOE contacts, when compared to those of globins or peroxidases,
were judged to reflect an “open” pocket, where hemin binds in the preformed aro-
matic cluster of hHO with pyrrole rings I and II and parts of pyrrole ring IV buried
in the protein, with pyrrole ring III largely exposed to the solvent, and with the
proximal side oriented toward the protein surface and the distal site toward the
protein interior.678 A distal labile proton was located, which was found to serve as
the H-bond donor to cyanide, and was felt to likely be the origin of the spectro-
scopically-detected pKa of ∼7.6 in the hHO-hemin complex, and was felt to prob-
ably arise from the same distal residue that serves as the H-bond donor to the
activated O2. The distal base was identified as a Tyr.678

Three years later, in 2001, after the crystal structure of hHO-1 had appeared,707

the Tyr was identified as two Tyr, Y58 and Y137, both on the distal side of the
heme binding pocket.727 It was found, by identifying unique protein resonances by
using the crystal structure information, that the major heme isomer was the oppo-
site one to that shown in the crystal structure, and a distal four-ring aromatic clus-
ter had moved 1–2 Å closer to the heme, which allowed for stronger H-bonds from
the two Tyr.727 The Fe-CN orientation showed a ∼20° tilt of the distal ligand from
the heme normal in the direction of the α-meso position, which suggested that the
close placement of the distal helix over the heme exerted control of sterospecificity
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by both blocking access to the β, γ, and δ-meso positions and by tilting the axial
ligand, i.e., a proposed peroxide, toward the α-meso position.727 The same group
then used the symmetrical hemin (Figure 56), 2,4-dimethyldeuterohemin, to fur-
ther characterize the heme binding site of hHO-1.728 A unique distal network was
found that involves particularly strong hydrogen-bonds, as well as inter-aromatic
contacts. It was proposed that this network stabilized the position of the catalyti-
cally critical distal helix Asp-140 carboxylate.728 Most of the residues of the distal
helix (Y134 to L147) and a number of others were assigned. G143 had the largest
observed N–H, CαH1 and CαH2 shifts, and the pseudocontact contribution could
not be modeled without off-axis binding of the cyanide ligand.728 Later the same
year a study of eight strong hydrogen-bonds from immobilized water molecules
within the strong distal H-bonding network of cyanide-inhibited hHO were
detected by NMR spectroscopy.729 It was demonstrated that significant magneti-
zation transfer from the bulk water signal to these eight labile protons did not
result from chemical exchange, but rather from direct nuclear Overhauser effect,
due to the dipolar interaction of these labile protons with “ordered” water mole-
cules.729 The enzyme labile-proton-to-water-proton distances were estimated as
∼3 Å. It was proposed that the role of the strong H-bonding network was to immo-
bilize numerous water molecules which both stabilize the activated hydroperoxy
species and also funnel protons to the active site.729

A study of “substrate-free” human heme oxygenase (apo-hHO-1) published
in 2004730 identified five conserved secondary structural elements and detected
highly characteristic dipolar or H-bond interactions among these elements to con-
firm a strongly-conserved folding topology of helices C–H relative to that of sub-
strate complexes in either solution or crystals. Correction of the chemical shifts
for paramagnetic and porphyrin ring current influences in the paramagnetic sub-
strate complex revealed that the strength of all but one of the relatively robust H-
bonds was conserved in apo-hHO, and that similar ordered water molecules were
located near these H-bond donors, as in the substrate-bound complexes.730 The
unique and significant weakening of the Y58-OH H-bond to the catalytically crit-
ical D140 carboxylate in apo-hHO was suggested to arise from removal of the
axial H-bond acceptor ligand rather than the loss of substrate. The interhelical
positions of the conserved strong H-bonds were seen to argue for a structural role
in maintaining a conserved structure for helices C–H on loss of substrate.730

While it was found that the structure and H-bond network were largely conserved
upon loss of substrate, the variably increased rate of NH lability dictated a sig-
nificant loss of dynamic stability in the conserved structure, particularly near the
distal helix F.730

Although there are three additional papers on the topic of hHO-1 published
after 2004, they seem to be aimed at goals related to the bacterial proteins, and will
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therefore be discussed below, together with the bacterial HOs studied by the La
Mar group.

ii. NMR studies of bacterial heme oxygenases

Meanwhile, Rivera began his NMR investigations of heme proteins on outer mito-
chondrial membrane cytochrome b5 (OMb5) in 1996,186 following publication of
the method used for preparing 13C-labeled heme by expressing this protein in 13C
medium the year before,180 and discussed earlier in Section II.D.3, Figure 13. The
1996 paper was a study of the role played by the propionates of OMb5 in the elec-
trostatic binding to cytochrome c.186 Although the role of OMb5 was unknown
when the gene for the rat protein was synthesized and the protein investigated in
the early 1990s,731–733 it is now known that cytochromes c and OMb5 are redox
partners in the intermembrane space of mitochondria of at least three eukaryotes
(rat, mouse, human).734 In addition, OMb5 has been shown to be the electron donor
to mitochondrial amidoxime reducing component, mARC, a newly-identified
molybdoenzyme in the outer mitochondrial membrane;735,736 OMb5 in this case is
reduced by a mP450 reductase.735,737,738

For the study of cytochrome c/OMb5 interactions, titrations of three 13C-
hemin-containing OMb5 isomers, where the three were prepared from 1-13C-ALA,
3-13C-ALA and (1,2-13C)2-ALA (Figure 13), with horse cyt c showed clearly that
only the heme propionate located on the exposed heme edge of OMb5 participates
in formation of this electrostatic complex. It was also shown that the stoichiome-
try of the complex is 1:1, and it has a conditional binding constant of 3.8 × 104 M−1

at µ = 0.02 M.186 As part of this work, the X-ray crystal structure of OMb5 was
solved at 2.7 Å and was shown to be almost identical to that of bovine microso-
mal cytochrome b5, when compared at medium resolution.186 Follow-ups to this
study included complete isomer-specific 1H and 13C NMR assignments of the
heme resonances of rat liver OMb5,

190 which exists as a 1:1 ratio of the two heme
orientations. For this study a variety of NMR experiments were used, including
HMBC, INADEQUATE, and the more commonly used HMQC, NOESY and
COSY experiments,190 and a new experiment, called INEPT-INADEQUATE.188,189

This experiment was created because assignments that would normally be per-
formed with the aid of HMBC experiments in diamagnetic molecules proved dif-
ficult in the active site of a paramagnetic heme protein where T2

−1 > 2JCH. To
circumvent this problem, a new method was presented to selectively detect 1H in
1Hn–

13C–13C fragments biosynthetically introduced into the active sites of heme
proteins.189 The pulse sequence combines well-known building blocks such as
INEPT to transfer 1H spin magnetization to bonded 13C nuclei, followed by INAD-
EQUATE to generate 13C–13C double-quantum coherence that is selected with
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pulsed field gradients, and finally reverse-INEPT to transfer the magnetization
back to 1H nuclei for subsequent observation.189 This 1Hn–

13C–13C edited experi-
ment took advantage of the relatively large values of 1JCH and 1JCC, which avoid the
long interpulse delays in HMBC that compromise the detectability of rapidly-
relaxing nuclei. The potential applicability of the pulse sequence was first demon-
strated by its contribution to the unambiguous assignment of the carbonyl carbons
in the heme propionates of ferricytochrome b5,

189 and then to the complete 1H and
13C assignment of both hemin isomers of ferriheme OMb5.

190

Additional directions in the study of OMb5 involved probing the differences
between rat liver OMb5 and bovine microsomal cytoderome b5

739 and comparing
the large difference in plasticity of the two proteins,740 but the observation that
most related to future studies of heme oxygenases was the fact that the H63M
mutant of OMb5, which was prepared for a totally different purpose, when puri-
fied by ion exchange chromatography in air, became green in color.741 Further
study showed that the protein contained a product of coupled oxidation of heme,
verdoheme.741 Later study of the H39V mutant of OMb5,

742 which could catalyze
oxidation of heme to biliverdin in the presence of hydrazine and O2, provided the
important insight that catalase (an enzyme that disproportionates 2 H2O2 to H2O
and O2) did not inhibit formation of biliverdin by this OMb5 mutant, and thus no
free H2O2 was produced.742 However, the H63V mutant under the same conditions
led to formation of verdoheme, but was completely inhibited by catalase, and only
meso-hydroxyheme was produced under those conditions.742 These findings illus-
trated the subtle but important mechanistic differences between the coupled oxi-
dation reaction, where exogenous H2O2 reacts with a ferrous heme site to produce
hydroxyheme, and heme oxygenation, where a ferric hydroperoxide moiety
hydroxylates the heme to hydroxyheme (Section IV.A.6.c(vii)).

(a) Heme propionate-polypeptide interactions dictate
regioselectivity in HOs

By this time, Rivera was well into the study of Pa-HO, in collaboration with Wilks
and coworkers.147 Pa-HO is an interesting bacterial heme oxygenase, in that it is
not specific for oxidation at the α-meso position, but rather at the β- and δ-meso
positions (30% and 70%, respectively147). Since Pseudomonas aeruginosa only
uses the heme to obtain iron, it does not matter where the heme ring is attacked.
In a paper published in 2002,147 Rivera used specifically 13C-labeled ALAs to pro-
duce specifically 13C-labeled hemes in OMb5, which could then be extracted and
inserted into apo-Pa-HO (Figure 13, Section II.D.3). Using these labeled-heme-HOs
it was possible to study the heme resonances by 1H and 13C NMR and resonance
Raman spectroscopy.147 Whereas the rR spectra indicated that the heme-iron ligation
in Pa-HO is homologous to that observed in previously studied α-hydroxylating
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HOs, the NMR studies suggested that the heme in this enzyme is seated in a man-
ner that is distinct from that observed for all α-hydroxylating HOs for which struc-
tures were available (hHO-1 and Nm-HO at that time). It was found that the heme
of Pa-HO is rotated in-plane by ∼110°, so that the δ-meso-C of the major orienta-
tional isomer is located within the HO-fold in close to the same place where the
α-hydroxylating enzymes typically place the α-meso-C.147 The unusual heme seat-
ing displayed by Pa-HO, which was elucidated solely on the basis of 1H and
13C NMR spectroscopic studies, was later confirmed by X-ray crystallography.721

The unusual heme seating places the heme propionates so that they point in the
direction of the solvent-exposed heme edge. This orientation appears to originate
mainly from the absence of stabilizing interactions between the polypeptide and
the heme propionates,147 which in hHO-1 and Nm-HO involve Lys16 and Tyr134,
and Lys16 and Tyr112, respectively; the corresponding residues in Pa-HO are
Asn19 and Phe117.

In agreement with this, preparation of the N19K/F117Y double mutant of
Pa-HO produced a protein which showed a mixture of two distinct heme seatings,
one of which was identical to that of wild-type Pa-HO, while the other had the
alternative heme seating that was rotated by ~110°, and is very similar to the heme
seating in h-HO-1 and Nm-HO.147 Chemical exchange was observed between pro-
tein molecules having the two heme seatings for both heme orientational isomers,
as shown in the EXSY spectrum of Figure 67, and thus the change in heme seat-
ing is active on the NMR timescale.147 The authors proved that it was the heme that
was moving, rather than the axial histidine imidazole plane, by finding an NOE
from one of the γ-Me of Val33 to 1M and 3′M of the heme. The products of the
Pa-HO double mutant were α- (55%), β- (10%) and δ-biliverdin (35%).147

In 2004, Rivera, Wilks and coworkers investigated the regioselectivity of the
Arg-177 mutants of Corynebacterium diphtheriae heme oxygenase as a conse-
quence of in-plane heme disorder.743 This study was prompted by the report that
R183E and R183D mutants of rat HO-1 produce approximately 30%
δ-biliverdin.744 Two plausible mechanisms were proposed to explain the observa-
tions. (a) Electrostatic repulsion between E183 (D183) and one of the heme pro-
pionates forces the heme to rotate, thereby placing the δ-meso carbon in a position
that is susceptible to oxidation, or (b) rearrangement of the distal pocket structure
is triggered by the formation of an H-bond between E183 (D183) and K179.744 A
change in the pKa for the FeIII–H2O to FeIII–OH transition of the mutants was
interpreted as being consistent with rearrangement of the H-bond network in the
distal pocket. The large similarities between the high-frequency portion of the 1H
NMR spectra corresponding to the wild-type and R183E and R183D mutants were
interpreted to indicate that the heme in the mutants is not rotated to a significant
extent.744
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Rivera, Wilks and coworkers re-examined this issue by studying the corre-
sponding R177 mutants in HO from Corynebacterium diphtheriae, Cd-HO.743

The replacement of R177 with E or D results in the formation of approximately
55% α- and 45% δ-biliverdin, whereas the R177A mutant retains α-regioselec-
tivity. In addition, the K13N/Y130F/R177A triple mutant catalyzed the forma-
tion of 60% δ-, and 40% α-biliverdin, while single mutants K13N and Y130F
did not appreciably change the regioselectivity of the reaction.743 The pKa of the
FeIII–H2O to FeIII–OH transition in wild-type Cd-HO is 9.1, and those of the
R177E, R177D, R177A and K13N/Y130F/R177A mutants are 9.4, 9.5. 9.2 and
8.0, respectively. Thus, no obvious correlation exists between the changes in
pKa and the altered regioselectivity. NMR spectroscopic studies conducted with
the R177D and R177E mutants of Cd-HO revealed the presence of three heme
isomers: A major (M) and a minor (m) heme orientational isomer related by a
180° rotation about the α–γ meso axis and an alternative seating (m′) which is
related to m by an 85° in-plane rotation of the macrocycle.743 The in-plane rota-
tion of m to acquire conformation m′ is triggered by electrostatic repulsion
between the side chains of D or E at position 177 and heme propionate-6. As a
consequence, the δ-meso carbon in m′ is placed in the position occupied by the
α-meso carbon in m, where it is susceptible to hydroxylation and subsequent
formation of δ-biliverdin.743
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Figure 67. EXSY spectrum of the double mutant of Pa-HO-CN. The heme methyl resonance
arising from the wild-type and alternative heme seatings are labeled as 1, 3, 5, 8 and 1′, 3′,
5′, 8′, respectively, recorded at 10 °C. Reprinted from Caignan, G. A.; Deshmukh, R.; Wilks, A.;
Zeng, Y.; Huang, H.; Moënne-Loccoz, P.; Bunce, R. A.; Eastman, M. A.; Rivera, M. J. Am.
Chem. Soc. 2002, 124, 14879–14892, with permission from the American Chemical Society.
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In 2005, Rivera and Wilks and coworkers also investigated a chimera prepared
from heme oxygenases from Pa and Nm, where Nm-HO was used, but with a
chimeric piece of Pa-HO, in which the 107–142 distal helix part of Nm-HO was
replaced by residues 112–147 of Pa-HO to produce Nm-HOch.745 Electronic
absorption spectra, resonance Raman and FTIR spectroscopic studies confirm that
the orientation and hydrogen-bonding properties of the proximal His ligand are
not significantly altered in the chimera relative to those of the wild-type proteins.
The catalytic turnover of the Nm-HOch-heme complex yields almost exclusively
α-biliverdin and a small but reproducible amount of δ-biliverdin.745 NMR spec-
troscopic studies revealed that the altered regioselectivity to the chimeric protein
likely stems from a dynamic equilibrium between two alternate in-plane confor-
mations of the heme (in-plane heme disorder). Replacement of Lys16 with Ala and
Met31 with Lys in the chimeric protein in an effort to tune key polypeptide-heme
propionate contacts largely stabilized the in-plane conformer which was con-
ducive to δ-meso hydroxylation.745

In 2006, La Mar and coworkers produced a triple mutant of hHO-1 that was
designed to make it behave like the Pa-HO studied by Rivera, Wilks and cowork-
ers in 2002. This triple mutant was K18E/E29K/R183E.746 Mutation of Glu29 to
Lys, which places a positive charge where it can interact with a heme carboxyl if
the heme rotates ∼90°, causes a slight loss of regiospecificity, but combined with
the R183E and K18E mutations results primarily in β/δ-meso oxidation of the
heme under all conditions.746 NMR analysis of heme binding to the triple mutant
confirmed rotation of the heme in the active site. Kinetic studies demonstrated that
mutations of Arg183 greatly impair the rate of the P450 reductase-dependent reac-
tion, in accord with the earlier finding that Arg183 is involved in binding of the
reductase to hHO-1, but has little effect on the ascorbate reaction. Mutations of
Asp140 and Tyr58 that disrupt the active site hydrogen-bonding network impair
catalytic rates, but do not influence the oxidation regiochemistry.746 The results
indicated both that the oxidation regiochemistry is largely controlled by ionic
interactions of the heme propionate groups with the protein, and that shifts in
regiospecificity involve rotation of the heme about an axis perpendicular to the
heme plane,746 both of which were in agreement with the original report of Rivera
and Wilks and coworkers in 2002147 and their subsequent investigations of the
R177E mutant of Cd-HO in 2004743 and the Nm-HO-Cd-HO chimera in 2005.745

Later analysis of the symmetrical hemin (Figure 56) complex of this mutant again
showed that the protein contacts for the major solution isomers of both substrates
dictate ∼90° in-plane clockwise rotation relative to that seen in the wt Nm-HO.747

The conventional interpretation of the pattern of substrate methyl hyperfine shifts,
however, indicated substrate rotations of only ∼50°. This paradox was resolved by
demonstrating that the axial His25 imidazole ring also rotated counterclockwise
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with respect to the protein matrix in the mutant relative to that in wild-type Nm-
HO.747 The axial His25 CβH hyperfine shifts were shown to serve as independent
probes of the imidazole plane orientation relative to the protein matrix. It was
stated that the pattern of heme methyl hyperfine shifts cannot be used alone to
determine the in-plane orientation of the substrate as it relates to the stereospeci-
ficity of heme cleavage, without explicit consideration of the orientation of the
axial His imidazole plane relative to the protein matrix.747 This is obvious, as
shown by Rivera and coworkers on wild-type Pa-HO-CN, where they found an
NOE between heme methyls 1 (major) and 3′ (minor) and a methyl of the protein
at –0.75 ppm, which was tentatively assigned as a γ-Me of Val33;147 if this is true,
then the His ligand has not changed its orientation, but rather the heme has rotated
by ~110°.

In 2006, La Mar and coworkers also characterized the spontaneous “aging” of
Nm-HO via cleavage of the C-terminus in contact with the substrate.748 2D NMR
characterization of the cyanide-inhibited substrate complex showed that the C-ter-
minal interactions between Arg208/His209 and the exposed pyrrole of the proto-
hemin substrate in the “native” Nm-HO complex is lost in the “aging”. Mass
spectrometry and N-terminal sequencing of wild-type and “aged” Nm-HO reveal
that the “aging process involves cleavage of the Arg208;His209 dipeptide.”748 The
construction of the double deletion mutant without these two amino acids, and its
NMR comparison as both the resting state substrate complex and its cyanide-
inhibited complex with the “aged” Nm-HO reveal that cleavage of this C-terminal
dipeptide is the only modification that takes place during the aging. Comparison
with cyanide ligand binding constants reveal a factor of ∼1.7 greater CN− affinity
in the native than the “aged” Nm-HO.748 The rate of protohemin degradation and
its stereoselectivity are unaffected by the C-terminal truncation. However, the free
α-biliverdin yield in the presence of desferrioxamine is significantly increased in
the “aged” Nm-HO and its deletion mutant relative to wild-type, which argues for
a role of the Nm-HO C-terminus in modulating product release.748 The facile
cleavage of Arg208/His209 in the resting state complex, with a half-life of
∼24 hours at 25 °C, suggested that previous characterization of Nm-HO may have
been carried out on mixtures of native and “aged” NM-HO, which may account
for the “lost” C-terminal residues in the crystal structure.748 A follow-up on this
study was published later the same year, in which the symmetrical hemin was used
instead of protohemin.749 The His207 from the C-terminus was found to interact
with the substrate 1CH3, as opposed to the 8CH3 in the protohemin complex. The
different mode of interaction of H207 with the alternate substrates was attributed
to the 2-vinyl group of protohemin sterically interfering with the optimal orienta-
tion of the proximal helix Asp27 carboxylate that serves as acceptor to the strong
H-bond by the peptide of His207.749 The symmetrical hemin (Figure 56) complex
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aged in a manner similar to that of protohemin, with mass spectrometry and N-
terminal sequencing indicating that the Arg208/His209 dipeptide is cleaved in that
case as well.749 The symmetrical hemin complex of wild-type Nm-HO populates
an equilibrium isomer stabilized in low phosphate concentration for which the
axial His imidazole ring is rotated by ∼20° from that in the wild-type. The His ring
reorientation is attributed to Asp24 serving as the H-bond acceptor to the His207
peptide NH, rather than to the His23 ring NδH, as in the crystals.749

(b) NMR studies of heme electronic structure and its potential
implications to the mechanism of heme oxidation

In 2003, Rivera, Wilks and their coworkers published a second paper on Pa-HO,
in which they studied the hydroxide complex as a model for the hydroperoxide
complex, the activated form of the enzyme which attacks its own meso-carbon.658

A 1H titration similar to that shown in Figure 61 yielded an approximate pKa of the
water bound to the heme of wt Pa-HO of ∼9.6 by this author’s rough estimate;
there was no remaining sign of high-spin resonances at pH 10.3.658 The chemical
shifts of the three exposed methyl groups of the major (70%) form of Pa-HO
observed outside the diamagnetic envelope were about 23, 17 and 14 ppm at
25 °C,658 which are considerably larger than in the NP2 case (19, 15 and 13 ppm,
also at 25 °C).146 However, the orientation of the imidazole plane of the His ligand
is about 90–110° different for the two proteins, which would lead to a larger aver-
age heme methyl chemical shift for Pa-HO as compared to NP2 at a given tem-
perature, assuming both of them are low-spin.8 The 1H chemical shifts of this
Pa-HO-OH complex, however, were smaller than those of the cyanide complex of
Pa-HO, (pH 7.4–10.0).658

To study the system further, 13C labeling of the heme was done, in which
5-13C-ALA was used to produce meso- and α-pyrrole 13C-labeled heme, and 4-13C-
ALA was used to produce α- and β-pyrrole 13C-labeled heme.658 Analysis of the
heme core carbon resonances revealed that the coordination of hydroxide in the
distal site of the enzyme resulted in the formation of at least three populations of
FeIII–OH complexes with distinct electron configurations and probable nonplanar
ring distortions that are in slow exchange relative to the NMR timescale.658 The
authors showed that the orbital of the unpaired electron makes a dramatic differ-
ence in the core carbon atoms of the heme, most of which (except for the meso-C)
do not have protons attached, and thus had not previously been probed. The 13C
resonances of these core atoms have totally different chemical shifts, both absolute
and relative, for the three electron configurations found to be important in this
study,658 as shown in Figure 68. The most abundant population (∼88% at 37 °C)
exhibited a spin crossover between S = 1/2 and S = 3/2 spin states (2/3 and 1/3 con-
tribution, respectively, at 37 °C), and the two less abundant populations exhibited
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pure S = 3/2 (∼10% at 37 °C) and S = 1/2, (dxy)
1 (∼2% at 37 °C) electron config-

urations, as shown in Figure 69. The major species shows strong temperature
dependence of the Cα and Cβ resonances, from ∼400 ppm at 37 °C to ~250 ppm
at 0 °C, which is opposite the direction expected for Curie behavior, and suggests
that the S = 1/2 dπ contribution to the spin-crossover species increases as the tem-
perature is lowered.658 In line with the work of others on model hemes,423–429 the
interconversion between these species at higher temperatures was believed to be
facilitated by the interconversion among various nonplanar conformations of the
porphyrin ring.658 It was proposed that the highly organized network of water mol-
ecules in the distal pocket of heme oxygenase, by virtue of donating a hydrogen
bond to the coordinated hydroxide ligand, lowers its ligand field strength and
thereby increases the field strength of the porphyrin (equatorial) ligand, which
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Figure 68. Left: Typical porphyrin core carbon chemical shifts for (a) FeIII-porphyrinates with
S = 1/2, dπ electron configuration, (b) FeIII-porphyrinates with the S = 1/2, (dxy)1 electron con-
figuration, and (c) FeIII-porphyrinates with the S = 3/2, (dxy)2(dxz,dyz)2(dz2)1 electron configura-
tion. Right: Schematic representation (adapted from Ref. 84) of the 3a2u(π) and 3e(π) porphyrin
orbitals. The relative sizes of the circles at each atom are proportional to the calculated elec-
tron density. The possible interactions between the dxy orbital and the porphyrin nitrogens of
a ruffled porphyrin which allow spin delocalization into the 3a2u(π) orbital are shown
schematically next to this orbital. Reprinted from Caignan, G. A.; Deshmukh, R.; Zheng, Y.;
Wilks, A.; Bunce, R. A.; Rivera, M. J. Am. Chem. Soc. 2003, 125, 11842–11852, with
permission from the American Chemical Society.
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results in nonplanar deformations of the macrocycle.658 This tendency to deform
from planarity, which is imparted by the ligand field strength of the coordinated
OH–, is likely reinforced by the flexibility of the distal pocket in HO.658 The
authors suggested that if the ligand field strength of coordinated OOH− in heme
oxygenase is modulated in a similar manner, the resultant large spin density at
the meso carbons and nonplanar deformation of the porphyrin ring may prime the
macrocycle to actively participate in its own hydroxylation.658 This work will be
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Figure 69. 13C NMR spectra (37 °C) of Pa-HO-OH (pH* = 10.3) reconstituted with heme
labeled at the Cα and Cm (A) and Cα and Cβ carbons (B). Peaks corresponding to the popula-
tions exhibiting the S = 1/2,3/2 spin state crossover are highlighted by blue boxes, and peaks
corresponding to the population with the S = 3/2 spin state are highlighted by red boxes.
Reprinted from Caignan, G. A.; Deshmukh, R.; Zheng, Y.; Wilks, A.; Bunce, R. A.; Rivera, M.
J. Am. Chem. Soc. 2003, 125, 11842–11852, with permission from the American Chemical
Society.
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discussed further below, after discussion of a paper by La Mar and coworkers659

that misquoted the results of this study658 in the abstract of that paper.
In 2006, the La Mar group published a paper in which the 2003 paper of

Rivera and coworkers on the hydroxide complex of Pa-HO658 was attacked, first
in the abstract of the 2006 paper.659 Instead of the Pa-HO complex, La Mar and
coworkers used the Nm-HO complex, and their abstract says in part, “The avail-
able [pseudocontact] shifts allowed the quantitation of both the orientation and
anisotropy of the paramagnetic susceptibility tensor [of Nm–HO–OH]. The result-
ing positive sign, and reduced magnitude of the axial anisotropy relative to the
cyanide complex, dictate that the orbital ground state is the conventional “dπ”
(dxy)

2(dxz,dyz)
3); and not the unusual “dxy” (dxz

2dyz
2dxy) orbital ground state reported

for the hydroxide complex of the homologous heme oxygenase (HO) from
Pseudomonas aeruginosa658 and proposed as a signature of the HO distal cav-
ity.”659 There are several factual errors in these two sentences: 

(1) Rivera et al. did not report that the “dxy” electron configuration was the orbital
ground state of Pa-HO–OH, but rather, as summarized above, they reported
that there were at least three species present in the solution, the major one of
which (88% at 37 °C) had a mixed spin state of S = 3/2 (1/3) and S = 1/2 (2/3)
dπ, the latter of which became more important as the temperature was low-
ered;658 a pure S = 3/2 ground state species was found to account for 10%; and
the dxy ground state species was reported to comprise 2% at 37 °C.658

(2) Rivera et al. did not propose “the dxy ground state as a signature of the HO dis-
tal cavity.” They did propose that at higher temperatures, such as 37 °C, the
heme was able to access a number of nonplanar conformations, and that as the
temperature was decreased the heme ring became less flexible and more rigidly
planar.658 They also mentioned the model heme paper on the t-butylperoxide,
methoxide complex of TPPFeIII,481 discussed earlier in Section IV.A.8.a.
This author was one of the coauthors (with Rivera) of that paper, which
clearly showed, by pulsed EPR spectroscopy at 4.2 K, that the electronic
ground state was purely (dxy)

2(dxz,dyz)
3, a conventional dπ electronic ground

state, yet at room temperature the 13C-meso-carbon shift was very large,
which suggested at least some population of a (dxz,dyz)

4(dxy)
1 electronic ground

state. By fitting the temperature dependence of the 13C chemical shift over
the temperature range of the liquid state of the solvent (CD2Cl2) it was also
shown that the two were connected, not as ground and excited state configu-
rations, but as a chemical equilibrium, probably between a planar porphyrin
conformation that was stable at low temperatures, and a ruffled porphyrin
conformation which became populated at higher temperatures by dynamic
changes in porphyrin conformation.481 For some reason this paper has raised
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the ire of several research groups,659,750 who certainly did not read it carefully;
in addition, some simply ignored it751 because of what others659,750 had said
(incorrectly) about it. In the comments in the abstract of the 2006 La Mar
group paper being discussed,659 much of the ire expressed toward Rivera actu-
ally came from the mistaken convolution of the 2003 paper on Pa-HO658 and
the incorrectly-perceived conclusions of the model heme paper.481

(3) Pa-HO and Nm–HO are not homologous proteins, unless one believes that
protein fold is the only thing important. Even so, they are only 37% identical
in sequence;752 Nm-HO is 26% identical in sequence with hHO-1,753 while
Pa-HO is only about 14% identical in sequence with hHO-1.752,753

(4) Pa-HO has a pKa of the water molecule bound to Fe of about 9.6,658 whereas
Nm-HO has a pKa of at least 10.3659 (both of these values have been estimated
by this author from the titration spectra shown in the two publications658,659).
This could make it more difficult to obtain 2D NMR spectra of the completely
deprotonated form of the Nm-HO protein, and the authors mention strong
chemical exchange cross peaks in their NOESY(EXSY) spectra of Nm-HO-
OH.659 This was not a problem in the Pa-HO-OH study, in part because 13C
spectra (1D) were recorded, where, because of the much larger chemical shift
differences for 13C, the system is not in chemical exchange on the NMR time
scale.

(5) La Mar and coworkers mention that the temperature dependence of the heme
methyl shifts of Nm-HO-OH do not behave the Curie law, with “weak Curie
behavior for 3M (apparent intercept at T−1 = 0 of 19 ppm) and weak anti-Curie
behavior for the 8M peak (apparent intercept at T−1 = 0 of 30 ppm).”659 This
strongly indicates that spin states in addition to S = 1/2 are involved. The chem-
ical shifts of the heme methyl protons alone, presented in both papers,659,658 are
rather different for the two proteins, but only three of each were assigned. They
are in the order 3 > 8 > 5 > 1 for Nm-HO–OH, with chemical shifts of about
20, 19, and 13 ppm;659 based on the angle plot it is likely that 1M is at about 10
ppm, which would mean that the spread of the resonances is about 10 ppm and
the average about 15.5 ppm. Those for Pa-HO–OH are somewhat larger
(methyl shifts from 24 to about 12 ppm, spread of 12–12.5 ppm, average shift
of ~16.6 ppm),658 as expected for the larger average chemical shift of the Pa-
HO–OH protein due to the difference in histidine imidazole plane orientation.8

Thus, it is probable that the heme methyl chemical shifts of the two HO–OH
complexes are indicative of the same spin state or mixture of spin states,
although not necessarily in the same percentages.

The Pa-HO–OH shifts are, however, much smaller than those of all of the
metMb–OH complexes whose chemical shifts have been reported previously,
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which range from nearly 40 to 20 ppm.754–759 All of these hydroxide complexes
have small spreads of the four heme methyl resonances (10.5–12.1 ppm), and
large average heme methyl shifts (35.3–33.1 ppm), with T. akamusi metHbV–OH
having the smallest spread (10 ppm) and the smallest average shift (25.9 ppm).
The order of heme methyl resonances for the metMb–OH and one metHb–OH
complexes (5 ≥ 8 > 3 > 1 for most) does not match any prediction of the angle plot
that is based on a low-spin (dxy)

2(dxz,dyz)
3 electron configuration (Figure 11). The

large sizes of the methyl shifts and their order thus suggest strongly that the spin
state is not S = 1/2 for metMb–OH complexes, a conclusion that had been implied
in the section of Ref. 19 which discussed the hydroxide complexes. In line with
the findings of Rivera and coworkers, based on 13C chemical shifts of the heme
substituent resonances of Pa-HO–OH,658 we suspect that metMb–OH complexes
are mixed S = 3/2,1/2 spin state complexes with considerably more S = 3/2 char-
acter than exhibited by Pa-HO–OH.

In 2005, Rivera and Wilks and coworkers investigated the azide complexes
of Pa-HO and Nm-HO by 1H and 13C NMR spectroscopy.149 These complexes
were shown to exist as an equilibrium mixture of two populations, one exhibit-
ing an S = 1/2 (dxy)

2(dxz,dyz)
3 electron configuration and planar heme and a sec-

ond with a novel S = 3/2, (dxz,dyz)
3(dxy)

1(dz2)1 spin state and likely nonplanar
heme.149 At physiologically relevant temperatures, the equilibrium is shifted in
the direction of the population exhibiting the novel S = 3/2 electron configuration
and nonplanar heme, whereas at temperatures approaching the freezing point of
water, the equilibrium is shifted in the direction of the population with the S = 1/2
dπ electronic structure and planar heme. These findings indicate that the microen-
vironment of the distal pocket in heme oxygenase is unique among heme-
containing proteins, in that it lowers the σ-donating (field strength) ability of the
distal ligand and, therefore, promotes the attainment of heme electronic struc-
tures thus far only observed in heme oxygenase.149 When the field strength of the
distal ligand is slightly lower than that of azide, such as OH−,658 the correspon-
ding complex exists as a mixture of populations with likely nonplanar hemes and
electronic structures that place significant spin density at the meso positions. The
ease with which these unusual heme electronic structures are attained by heme
oxygenase is likely related to activation of meso-carbon reactivity which, in turn,
facilitates hydroxylation of a meso-carbon by the obligatory ferric hydroperoxide
intermediate.149

Also in 2005, Rivera, Wilks and coworkers used 5-13C-ALA to synthesize a
combination meso- and α-labeled heme (Figure 13) and used it to reconstitute apo-
Nm-HO, to investigate the nature of the verdoheme oxidation product that is
formed by α-meso oxidation.760 The 13C NMR data indicated that the ferrous ver-
doheme complex of Nm-HO is six-coordinate and diamagnetic, with a proximal
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His and distal hydroxide as axial ligands. The coordination number and spin state
of the verdoheme-HO complex are in stark contrast to the 5-coordinate and para-
magnetic nature of the heme-HO complex, and heme centers in general.

Several years later, in 2009, La Mar and coworkers used the hHO-1 azide
complex761 to attack Rivera and coworkers a second time. They claimed that the
spin state of the azide complex was pure S = 1/2, and that 2D 1H NMR assign-
ments of the substrate and substrate-contact (protein) residue signals revealed a
pattern of substrate methyl contact shifts that placed the lone iron π-spin in the dxz

orbital, rather than the dyz orbital found in the cyanide complex. They reported that
comparison of iron spin relaxivity, magnetic anisotropy, and magnetic susceptibil-
ities argued for a low-spin, (dxy)

2(dxz,dyz)
3, ground state in both azide and cyanide

complexes.761 The switch from singly-occupied dyz for the cyanide to dxz for the
azide complex of hHO was shown to be consistent with the orbital hole deter-
mined for the azide π-plane in the latter complex, which is ~90° in-plane rotated
from that of the imidazole π-plane.761 The induction of the altered orbital ground
state in the azide relative to the cyanide hHO complex, as well as the mean low-
field bias of methyl hyperfine shifts and their paramagnetic relaxivity relative to
those in globins, indicated to the authors that azide exerts a stronger ligand field
in hHO than in the globins, or that the distal H-bonding to azide is weaker in hHO
than in globins.761

The two problems with these conclusions are (1) the assumption that every-
thing that Pa-HO and Nm-HO do is identical to what hHO-1 does and thus the spin
states of the three must of necessity be the same, and (2) the assumption761 that the
azide complex of hHO-1 is low-spin. Both Rivera and coworkers149 and La Mar
and coworkers761 found orders of heme methyls that are not consistent with the
low-spin state for a relatively flat hemin molecule, that is, 5M having a smaller
chemical shift than 1M, whereas it should be the reverse.8 The protohemin com-
plexes of Pa-HO and Nm-HO could be ruffled enough to give rise to the ruffling-
caused reversal of this order that has been observed for the nitrophorins,143 but it
could also be, as Rivera and coworkers concluded for this complex, that the spin
state is not pure S = 1/2. For the protohemin complex studied by Rivera et al.,149

this reversal is a very likely sign that the spin state that gives rise to the heme
methyl chemical shifts is not actually that of a single low-spin state, but rather of
some sort of hybrid or average with a state of different spin multiplicity. For the
symmetrical hemin complex (Figure 56) studied by La Mar and coworkers, the
5M and 1M groups within the same complex should have the same chemical
shift,761 no matter what the orientation of the ligand orbitals are, unless there is
some sort of serious protein-caused distortion of the heme that affects one and not
the other of these heme methyls, which has not been shown in the crystal struc-
tures. Yet for the symmetrical hemin hHO-1 complex, 1M > 5M by about 0.7 ppm,
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whereas for the cyanide complex, 5M > 1M by about 0.8 ppm.761 Therefore, it is
very likely that Rivera is correct that the ground state of the azide complex is not
pure S = 1/2, and that a S = 3/2 component is involved.

(c) NMR spectroscopic studies of dynamic reactivity relationships
In 2006, Rivera and coworkers investigated the azide and cyanide-inhibited com-
plexes of Pa-HO.762 The azide complex was chosen for study because this ligand has
lower ligand field strengthZ than cyanide, and it appears to have readily-available
nonplanar heme macrocycle conformations, and also because of the bent confor-
mation of the Fe–NNN unit, which was expected to be similar in angle to that of
the Fe–OOH unit, and because the crystal structure of the azide complex of rat
HO-1 appears to have a hydrogen-bond between conserved the Gly143 amide N-H
(Gly 125 in Pa-HO) and the coordinating nitrogen of the azide ligand.714 This
hydrogen-bond is not possible for the approximately linear cyanide ligand, both
because of its geometry and because there is no lone pair of electrons on the coor-
dinating atom, a carbon in that case. The cyanide complex was chosen for study
because it clearly has the (dxy)

2(dxz,dyz)
3 electron configuration, which is strongly

expected to favor a rigid, flat heme macrocycle.762

Nearly complete backbone assignments (>93%) for both complexes, of all non-
proline residues were assigned, with the majority of the nonassigned residues cor-
responding to the first 10 amino terminal residues. Resonances strongly affected by
heme iron paramagnetism were assigned with the aid of selective amino acid label-
ing and experiments tailored to detect fast relaxing signals, whereas the rest of the
polypeptide was assigned using conventional three-dimensional NMR experi-
ments.762 Amide chemical shift assignments were used to monitor the rate of
exchange of backbone protons in H/D exchange experiments, and the protection
factors for each peptide bond were calculated, as shown in the plots in Figure 70.
The polypeptide in the Pa-HO-N3 complex was found to be significantly less prone
to H/D exchange than the polypeptide in Pa-HO-CN, which was interpreted to
indicate that Pa-HO-N3 is conformationally less flexible than Pa-HO-CN.762 The
differences in protection factors (protection from H/D exchange, as calculated from
the rate constants for H/D exchange using the procedures described by
Englander763) extend to regions of the protein remote from the heme iron and dis-
tal ligand. When the differences in protection factors are mapped onto the X-ray
crystal structure of Pa-HO, the pattern observed suggests that the distinct chemical
properties imparted by the coordination of azide as compared to cyanide to the
heme iron are transmitted to the polypeptide by a network of structural water mol-
ecules that extend from the active site to the surface of the enzyme,762 as had been
studied for hHO-1 by La Mar and coworkers.678,728–730 While the 1H amide reso-
nance of Gly125 was too broad to detect, the corresponding 15N resonance was
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Figure 70. (a and c) Per residue protection factors obtained from amide H/D exchange
experiments with pa-HO–N3 (red triangles) and Pa-HO–CN (blue circles). A value of log P = 2
was arbitrarily given to residues exhibiting exchange rates too fast to be measured, and a value
of log P = 1 was given to residues not included in the analysis due to either peak overlap or
lack of assignments. (b and d) Per residue differences in protection factors (∆log P = log
Pazide–log Pcyanide) between the Pa-HO–N3 and Pa-HO–CN. The average difference of all
residues is indicated by the horizontal line. Bars reaching the maximum vertical scale (∆log
P = 1.5) correspond to residues exhibiting exchange rates measurable in Pa-HO–N3 but too
fast to measure in the Pa-HO–CN (not included in the computation of the average difference).
Reprinted from Rodriguez, J. C.; Wilks, A.; Rivera, M. Biochemistry 2006, 45, 4578–4592,
with permission from the American Chemical Society.
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found to exhibit a large shift to lower shielding, large linewidth, steep temperature
dependence, and a larger than usual shift to higher shielding of the deuterium iso-
tope effect.762 These properties indicated unpaired spin delocalization from the
heme iron to the Gly 15N atom via formation of a hydrogen-bond between the coor-
dinated azide nitrogen and the Gly125 N–H.762 Thus, this study provided the first
clear comparison of the dynamic properties of a heme protein bound to two differ-
ent axial ligands, and it showed major differences between the two ligand com-
plexes of Pa-HO in terms of their H/D exchange rates.

In 2007, Rivera and coworkers presented a detailed look at the hydrogen-
bonding network in Pa-HO by multidimensional NMR spectroscopy. Relaxation-
compensated Carr-Purcell-Meiboom-Gill (rc-CPMG) NMR experiments were used
to investigate the µs to ms motions in Pa-HO in its ferric state, inhibited by CN− or
N3

−, and in its ferrous state, inhibited by CO.764 Comparative analysis of the data from
the three forms indicated that the nature of the coordinated distal ligand affects the
µs-ms conformational freedom of the polypeptide in regions of the enzyme not only
close to, but also far removed from the heme iron and distal ligand sites, as shown in
Figure 71. Interpretation of the dynamic information in the context of the crystal
structure of resting state Pa-HO showed that residues involved in the network of
structural hydrogen-bonded waters characteristic of HOs undergo µs-ms motions in
Pa-HO–CN (Figure 71a), which was studied as a model of the highly paramagnetic
S = 5/2 resting form.764 In comparison, similar motions are suppressed in the Pa-
HO–CO (Figure 71d) and Pa-HO–N3 (Figure 71b) complexes, which were studied as
mimics of the obligatory oxyferrous and ferric-hydroperoxide intermediates, respec-
tively, in the catalytic cycle of heme degradation.764 These findings suggested that in
addition to proton delivery to the nascent FeIII–OO− intermediate during catalysis, the
hydrogen-bonding network serves two additional roles (i) to propagate the electronic
state (reactive state) in each of the distinct steps of the catalytic cycle to key, but
remote, sections of the polypeptide, via small rearrangements in the network of
hydrogen-bonds and (ii) to modulate the conformational freedom of the enzyme,
which thus allows it to adapt to the demanding changes in axial coordination state and
substrate transformations that take place during the catalytic cycle.764 This idea was
probed by disrupting the H-bonding network in Pa-HO by replacing R80 with L.
NMR spectroscopic studies conducted with R80L-Pa-HO-N3 (Figure 71c) and R80-
L-Pa-HO-CO (not shown) revealed that the mutant exhibited nearly global confor-
mational disorder, which is absent in the equivalent complexes of the wild type
enzyme.764 As shown in Figure 72, the crystal structure of Pa-HO highlights the roles
of R80, along with E52 and E56, in stabilizing the network of hydrogen-bonding
waters in the distal pocket of Pa-HO. The “chaotic” disorder in the R80L mutant is
likely related to its significantly lower efficiency in hydroxylating heme in the pres-
ence of H2O2, relative to the wild-type enzyme.764 This work has given us an entirely
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Figure 71. Per residue effect of axial ligand coordination on the backbone 15N relaxation dis-
persion ∆R2

eff(νCPMG) of Pa-HO axially coordinated with (a) CN−, (b) N3
−, and (d) CO. The per

residue plot in (c) shows values of ∆R2
eff(νCPMG) obtained for the R80L-Pa-HO mutant coordi-

nated with N3
−, which was prepared with the aim of disrupting the hydrogen-bonding network

in Pa-HO. The horizontal line represents the average error obtained from two measurements,
and the horizontal segmented lines represent 3 standard deviations above and below the aver-
age. Residues with ∆R2

eff(νCPMG) values more positive than the segmented line representing
3 standard deviations above the mean are considered to be in conformational exchange in the
µs–ms time regime sampled by the (constant time) ct-CPMG experiments utilized in these
investigations. Reprinted from Rodriguez, J. C.; Zeng, Y.; Wilks, A.; Rivera, M. J. Am. Chem.
Soc. 2007, 129, 11730–11742, with permission from the American Chemical Society.
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new view of heme oxygenases, and one would expect that further studies of the
dynamics of various forms of these interesting proteins will be presented in the future.

As indicated by the preceding paragraphs, the dynamics of HO are tightly cou-
pled to the structured waters in the distal pocket of this enzyme. La Mar and
coworkers recognized the importance of the structured waters near the heme iron
of HOs and have studied the distal water network for a number of years.678,728–730

In 2003 when La Mar moved into the field of bacterial heme oxygenases with a
collaboration with Ikeda-Saito on Corynebacterium diphtheriae,765 before the
crystal structure of that enzyme had been reported, he and his coworkers used the
human HO (hHO) complex as a homology model. It was demonstrated that not
only the spatial contacts among residues and between residues and heme, but also
the magnetic axes that can be related to the direction and magnitude of the steric
tilt of the Fe–CN unit are strongly conserved in the two HO complexes.765 The
results indicated that very similar contributions of steric blockage of several meso
positions and steric tilt of the attacking ligand were operative. A distal hydrogen-
bonding network that involved numerous very strong H-bonds and immoblized
water molecules was identified in Cd-HO that is analogous to that previously iden-
tified in hHO.728 The NMR results were completely consistent with the crystal
structure of the Nm-HO substrate complex. The H-bond network/ordered water
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Figure 72. View of Pa-HO highlighting structural water molecules networked by hydrogen
bonds to themselves and to side chains of key residues, some of which (Gln52, Gln56, and
Arg80) are harbored by helices where µs–ms conformational exchange is observed in
Pa-HO–CN but not in Pa-HO–N3 or Pa-HO–CO. Reprinted from Rodriguez, J. C.; Zeng, Y.;
Wilks, A.; Rivera, M. J. Am. Chem. Soc. 2007, 129, 11730–11742, with permission from the
American Chemical Society.
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molecules are proposed to orient the distal water molecule near the catalytically
key Asp136 (Asp140 in hHO-1) that stabilizes the hydroperoxy intermediate.765

The dynamic stability of this H-bond network in Cd-HO was found to be signifi-
cantly greater than in hHO, and was suggested to account for the lower catalytic
rate in bacterial HO compared with mammalian HO.765

The next year, 2004, La Mar and coworkers began a study of Nm-HO.766 This
enzyme exhibits less sequence homology to mammalian HO (25%) than does Cd-
HO (35%). Solution 1H NMR spectroscopy was utilized to define the active site
molecular and electronic structure of the cyanide-inhibited, substrate bound com-
plex for comparison with those provided by several crystal structures.766 Extensive
assignments by solely 1H NMR 2D methods revealed a structure that was very
strongly conserved with respect to the crystal structure, although H/D exchange
indicated dynamically much more stable distal and proximal helices than those for
other HOs. Several residues found with alternate orientations in crystal structures of
water- and NO-ligated complexes were shown to occupy positions found solely in
the NO complex,719 which confirmed that there may be structural accommodations in
response to ligating the substrate complex with a bent, diatomic, H-bond-acceptor
ligand.766 The observed pseudocontact shifts of the cyanide complex allowed the
determination of the magnetic axes that showed that the Fe–CN unit is tilted ~10°
toward the α-meso position, which thereby was thought might facilitate the α-stere-
oselectivity of the enzyme.766 Numerous labile protons with larger than usual low-
shielding bias were identified, and, in common with the other HO complexes, shown
to participate in an extended, distal side H-bond network. This H-bond network
appeared to order several water molecules, most, but not all, of which have been
detected crystallographically.766 A series of three C-terminal residues, His207-
Arg208-His209, are not detected in crystal structures. However, 1H NMR spec-
troscopy finds two residues, His207 and likely Arg208, in contact with pyrrole ring
D,766 which in crystal structures is exposed to solvent. The nature of the NOEs led
the authors to propose a H-bond between the proximally-oriented His207 ring and
the carboxylate of Asp27, and a salt-bridge between the terminus of Arg208 and the
reoriented 7-propionyl carboxylate.766 While numerous ordered water molecules are
found near both propionates in the crystal structure, they found much larger water
NOEs to the 6- than the 7-propionate, which suggested that water molecules near the
7-propionate had been expelled from the cavity by the insertion of Arg208 into the
distal pocket.766 The conversion of the 7-propionate link from the N-terminal region
(Lys16) to the C-terminal region (Arg208) in the ligated substrate complex was
found to both close the heme cavity more tightly, and was thought to facilitate prod-
uct exit, the rate-limiting step in the enzyme activity.766

In 2005, La Mar and coworkers studied the high-spin iron(III) complex of
Nm-HO,767 to assess the prospects for definitive assignment of hyperfine-shifted
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and — relaxed residue protons and the interpretation of those shifts in terms of the
anisotropy and orientation of the paramagnetic susceptibility tensor, χ. 1D/2D 1H
NMR data, together with analyses of paramagnetic relaxation and a preliminary
estimate of the magnetic anisotropy, revealed a χ that was anisotropic and oriented
along the Fe-His bond vector.767 Together with T−2 dependence of the shifts, ∆χax

yields a zero-field splitting constant, D = 9.1 cm−1, which is expected to serve as a
very sensitive probe of H-bond interactions between the iron-ligated water and a
series of distal ordered water molecules that are implicated in the mechanism of
HO action.767 The side chains, Gln49 and His53, which are involved in the stabi-
lization of catalytically relevant water molecules, were found to exhibit orientations
rotated by 180° about the β-γ bonds in solution relative to those in the crystal.767

The H-bond donor strengths of Gln49 and His53 were found to respond appropri-
ately to H-bond donor (water) versus H-bond acceptor (cyanide) ion ligands. Very
slow NH exchange for the N-terminal portion of the distal helix suggested that an
intrinsically “unstable” distal helix may be valid only for the C-terminal portion.767

In 2006, La Mar and coworkers768 described the study of the hydrogen-
bonding of ligated water in ferric, high-spin, resting-state Nm-HO. Several hemes
were utilized that had electron-withdrawing substituents on the hemin periphery.
It was found that the pattern of 1H NMR-detected pseudocontact shifts due to the
paramagnetic anisotropy of the high-spin FeIII center is strongly conserved among
the complexes, with the magnitude of pseudocontact shifts or magnetic anisotropy
∆χax (∝ D/T2, Eq. 10) increasing in the order 2,4-substituent formyl < vinyl <
methyl.768 The unique changes in the axial field strength implied by the variable
zero-field splitting were found to be in accord with expectations for the axial water
serving as a stronger H-bond donor in the order of hemin substituents formyl >
vinyl > methyl. It was found that Gln49 and His53, ~10 Å from the iron, sensed
the change in the ligated water H-bonding to the three nonligated, ordered water
molecules that link the two side chains to the iron ligand.768

c. NMR spectroscopy of miscellaneous other heme proteins

Since publication of the chapter on Nuclear Magnetic Resonance of Hemoproteins
in 2000 by La Mar, Satterlee and de Ropp19 and the chapter on Solution Structures
of Hemoproteins in the same volume,20 there have been some developments on
NMR spectroscopy of heme proteins not covered above that should be mentioned,
at least briefly. A study of the solution NMR determination of the seating(s) of
mono-meso-nitro-etioheme-1 in myoglobin has been published and the implica-
tions for steric constraints to meso position access in heme degradation by coupled
oxidation discussed.769 This study is distantly related to the HO systems discussed
above. A further study of axial interactions of the proximal and distal His in the
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cyanomet complexes of the isolated chains and of the 65 kDa intact tetramer of
human hemoglobin A was published,770 as were two papers on the H42A mutant
(distal His) of horseradish peroxidase, one on the high-spin ferric form771 and one
on the low-spin ferric cyanide complex772 and also a study of the electronic struc-
ture and magnetic properties of the high-spin ferrous heme in deoxymyoglobin
from Aplysia limacina.773 Solution NMR characterization of the equilibrium heme
orientational disorder and its functional consequences in the bis-His-coordinated
mouse Neuroglobin was reported,674 although it was later shown that the orienta-
tion of the two His ligands is somewhat different in solution774 than in the crys-
talline state.775–777 A study of the bis-His-coordinated human cytoglobin has also
been reported.778 A review of the study by NMR spectroscopy of the mechanisms
of electron transfer in heme proteins and models of them has been published,
which covers not only iron porphyrin and heme protein self-exchange, but also
multiheme intraprotein and interprotein electron transfer.779 Cytochromes b5,

780–786

b562,
787–790 mitochondrial c,791–795 folding of cytochromes c,796–802 yeast c,803,804 bac-

terial c,805–813 Mn peroxidase and its models,814–816 cytochrome c complexing with
cytochrome b5,

817,818 CuA of cytochrome oxidase,819 cytochrome f complexing with
plastocyanin,820 a heme chaperone821 and a hemophore822–824 have been studied by
multidimensional NMR spectroscopy, and the 1H NMR spectra of cytochrome c
in a micellar environment have been investigated.825,826

Finally, the hemophore HasAp from Pseudomonas aeruginosa, from the heme
acquisition system of that organism, which is secreted as a 205-residue-long pro-
tein which is subsequently cleaved at the C-terminal to produce mainly a 184-
residue-long truncated protein that scavenges heme827 has been characterized in
the crystalline state by X-ray crystallography and in solution by NMR spec-
troscopy.828 The X-ray crystal structure of truncated HasAp revealed a polypeptide
with αβ fold and a ferriheme coordinated axially by His32 and Tyr75, with the
side chain of His83 poised to accept a hydrogen bond from the Tyr75 phenolic
acid group.828 NMR investigations conducted with full-length HasAp showed that
the carboxyl-terminal tail (21 residues) is disordered and conformationally flexi-
ble.828 NMR spectroscopic investigations aimed at studying a complex between
apo-HasAp and human methemoglobin were stymied by the rapid heme capture
by the hemophore. In an effort to circumvent this problem, NMR spectroscopy
was used to monitor the titration of 15N-labeled holo-HasAp with hemoglobin.828

These studies allowed identification of a specific area on the surface of truncated
HasAp, which encompasses the axial ligand His32 loop, that serves as a transient
site of interaction with hemoglobin, for which it appeared that a putative
encounter complex between apo-HasAp and hemoglobin exists that leads to effi-
cient hemoglobin-heme capture by the hemophore.828 Similar experiments con-
ducted with full-length 15N-labeled holo-HasAp and hemoglobin revealed a
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transient interaction in full-length HasAp similar to that observed in the truncated
hemophore.828 The spectral perturbations observed while these interactions were
being investigated, however, are weaker than those observed for the interaction
between hemoglobin and truncated HasAp, which suggested that the disordered
tail in the full-length HasAp must be proteolyzed in the extracellular milieu to
make HasAp a more efficient hemophore.828

11. Iron(III) Macrocycle ππ-Cation Radicals

Single-electron oxidation of iron(III) porphyrins may lead to either iron(III) por-
phyrin π-cation radicals or iron(IV) porphyrins, depending on the axial ligation of
the metal and the reaction conditions. In this section, the systems that have been
formulated as iron(III) porphyrin π-cation radicals, and in the next section, the
iron(IV) porphyrins will be considered. Note that a so-called “metalloporphyrin π-
cation radical” is actually a metal ion in some positive oxidation state, Mn+, where
n is 2 or larger, bound to a porphyrin π-anion radical, P−•. Since a porphyrin typi-
cally binds to a metal as a −2 anion (because the two protons on the nitrogens of
the free-base prophyrins, H2P, have been removed), removal of one electron from
the porphyrin π system to produce the π-radical yields as mononegative, or
π-anion radical. If the change on the metal is +2 or higher, then the entire unit,
[MP−•]n+ is cationic. This the term “porphyrin π-cation radical” is a misnomer. It
is only a cation because it is bound to a metal of charge +2 or higher!

Considering the three different spin states observed for iron(III) porphyrins, it
is not surprising to find that all three have been observed for the one-electron ring-
oxidized complexes. Some high-spin, monomeric iron(III) porphyrins give rise to
antiferromagnetically coupled S = 2 species;829–831 others give rise to a noninter-
acting S = 5/2, S = 1/2 species;831 spin-admixed S = 3/2,5/2 iron(III) porphyrin
complexes give rise to spin-admixed π-cation radical species of either S = 5/2,
3/2374 or S = 3/2,5/2832 ground state; and low-spin iron(III) porphyrins give rise to
low-spin iron(III) porphyrin π-cation radical species.833 Although this work was
reported previously,4 it is summarized here for completeness.

a. High-spin iron(III) porphyrin π-cation radicals

Anodic oxidation of [(TPP)FeCl] in the presence of perchlorate or hexafluoroanti-
monate salts, or chemical oxidation with an iron(III) porphyrin π-cation radical of
higher oxidation potential, produces a S = 5/2,S = 1/2 antiferromagnetically coupled
(effectively Stot = 2) 5-coordinate [(TPP−•)FeIIICl]+ π-cation radical831 which has its
pyrrole-H resonance at +66.1 ppm (compared to +79.4 ppm for [(TPP)FeCl]) and its
phenyl-H at +37.6, +34.4 (ortho), −12.4 (meta) and +29.5 ppm (para) (compared to
−6, 13.3, 12.2, and 6.35 ppm, respectively, for the parent) at 26 °C in CD2Cl2.

834 The
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large, alternating shifts of the phenyl-H are indicative of large π spin density at the
meso positions, which suggests that the electron has been removed from the 3a2u(π)
orbital, Figures 2 and 3. However, the sign of the shifts, δo positive, δm negative, is
the opposite of that usually seen for metalloporphyrin π-cation radicals when there
is large π spin density seen the meso-phenyl positions,374 as is expected when the
porphyrin radical spin is antiferromagnetically coupled to the metal spins. The Curie
plots are linear, but the o-H has a very large, negative intercept. The X-ray crystal
structure of [(TTP)FeCl]SbF6 consists of isolated 5-coordinate [(TPP)FeCl]+ units,
in which the porphyrin macrocycle is strongly S4 saddled.831

In comparison, the NMR spectrum of [(OEP)FeCl]ClO4 shows relatively
small shifts of the pyrrole-α-CH2 to lower frequency (δobs = +30.5, +29.6 ppm at
20 °C, as compared to +43.1, +39.5 ppm at 30 °C for the parent) and a large shift
of the meso-H to lower shielding (δobs = −18 ppm at 20 °C, compared to −54 ppm
at 30 °C for [(OEP)FeCl]), which suggested to the authors that in this case the
electron is removed from the 1a1u orbital,834 Figure 2.

π-Cation radicals of (P)Fe–O–Fe(P) species, the µ-oxo dimers of iron(III) por-
phyrins, are convenient chemical oxidants of the chloroiron porphyrins,834 and
they are interesting species in their own right. Those in which P = TPP or one of
its derivatives also have larger phenyl-H paramagnetic shifts than the parent com-
plexes, again with alternating signs, suggesting the same (a2u)

1 ground state for the
metalloporphyrin π-cation radical, in this case delocalized over the two porphyrin
rings; the pyrrole-H paramagnetic shift is affected much less (usually δobs

decreases by ∼1 ppm). The dication of the µ-oxo dimer can also be prepared, and
exhibits attenuated paramagnetic shifts as compared to the monocation.834

Several groups have studied the neutrally-charged µ-nitrido dimer of (TPP)Fe,
[((TPP)Fe)2N].403,835 It is isoelectronic with the iron porphyrin π-cation radical of the
µ-oxo dimers discussed above, but has rather different 1H NMR spectra. Whereas
[((TPP)Fe)2O]+ has resonances at 12.3 (pyrr-H), 1.3 (o-H), 11.7 (m-H) and 3.2 ppm
(p-H), [((TPP)Fe)2N] has broad, overlapping resonances at 8.6, 8.3 and 7.6 ppm,403,835

which suggests that its description as a delocalized system which has two Fe3.5+ may
be better than considering it to be a delocalized diiron porphyrin π-cation radical. If
one-electron oxidation is carried out with I2/Ag+, a species with a much sharper NMR
spectrum, with resonances at 8.32 (pyrr-H), 7.85 and 7.64 ppm (phenyl-H) is pro-
duced. This complex is believed to consist of FeIV–N–III–FeIV.835 Very small tempera-
ture dependence over the range +26 to −55 °C suggests that the metals are strongly
antiferromagnetically coupled. The complex has a magnetic moment376,377 of less than
1.8 µB at room temperature. Unlike [((TPP)Fe)2O]+ or [((TPP)Fe)2O]2+, both of which
autoreduce in the presence of pyridine, [((TPP)Fe)2N]+ readily coordinates one or two
pyridine ligands; stepwise addition can be observed by monitoring the pyridine o-H
resonances at −1.26 ppm (1:1) and −1.46 ppm (2:1).835
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b. Spin-admixed and intermediate-spin iron(III) porphyrin
π-cation radicals

Electrochemical one-electron oxidation of [(TPP)Fe(ROH)2]ClO4, where ROH is
water or ethanol, in the presence of perchlorate salts, produces the neutrally-charged
complex [(TPP−•)Fe(OClO3)2], a 6-coordinate complex described as a S = 5/2, S =
1/2, non-interacting high-spin species because of its room temperature magnetic
moment in the solid state (µeff = 6.5 ± 0.2 µB).831 Its NMR spectrum at 25 °C in
CD2Cl2 revealed paramagnetic shifts of +22.6 (pyrr-H), −27.1 (o-H), +27 (m-H),
−20.6 ppm (p-H), suggesting a π-radical of a2u type. However, investigation of this
system in CH2Cl2 in the presence of electrolyte as a function of temperature, utiliz-
ing pyrrole- and phenyl-deuterated TPPs to eliminate the resonances of the large
amount of tetra-(n-propyl)-ammonium perchlorate electrolyte present, revealed that
although the pyrrole-D resonance shifts to higher shielding as the temperature is
lowered, the Curie plots are not linear.374 Rather, they have very steep slopes and
very negative intercepts, and are curved at higher temperatures, which indicates that
in this spin-admixed state, the ground state is largely S = 5/2.374 The solution mag-
netic moment,376,377 4.8 ± 0.4 µB, is much lower than that observed in the solid
state,831 which suggests antiferromagnetic coupling of the metal and porphyrin spins.

The complexity of the behavior of iron(III) porphyrin π-radicals, and those
of tetra-mesitylporphyrin in particular, is demonstrated by the properties of
[(TMP−•)Fe(OClO3)2] in various solvents.832 This π-radical of iron(III) was pre-
pared by oxidation of [(TMP)FeOClO3] with ferric perchlorate, isolation and
then dissolution in CD2Cl2. The temperature dependent behavior is the opposite
that observed for [(TPP)Fe(OClO3)2] in CH2Cl2, with the pyrrole-H resonance at
very high shielding at low temperatures (δiso negative) and at low shielding at
higher temperatures (δiso positive).832 These results indicate that in the case of the
TMP complex, the S = 3/2 ground state is greatly favored over the spin admixed
3/2,5/2 or 5/2,3/2 ground states. Treatment of the latter iron(III) porphyrin
π-radical complex with two equivalents of sodium methoxide produced the elec-
tron configuration isomer, the d4 iron(IV) porphyrin complex,832 discussed in
Section IV.A.12.

As an illustration of the chemical reactivity of these iron(III) porphyrin
π-radicals, [(TPP−•)Fe(OClO3)2] reacts with the nucleophiles nitrite ion or triph-
enylphosphine to produce the mono-β-substituted iron(III) porphyrins.836 The
products were isolated as the 6-coordinate dichloride complexes, [((2-NO2)TPP−•)
FeCl2] and [((2-PPh3)TPP−•)FeCl2], respectively; the latter was characterized by
X-ray crystallography and 1H NMR spectroscopy in CD2Cl2 for the bis-imidazole
complexes.836 Similar reaction of the π-radical of (TPP)FeIII with pyridine pro-
duces the (2-pyridiniumtetraphenylporphyrin)iron(III) bis-(pyridine) complex, as
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well as an unstable 5-pyridiniumylisotetraphenylporphyrinato)iron(III) and its
5,10-dipyridiniumyltetraphenylporphodimethene)iron(III) complex.837

c. Low-spin iron(III) porphyrin π-cation radicals

Though complexes of the type [(P)Fe(ImH)2]
+ could not be electrochemically oxi-

dized to π-cation radicals, titration of the high-spin [((p-OCH3)4TPP−•)FeCl]ClO4

in CD2Cl2 with imidazole at −38 °C produced a transient complex whose pyrrole-
H, o-H and m-H resonances were at −32.7, −236.3, and +24.8 ppm, respectively.833

When the sample was warmed to room temperature, immediate autoreduction to
the iron(III) porphyrin occurred. The temperature dependence of the pyrrole-H
resonance of the transient radical was reasonably linear, and the deviation of the
extrapolated shift at 1/T = 0 from the diamagnetic position was no greater than
observed for low-spin [(TPP)Fe(ImH)2]

+.833 The alternating pattern of phenyl-H
shifts suggests large π spin delocalization to the meso positions, indicative of a
3a2u ground state for the radical; however, the sign of the shifts, δo negative, δm

positive, is the reverse of that observed for the parent [(TPP)FeCl]ClO4 complexes
discussed above, which suggests a difference in the coupling of metal and por-
phyrin spins, possibly a switch from antiferromagnetic to ferromagnetic coupling,
as in the case of the iron corroles discussed in Section IV.A.11.e. The high-spin
radical complex appears to be the exception,833 as discussed above. For the corre-
sponding low-spin etioporphyrin complex, the ring α-CH2 and −CH3 resonances
were at +50.4 and +133.1 ppm at −51 °C; the meso-H signal could not be
detected.833

d. Iron(III) π-cation radicals of oxophlorins

Balch and coworkers oxidized the iron(III) oxophlorin (meso-hydroxyporphyrin)
dimer complex of octaethylporphyrin, [FeIII(OEPO)]2 discussed in Section
IV.A.6.c(vi) above, with Br2 to yield two new, highly-oxidized complexes,
BrFeIII(OEPO•) and Br2FeIII(OEPOx) (where OEPO• and OEPOx are the
octaethyloxophlorin dianion radical and the oxidized octaethyloxophlorin
monoanion, respectively), in which the experimental data (especially 1H NMR
spectra) suggest that it is the ligand rather than the iron that undergoes oxidation.
BrFeIII(OEPO•) has been characterized crystallographically, as well as by mag-
netic susceptibility (µeff = 4.9(2) µB at 23 °C), and NMR spectroscopy (meso-H
resonances at extremely low shielding, +344 (1) and +232 (2) ppm, four CH2 res-
onances at about +60 ppm, two near 0 ppm, and two at about −10 ppm at 24 °C),
as shown in Figure 73, bottom.106 The authors recognized these data to be indica-
tive of a nominally 3− anionic macrocycle which was actually a 2− anion and hence
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an iron macrocycle π-radical with the electron mainly located on the oxygen atom,
which was antiferromagnetically coupled to high-spin FeIII, and they suggested the
3a2u(π)-type orbital of the macrocycle as the half-filled orbital, Figure 7. Thus, this
is an antiferromagnetically-coupled S = 5/2 FeIII, S = 1/2 OEPO2−• complex.106

These results were very helpful to the author and her coworkers in explaining the
1H NMR spectrum of the chloroiron(III) corroles as antiferromagnetically-coupled
S = 3/2 FeIII, S = 1/2 Corr2−• complexes, discussed later in Section IV.A.11.e.

The two-electron oxidized octaethyloxophlorin complex, [(OEPOx1−)FeBr2],
has both NMR and EPR spectra indicative of high-spin iron(III), indicating that
the macrocycle has no unpaired electrons. The EPR g-values are 5.9 and 2.0, with
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Figure 73. Top: 300 MHz 1H NMR spectrum of [((OEPO)Fe)2]+ in CDCl3 at 25 °C. Resonance
assignments are made on the basis of the dimeric structure. Methylene resonances are identi-
fied by lower-case letters a-d′ while methyl resonances have been denoted by capital letters
A-D. Cross peaks in the M-COSY spectrum (not shown) connect resonances in ethyl groups
as follows: b,b′,B; c,c′,C; d,d′,D. Reprinted from Balch, A. L.; Latos-Graz.yński, L.; St. Claire,
T. N. Inorg. Chem. 1995, 34, 1395–1401, with permission from the American Chemical
Society. Bottom: 300 MHz 1H NMR spectrum of [(OEPO2−•)FeIIIBr] in CDCl3 at 24 °C. Inset A
shows an expansion of the methylene resonances at about 60 ppm. Reprinted from Balch,
A. L.; Latos-Graz.yński, L.; Noll, B. C.; Szterenberg, L.; Zovinka, E. P. J. Am. Chem. Soc. 1993,
115, 11846–11854, with permission from the American Chemical Society.
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superhyperfine coupling on the g|| feature due to the two axial bromide ions. The
NMR spectrum has four equally intense –CH2 resonances in the +60 and +30 ppm
region, plus two broad meso-H resonances at +34 and +21 ppm (intensities 1:2,
respectively), a pattern typical of 6-coordinate high-spin iron(III) porphyrins,
Section IV.A.6.b. The magnetic moment is 5.8 ± 2 µB.106 The infrared spectrum
shows a ketonic function at 1734 cm−1, which indicates that the macrocycle has
been oxidized. The self-dimer of iron(III) octaethyloxophlorin, where each iron is
coordinated to the oxo group of the other oxophlorin ring, undergoes one-electron
oxidation with silver perchlorate to give an iron macrocycle π-radical in which the
single unpaired electron is delocalized over the two macrocycles.838,839 The meso-
H resonances are found at +250 and +243 ppm (intensities 1:2, respectively),
while broad CH2 resonances due to the ethyl groups closest to the oxo group and
thus to the iron(III) of the other macrocycle are found at +106 and +37 ppm and
sharper CH2 resonances are found at +62 to +20 ppm, as shown in Figure 73, top.
Like the monomeric OEPO−• radical discussed above, the very large positive shifts
of the meso-H resonances are indicative of an a2u-type radical which is antiferro-
magnetically coupled to the high-spin iron(III) centers. Consistent with this, the
magnetic moment is 4.8 µB per metal.838

e. Iron(III) corrole π-radicals

As discussed earlier, the corrole macrocycle (Structure 6) lacks one meso-C and
one double bond, as compared to the porphyrin. It is thus a −3-charged macrocy-
cle and as such may either stabilize higher oxidation states of first-row transition
metals or be more readily oxidized to a metal macrocycle π-radical itself. Although
the slightly smaller ring size might suggest stabilization of the higher oxidation
state of the metal, the more common situation is that a π-radical of the metal cor-
role ring is stabilized, as pointed out in Section II.C.2 and Figure 7. For a time it
was believed that the chloroiron complex of octaethylcorrole (OECorr or Et8Corr),
as well as the µ-oxo dimer of the same iron macrocycle, were examples of
iron(IV) corrolate complexes.840 However, the 1H NMR spectra of the chloroiron
complexes of octamethylcorrole (OMCorr or Me8Corr) show methyl signals at
+40, +31, +18 and +16.6 ppm and meso-H at +175 and +166 ppm (intensities 1:2,
respectively),158,841 which are more indicative of the pattern observed for the
chloroiron(III) octaethyloxophlorin neutrally charged π-radical106 discussed earlier
in Section IV.A.11.d and shown in Figure 73. The chloroiron 7,13-dimethylhexa-
ethylcorrole gives a methyl signal at +18 ppm and six −CH2 resonances between
+40 and −10 ppm and meso-H resonances at +187 and +174 ppm (intensities 1:2,
respectively) at −60 °C.158 The magnetic moment (Evans method)376,377 is 3.0 µB,
which indicates a formal spin state S = 1. Thus, it was concluded that the iron is
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intermediate spin (S = 3/2), and the corrolate radical is antiferromagnetically cou-
pled to the metal, FeIIICorr2−•.158 In contrast, Gross and coworkers have stated
repeatedly, without convincing scientific reasoning, that the electron configuration
is S = 1 FeIVCorr3−.842–846 Additional studies of the chloroiron corrolates has shown
conclusively that these are all S = 3/2 FeIIICorr2−• systems.1,114,847–851 The triphenyl-
corrolatoiron chloride complex was studied by Mössbauer as well as NMR spec-
troscopy, and more recently by X-ray absorption spectroscopy.852 While
Mössbauer spectroscopy was unable to clearly differentiate the two possible elec-
tron configurations,114,851 NMR spectroscopy clearly shows that phenyl-H
resonances of chloroiron triphenylcorrolates (o-H +23–25 ppm, m-H −2.5 to
−3.5 ppm; p-H +17 to +19 ppm) mirror those of the meso-H in showing large π
spin delocalization to the meso positions, which is consistent with a π-radical
being present in these metal complexes.114,847,848–850 Calculations have been
extremely important in explaining the spin coupling.114,851,852

Unlike the chloroiron corrolates, the phenyliron corrolate complex is best for-
mulated as S = 1 FeIVCorr3−, but again with negative spin density at all nitrogens
and meso-carbons of the macrocycle, yet with the net spin density on the corrolate
ring being virtually zero; the phenyl carbanion carbon has relatively large nega-
tive spin density of −0.15 and the iron +2.05. On the basis of all of the results, it
was concluded that in both the chloroiron and phenyliron complexes the corrolate
ring is noninnocent, in the chloroiron complex to a much larger extent than in the
phenyliron complex.114,852

When treated with imidazole, the chloroiron hexaethyldimethylcorrole com-
plex, [(7,13-Me2Et6Corr)FeCl], produces a new set of small peaks due to an imi-
dazole complex, presumably the mono-(imidazole) complex. Increasing the
concentration of imidazole increases the intensity of these peaks and creates
another new set of peaks, but it is not possible to fully form the bis-(imidazole)
complex at ambient temperatures. Cooling the sample to −60 °C in the presence
of more than two equivalents of imidazole causes the disappearance of all signals
except those of the bis-imidazole complex, whose methyl and −CH2 resonances
are found at +44, +14, −5.7 and −10 ppm, and meso-H at −93 and −107 ppm
(intensities 2:1, respectively).158 The large negative shifts of the meso-H suggest
that in this low-spin complex the metal and corrole radical electrons are ferro-
magnetically coupled. In frozen CD2Cl2 at 4.2 K the EPR spectrum of this com-
plex is that of a typical rhombic low-spin iron(III) complex, with g-values of 2.58,
2.21 and 1.82, and no evidence of the corrole radical spin.158 In agreement with
this, the magnetic moment at −60 °C is 1.7 µB.158 This suggests that the complex
forms a dimer in which the corrole radicals are spin paired and thus EPR silent.
Similar behavior was observed earlier for the one-electron oxidized form of
vanadyl octaethylporphyrin.123
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Cyanide complex formation of (7,13-dimethyl-2,3,8,12,17,18-hexaethylcorro-
lato)iron chloride, [(7,13-Me2Et6Corr)FeCl], in dimethylformamide, DMF-d7, was
studied by 1H NMR spectroscopy.853 It was found that a bis-cyanide complex forms
initially, in which the electron configuration is that of a low-spin FeIII corrolate(2−•)
π-radical,853 a neutrally-charged radical. This complex is not stable, and is readily
reduced by an excess of cyanide in the solution. The reduction occurs at the corrole
ring instead of on the iron center, to give the monocyanide complex of the low-spin
FeIII corrolate(3−), [(7,13-Me2Et6Corr)FeCN]−.853 Thus, this is a case where an axial
ligand serves as a reducing agent of the macrocycle, and not of the metal.854

The bis-pyridine complex of the FeIIICorr3− state is a typical low-spin FeIII com-
plex, which has also been studied by X-ray absorption spectroscopy.854 Monopyridine
complexes of the 1-electron-reduced Fe(III) corroles have also been studied.840

One-electron oxidation of the iron(III) corrole π-radicals is discussed in
Section IV.A.13.

12. Iron(IV) Porphyrins

Three types of iron(IV) porphyrin complexes have been studied by 1H, and in
some cases, 2H NMR spectroscopy. All of of these complexes have spin state S =
1: The low-spin d4 complex [(TPP)Fe(OCH3)2] mentioned in Section IV.A.11.a,832

the deep red, 5-coordinate ferryl, (FeIV=O)2+ complexes855 and the 6-coordinate
adducts of these ferryl complexes, the (B)(FeIV=O)2+ complexes,855–857 and the
iron(IV) phenyl complex.157 The pattern of spin delocalization observed in each of
these systems is unique, as summarized in Table 15, despite the similar magnetic
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Table 15. Chemical shifts of representative high-valent iron porphyrin species.

Chemical shift, ppm

Compound T, °C Pyrr-H o-CH3 m-H p-CH3 Ref.

[(TMP)Fe(OCH3)2] −78 −37.5 2.4 7.72 2.86 832
[(TMP)FeO] −70 8.4 3.3 6.4, 6.0 2.6 855
[(TMP)FeO(NMeIm)] −30 4.6 3.2, 1.6 7.4 2.7 855
[(TMP)Fe(Ph)(Br)] −50 −51 4.2, 3.8 10.6, 10.7 3.2 157
[(TPP)Fe(m-CH3C6H5)]ClO4 

a −60 −72 13.4, 12.5 8.1, 7.8 9.5 157
[d8-(TPP)Fe(O)(F)]•• −78 −1 361
[(TPP)Fe(O)(F)]•• −46 V.B.b −45 (o-H) 47.7 −32.0 (p–H) 361
[(TMP)FeO]+•• −70 −21 25, 28 62 10 893
[(TMP)FeO]+•• −77 −27 24, 25 68 11.1 892
[(TMTMP)FeO]+•• −80 145 (CH3) 56 (meso-H) 894

aPhenyl resonances: o-H, not observed; m-H, −56 ppm; p-H, −91 ppm.
bVery broad.
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moments. The ferryl and iron(IV) phenyl cases have direct application to active
states in heme proteins. 

a. Six-coordinate, bis-methoxide iron(IV) porphyrins

As discussed earlier (Section IV.A.11.a), Groves and coworkers832 have reported
the valence isomerization of the iron(III) porphyrin π-radical in the presence of
methoxide:

[(TMP)Fe(OClO3)2] + 2 CH3O
−
� [(TMP)Fe(OCH3)2] + 2 ClO4

−.
FeIIIP−• FeIVP2− (40)

This species is characterized by relatively large π contact shifts to the β-pyrrole
positions (−37.5 ppm at −78 °C in CD2Cl2/5% methanol-d4), and relatively small,
if any, shifts at the meso positions,832 thus implicating the 3e(π) orbitals in spin
delocalization. Wolowiec and Latos-Grażyński have produced this species by
reaction of dimethyldioxirane with deuterated dichloromethane/methanol (4:1).858

The ferryl π-cation radical, [(TMP−•)Fe=O(CD3OD)]+ was also produced in this
medium by warming the sample from 203 to 233 K for 15 min.858 This species is
unstable in basic solution.

b. Five- and six-coordinate ferryl, (Fe=O)2+, porphyrin complexes

Ferryl complexes have been implicated in the reaction mechanisms of peroxidases
and cytochromes P450. For horseradish peroxidase, two intermediates are spectro-
scopically detectable.859 Compound I, formed on addition of peroxide to the resting
iron(III) form of the enzyme, is a green species that is formally two oxidation lev-
els higher than the resting state, and is widely believed to consist of an (FeIV=O)2+

unit complexed to a porphyrin π-anion radical to yield [FeIV=O P−•]+. NMR inves-
tigations of such complexes are discussed in Section IV.A.13. Compound II, which
is red, and is obtained upon one-electron reduction of Compound I, also possesses
a (FeIV=O)2+ unit, in this case complexed to a normal porphyrin dianion.

Model hemes containing the ferryl unit have been prepared and investigated
by 1H NMR spectroscopy at low temperatures by Balch and La Mar and cowork-
ers.332,855,857,860 The ferryl species have been produced by thermal decomposition
(at −30 °C) of the µ-peroxo dimer of (P)FeIII, formed from reaction of 2 (P)FeII

with molecular oxygen at −70 °C, Eqs. 41 and 42,855 by base catalyzed cleavage
of the µ-peroxo dimer at similar low temperatures:855–857

(P)Fe-OO-Fe(P) + 2 B � 2 (B)(P)Fe=O, (41)

FeIII-O2
2–FeIII (B)(FeIV=O),
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where reaction (41) is the same as the second part of reaction (27b), or by base
catalyzed cleavage of (P)Fe(OOCHR2) complexes:332

(P)Fe(OOCHR2) + B � (B)(P)FeIV=O + •OCHR2

↓
(P)FeIIIOH + O=CR2 + B. (42)

Both the 5- and 6-coordinate ferryl porphyrin complexes have very small
observed shifts of all resonances, as summarized in Table 15. Nevertheless, the
Curie plots for all resonances are strictly linear, and the observed shifts extrapo-
late to close to the diamagnetic positions for each type of proton.855 Investigation
of 6-coordinate (imidazole or pyridine) adducts of synthetic ferryl porphyrins and
ferryl myoglobin led to detection of broad, weak axial imidazole (histidine) reso-
nances at −11 and −16 ppm in ferryl myoglobin at 35 °C.860 Analysis of the hyper-
fine shifts of the axial ligands are consistent with imidazole → Fe π donation
similar to that seen in low-spin iron(III) complexes with two imidazolate or one
imidazolate and one cyanide ligand,490 although the contact shifts are much
smaller in the iron(IV) complexes.860 For axial pyridine complexes, the dominant
π bonding leads to spin polarization effects by the dπ spin, which leads to contact
shift patterns very similar to those reported for low-spin iron(III) porphyrin bis-
(pyridine) complexes,519 but much smaller than those reported for the iron(IV)
complexes.860 These results indicate that the coordinated ligand is located trans to
a strongly π-donating oxo ligand, where there is significant spin delocalization
from the dxz,dyz orbitals to the πx and πy orbitals of oxygen by this π donation in
both the model compounds and ferryl myoglobin.860 The small observed shifts are
entirely consistent with theoretical calculations,861,862 which indicate substantial π
interaction between iron and oxygen orbitals and effective localization of unpaired
spin density within the (FeIV=O)2+ unit, a significant amount of which may be
localized on the oxygen, which is in line with the reactivity of this group.863,864

c. Five-coordinate iron(IV) phenyl porphyrins

Single-electron oxidation of phenyliron(III) tetraarylporphyrin complexes with
bromine in chloroform at −60 °C produces deep red solutions whose 1H and 2H
NMR spectra indicate that they are the corresponding iron(IV) complexes.157 As
summarized in Table 15, the pyrrole-H are found at −60 to −70 ppm, while por-
phyrin aryl chemical shifts are almost exclusively pseudocontact in nature. The
iron phenyl resonances at ~ −300 ppm (o-H), −50 to −75 ppm (m-H), −43 ppm
(m-CH3), ~ −100 ppm (p-H) and +112 ppm (p-CH3),

157 indicative of large π
spin delocalization to the phenyl ring. However, the nonalternation in sign for the
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meta-phenyl-H paramagnetic shift and nonreversal in sign on substitution of CH3

at the meta position suggests some degree of σ spin delocalization to the phenyl
ring. In comparison to the phenyl iron(III) porphyrin complexes discussed in
Section IV.A.8.f, except for the meta-phenyl position, the chemical shift pattern
is similar for the two oxidation states, except that the shifts of the Fe(IV) phenyl
complexes (Table 15) are larger than those for the iron(III) phenyl complexes
(Table 15). This may not be surprising when one considers the electron configu-
rations of the two: For the low-spin aryl iron(III) porphyrins, the electron con-
figuration is (dxy)

2(dxz,dyz)
3, with one π-symmetry unpaired electron, while for the

low-spin aryl iron(IV) porphyrins, the electron configuration is (dxy)
2(dxz,dyz)

2,
with two π-symmetry unpaired electrons. However, it should be noted that
because of symmetry considerations, only one of the dπ electrons can be delocal-
ized to the aryl group. The aryl iron(IV) porphyrins are thermally unstable, and
upon warming convert cleanly to N-phenylporphyrin complexes of iron(II) by
reductive elimination.157 Phenyl migration, which produces a green pigment, is
known to occur under aerobic conditions in protein systems such as cytochrome
P450, catalase, hemoglobin or myoglobin. The phenyl heme is produced by
attack of aryl hydrazines in the presence of oxygen,575,865 and probably goes
through a phenyl iron(IV) intermediate. These N-arylporphyrin complexes of
iron are readily demetalated, which leads to destruction of function of the
heme protein.

d. Comparison of iron(IV) porphyrins and iron(III) porphyrin π-radicals

Balch and Renner157 concluded that axial ligands play a major role in determining
the electronic distribution within highly oxidized iron porphyrins. It has been
found that an oxo ligand, a phenyl ligand or two methoxy ligands favor the
iron(IV) porphyrin dianion structure, while two halide ions, imidazole or perchlo-
rate ligands produce the iron(III) porphyrin π-radical monoanion electronic struc-
ture. The ability of the iron π unpaired electron to interact with the axial ligand(s)
appears to make a major contribution to these differences.

13. Iron(IV) Porphyrin ππ-Radicals

In Section IV.A.12.b it was mentioned that the green Compound I species observed
in peroxidase enzymes, which contains an iron porphyrin that is two oxidation lev-
els above (P)FeIII, consists of a ferryl porphyrin radical, [(P−•)(FeIV=O)2+]+. The
ferryl unit, complexed to a porphyrin π-anion radical, is a transient and very reac-
tive species (either in the enzymes or in model hemes) and can readily insert the
oxygen atom into many C–H bonds.863,864 Horseradish peroxidase Compound I, in
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which the heme iron is bound to a histidine imidazole ligand, was first assigned as
an a2u radical, while catalase Compound I, in which the heme iron is also bound
to a histidine imidazole ligand, was believed to be an a1u radical.866,867 It was later
shown that all of these heme Compound I states, including those of the
cytochromes P450,864 have a1u radicals which are weakly antiferromagnetically
coupled to S = 1 FeIV=O and give EPR signals near geff = 2,868–876 although the
breadth of the signal and its symmetrical shape suggests a mixture of weakly
antiferromagnetic and weakly ferromagnetic coupling.872 Compounds I of
cytochromes P450 are much less stable than those of peroxidases and catalases,
and in many cases cannot even be trapped by freeze-quench EPR experiments,
although their decomposition products to FeIV=O protein radicals have been
trapped in a few cases.877–879 They have also been trapped in stopped-flow experi-
ments. Chloroperoxidase, in which the heme is bound to a cysteine thiolate ligand,
has a Compound I with a radical that is fairly strongly antiferromagnetically
coupled to S = 1 FeIV=O, which thus gives Seff = 1/2 and g-values of 1.64, 1.73
and 2.00.880

In contrast, different EPR spectra have been reported for the Compound I of
Micrococcus lysodeikticus catalase881 and that of ascorbate peroxidase,882 which
suggest ferromagnetic coupling of the S = 1/2 radical and the FeIV=O to yield a
Seff = 3/2 state. The Compound I form of these enzymes also show a Seff = 3/2 state
with EPR g-values of ∼4 and ∼2, although there are two subtypes, one which has
a rhombic signal (geff = 4.5, 3.5, 1.98), and the other axial (g⊥eff ∼3.4–3.3, g||eff ∼2).
The catalase-peroxidases (KatGs) of a number of bacteria,883–885 most importantly
Mycobacterium tuberculosis,886–888 show both catalase and peroxidase activity, and
this enzyme activates the currently best drug against this disease, the pro-drug iso-
niazid. In fact, these examples are part of a continuum of spectra observed for
Compounds I, which range from a g = 2 signal with extremely broad wings,
indicative of antiferromagnetic coupling of radical and FeIV electrons, to rhombic
and axial signals indicative of weak ferromagnetic coupling of these electrons; a
good example of the range of signals observed thus far is shown in Figure 26 of
the chapter on structure-function relationships in heme peroxidises in this series,889

which includes the Compounds I of HRP, isoforms I and III of turnip peroxi-
dases,890 a KatG mutant,888 ascorbate peroxidase,882 and a model heme complex
discussed below. It should be noted that most peroxidases, and particularly the
KatGs, have more than the usual number of tyrosines and tryptophans in the pro-
tein sequence, and some of these that are near the heme center provide sites from
which the ferryl porphyrin π-cation radical can capture an electron (more often
Trp),885,888,890 which gives a ferryl porphyrin-protein radical state, [PFeIII=O](Trp•)+

for example, and protein radical EPR signals may be observed, or they may show
variable coupling to the S = 1, PFeIV=O center, depending on the distance of the
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protein radical from the PFeIV=O center. This state may be the actual one that allows
substrate oxidation, if there is no substrate binding site near the heme.885,888–891

No less that four research groups have investigated the NMR spectra of model
complexes of this reactive species,332,360,892–902 and Nanthakumar and Goff897 have
stabilized an iron(IV) porphyrin radical in the absence of the oxo group by using
fluoro substituents on the TPP phenyl rings. Weiss, Gold and coworkers897–901 have
also generated oxoferrylporphyrin radicals by m-chloroperbenzoic acid oxidation
of the chloro- and trifluoromethanesulfonato complexes of [(TMP)FeIII] and the tri-
fluoromethanesulfonato complex of tetra-(2,6-dichlorophenyl) porphinatoiron(III),
[((2,6-Cl2)4TPP)FeIII]. The ferryl porphyrin π-cation radical, [(TMP−•)(Fe=O)
(CD3OD)]+ can also be produced by reaction of dimethyldioxirane with [(TMP)
FeOClO3] in deuterated methylene chloride/methanol (4:1) at 203 K followed by
warming the sample to 233 K for 15 min.858 This species was found to be unstable
in basic solution. The EPR and Mössbauer spectra of all of these species were
found to be those of [FeIV=O Por−•]+ in which the porphyrin π-radical was an a2u(π)
type, not a1u(π), and fairly strongly ferromagnetically coupled to the S = 1 Fe=O
center, rather than antiferromagnetically coupled, as found for the HRP-containing
heme enzyme systems.874–880 Only in the case of a crowded porphyrin with β-
tetramethyl,tetraaryl substitution has the a1u(π) radical state, with weak ferromagnetic
coupling, been stabilized.895,900 Later, these workers found that the tetra-mesityl-
and -2,6-dichlorophenylporpholactones also produced the a1u(π) radical state, but
again weakly ferromagnetically coupled.902 In fact, no model complexes have been
created which reproduce the HRP- or CPO-type EPR and Mössbauer spectra that
are mainly weakly or strongly antiferromagnetically coupled.874–880

The a2u(π) strongly ferromagnetically-coupled radical complexes have rhombic
EPR spectra at 10 K (g-values of 4.47, 3.50, 1.98 for the TMP case, 4.26, 3.68 and
1.990 for the 2,6-dichlorophenylporphyrin case), and Mössbauer spectra indicative
of stronger coupling between the FeIV=O and porphyrin π-radical electrons (J0 ∼
38–43 cm−1), while the porpholactones, with their a1u(π) radical states, have “axial”
EPR spectra at 10 K, which were nevertheless analyzed as being rhombic (g-values
of 3.48, 3.85, 1.99 for the tetramesitylporpholactone and 3.16, 3.64, 1.99 for the
tetra-2,6-dichlorophenylporpholactone), and weaker ferromagnetic coupling between
the FeIV=O and porphyrin π-anion radical electrons [FeIV=O P−•]+ (J0 ∼ 11–17 cm−1).902

Fujii and coworkers obtained similar results for these two radical states.895 Thus, the
differences in the coupling of the ferromagnetically-coupled radicals are subtle,
although they produce quite different EPR spectra, as shown in Figure 74.

In all but one case,896,903 “hindered” or “protected” porphyrins, such as
tetramesitylporphyrin (TMP),332,892,893 2, 7,12,17-tetramethyl -3, 8,13,18- tetrame-
sitylporphyrin (TMTMP),894,895,900 or tetra-(2,6-difluorophenyl)porphyrin ((2,6-
F2)4TPP) or (F8TPP))903 were used for these model studies. In the case of the TMP
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complexes, it was found that the porphyrin π-radical is of the a2u type, since large
π spin density is detected at the meso-phenyl-H and −CH3 positions, as well as a
smaller amount of π spin delocalization at the β-pyrrole positions,128,893 as sum-
marized in Table 15. However, the TMTMP complex has an unpaired electron in
the a1u orbital, since the very large pyrrole-CH3 paramagnetic shift indicates large
spin delocalization to the pyrrole positions.128,895,900 The pyrrole-CH3 resonance at
132 ppm and the meso-H resonance at +54 ppm are shifted to +111 ppm and
−1 ppm, respectively, upon binding imidazole.895 In comparison, pyrrole-CH3 and
meso-H shifts for the ferryl complex of protohemin are 4 and 16 ppm, respectively.857

Use of meso-tetra-2,6-substituted phenyl porphyrins having chloro or nitro
substituents produces iron(IV) porphyrin radical states that have more a1u radical
character (mixed into the largely a2u-type radical) than is observed for other
tetraphenyl-type porphyrins: Using tetrakis-5,10,15,20-(2,6-dichlorophenyl)por-
phyrin, 5-(2-chloro-6-nitrophenyl), 10,15,20-tris(2,6-dichlorophenyl)porphyrin,
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Figure 74. EPR spectrum of the [FeIV=O Por−•] Compound I species formed upon reaction of
nitrophorin 2 with 5-fold excess peroxyacetic acid. The rhombic signal with effective g-values
of (4.15, 3.66, 2.0) consistent with a strong ferromagnetic coupling is observed at lower pH
(6.0 here), while a change to weak ferromagnetic coupling is observed at higher pH values
(8.5 here). The Compound I spectrum at pH 6.0 is very similar to that observed for the [FeIV=O
Por−•] intermediate formed by ascorbate peroxidase and the ferryl (TMTMP) model complex
of Ayougou et al.900 and Fujii et al.895 (see Figure 27 in Ref. 883). The radical signal at g = 2
that contributes to the Compound I spectrum of NP2 obtained at pH 8.5 is consistent with that
of a protein-based radical formed as a subsequent intermediate,905 similar to the cases
observed in catalase-peroxidases.883–888
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5-(2,6-dinitrophenyl), 10,15,20-tris(2,6-dichlorophenyl)porphyrin as compared to
TMP and 2-iodo TMP, pyrrole-H shifts of −61; −54 to −56; −51 to −55; −28; and
−24 to −27 ppm, respectively, are observed at −65 °C.900 In contrast, the fully-a1u

radical state of the porpholactones show pyrrole-H shifts of −5 to −20 ppm for the
tetramesityl complex and −40 to −60 for the 2,6-dichlorophenyl complex, with the
phenyl meta-H resonances mirroring this difference in reverse (+20 to +35 ppm
for the tetramesityl complex and +10 to +15 ppm for the 2,6-dichlorophenyl com-
plex).902 Despite the differences in chemical shifts for these two complexes, the
low temperature EPR spectra show both of them to be a1u(π) radicals.

Goff and coworkers prepared a 6-coordinate, oxo, fluoro complex, [(TPP)Fe=
O(F)], by addition of m-chloroperbenzoic acid to [(TPP)FeF2]

−• in dichloromethane,
or by reaction of the µ-oxo dimer diradical, [((TPP−•)Fe)2O(ClO4)2], with excess
Bu4NF•3H2O in CD2Cl2. This complex has very small pyrrole-D shifts and large,
alternating signs for the phenyl-H,361 which indicate a radical of a2u type. This
species has EPR signals at g = 4.2, 3.9 and 3.5 at 5 K, but not higher, which suggests
an overall S = 3/2 species composed of S = 1 iron(IV) and the S = 1/2 porphyrin
radical.361 This is presumably the valence isomer of the iron(V) porphyrin species
obtained from the fluorinated TPP derivative,903 discussed in Section IV.A.14.

Nitrophorin 2 also reacts with H2O2
904 or peroxyacetic acid to give EPR spec-

tra similar to these, with the rhombic signal seen at pH = 5.5–6.8 and the axial sig-
nal at pH 7.7–8.6,905 as shown in Figure 74, g-values of 4.03, 3.80, and 2.00, and
3.8, ∼2.0, respectively. The rhombic spectrum is believed to arise from stabiliza-
tion of the a2u(π) radical state by strong ruffling of the heme, which is relaxed by
loss of H-bonds at high pH, and becomes an a1u(π) radical state.905 In fact, it may
be that the difference between the EPR spectra of the model heme systems is that
the meso-substituted models encourage ruffling, which stabilizes the a2u(π) radical
state, while the β-pyrrole-substituted models prevent ruffling, which stabilizes the
a1u(π) radical state. As in the KatGs, the ferryl porphyrin π-radical electron can be
transferred to protein side chains, in this case only to tyrosines.905

Nanthakumar and Goff’s nonferryl iron(IV) porphyrin radical or iron(V)
complex, probably [((2,6-F2)4TPP)FeCl](ClO4)2,

896,903 which is produced by two-
electron electrochemical oxidation of [((2,6-F2)4TPP)FeCl] in dichloromethane,
has reversed phenyl-H shifts (+30.5 and −2.0 ppm for m-H and p-H, respectively)
from those of the one-electron reduced iron(III) porphyrin radical (−3.5, −4.5 (m-
H) and +16.0 ppm (p-H)) discussed in Section IV.A.11, and the pyrrole-H signal
has moved from +85.5 ppm to −5 ppm upon oxidation from the iron(III) to the
iron(IV) porphyrin radical. Although this pyrrole-H shift is similar to those
observed for ferryl porphyrin radicals, Table 15, solution characterization of the
two-electron oxidized product of [((2,6-F2)4TPP)FeCl] provides no evidence of an
oxo ligand.896
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The chloroiron (III) corrole π-radicals discussed in Section IV.A.11.e840 can be
oxidized by one electron to create an antiferromagnetically coupled iron(IV) cor-
role π-cation radical.906 The magnetic moment of [(Et8Corr)Fe(Ph)]+ is 1.78 µB at
293 K, and the EPR spectra of this phenyl complex, as well as the chloro complex,
are indicative of an overall S = 1/2 system (g = 2.17, 2.04, 2.01 and 2.12, 2.07, 2.02,
respectivly).906 These species have not been characterized by NMR spectroscopy.

14. Iron(V) Porphyrins

The single report of a possible Fe(V) porphyrin is that of Nanthakumar and
Goff,896,903 in which they used highly electronegative fluorine substituents on the
phenyl rings and the strong oxidizing agent, m-chloroperbenzoic acid, to produce
a red complex with Soret band at 430 nm and visible band at 550 nm, similar to
those of (P)FeIV=O complexes,897 but with different NMR and EPR spectra. The
pyrrole-D signal was observed at +1.3 ppm at 210 K. The EPR spectrum at mod-
erate temperatures (g = 4.38, 3.11 and 2.70, plus a g = 2 radical signal from
decomposition products) is believed to be indicative of a S = 3/2 species,903 rather
than a S = 1 iron(IV)/S = 1/2 porphyrin radical species, which is expected to be
EPR silent above ∼5 K.903 However, a recent study of related halogenated high-
valent iron porphyrins using tetrakis-5,10,15,20-(2,6-dichlorophenyl)porphyrin,
5-(2-chloro-6-nitrophenyl), 10,15,20-tris(2,6-dichlorophenyl)porphyrin, 5-(2,6-
dinitrophenyl), 10,15,20-tris(2,6-dichlorophenyl)porphyrin and others, mentioned
in the previous section, yield somewhat different rhombic EPR spectra at 10 K (g-
values of 4.26, 3.68 and 1.99), pyrrole-H shifts of −61 to −51 ppm at −65 °C, and
Mössbauer and resonance Raman spectra indicative of iron(IV) π-cation radi-
cals.900 The researchers comment that the Mössbauer data are inconsistent with
formulation of these complexes as high-spin iron(V).900 However, the large differ-
ence in the chemical shift of the pyrrole-H reported by Nanthakumar and
Goff896,903 and by Jayaraj et al.900 raises the question as to whether the same species
was detected in the two studies. Thus, perhaps the possibility of the existence of
an Fe(V) porphyrin should be retained — but with a question mark.

B. Ruthenium and Osmium Porphyrins

Unlike the extensive chemistry and NMR spectroscopy of FeI–FeIV=O π-cation
radicals discussed in Section IV, the reported NMR studies of porphyrin com-
plexes of the heavier elements of the iron group involve mainly diamagnetic com-
pounds. Fairly recent examples include the oligomeric ruthenium(II) porphyrin
complexes of mono-(2- or 4-pyridyl)-tri-tolyl- or tri-(4-t-butylphenyl)por-
phyrin,907 a number of complexes formed by scission of the Ru–Ru bond of
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dimeric RuII complexes908 or reductive cleavage of that bond,909 complexes of
(TPP)RuIII with NO and anions,910 osmium(II) porphyrin ylides,911 oligomeric
osmium(II) porphyrin complexes of mono-(3- or 4-pyridyl)-triphenylporphyrin912

and dioxoruthenium(VI) porphyrins.913

Dimeric metal–metal bonded ruthenium(II) complexes of OEP, TPP and TTP,
prepared by vacuum pyrolysis of the corresponding [(P)Ru(Py)2] monomeric com-
plexes, have been studied by NMR spectroscopy.914 These dimeric ruthenium(II)
porphyrins are paramagnetic and have a formal Ru=Ru double bond, with an over-
all d-electron configuration σ2π4δ2δ*2π*2. The NMR spectra of the TPP and OEP
complexes at 30 °C are shown in Figure 75, where it can be seen that the unusu-
ally high resolution (for a paramagnetic complex) of the resonances, including
all spin–spin splittings, is helpful in assigning them. The negative chemical shift
of the pyrrole-H resonance of the TPP complex and the positive chemical shifts of
the −CH2 resonances of the OEP complex, as well as the near-diamagnetic shift
of the meso-H of the latter complex,914 are all diagnostic of unpaired electrons in
the dπ orbitals of the two metals, which is totally consistent with the d-electron
configuration. The Os2 and RuOs analogs also have this electron configuration.915

However, the d4–d6 dimeric mixed metal MoRu,916,917 WOs,916 WRu,918 and
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Figure 75. 100 MHz 1H NMR spectra of [(P)RuII)]2. A: [(OEP)Ru]2 in oxygen-free benzene-
d6. B: [(TPP)Ru]2 in oxygen-free toluene-d8. Reprinted from Collman, J. P.; Barnes, C. E.;
Collins, T. J.; Brothers, P. J. J. Am. Chem. Soc. 1981, 103, 7030–7032, with permission from
the American Chemical Society.
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MoOs918 complexes have the δ* and π* orbitals reversed in energy, as is evidenced
by the fact that they are paramagnetic.

C. Cobalt Porphyrins

Cobalt porphyrins do not occur naturally, but the related vitamin B12 corrins (also
called cobalamins) are important in a number of carbon skeleton rearrangements,
methyl group transfers and reduction of amino and hydroxyl groups to the hydro-
carbon level.919 In these reactions, cobalt(I), cobalt(II) and cobalt(III) were impli-
cated in the various enzymatic transition states. X-ray crystallographic structure
determinations of methionine synthase920 and methylmalonyl CoA mutase921 were
very informative concerning the binding of the cobalamin to its protein and the
possible mechanism of action of the enzyme. In addition, cobalt(II)-reconstituted
hemoglobins and myoglobins were extensively investigated in an attempt to elu-
cidate further information concerning quaternary structural interconversions,922

geometry of the metal–O–O bond,923–926 and the rate of rotation of bound O2 by
EPR lineshape analysis techniques.927

Just one report of NMR investigations of cobalt(II)-reconstituted hemoglobins
or myoglobins has appeared, and that one shows an extremely broad peak at +26
or +29 ppm, depending on whether the cobalt(II) is in the α or the β chains of the
hemoglobin molecule.928 These resonances are believed to be due to the meso-H
of the protoporphyrin IX-cobalt(II). Several broad peaks are also observed in
the −5 to −10 ppm region.928 The breadth of these signals is probably a result of
the decreased g-anisotropy of 5-coordinate cobalt(II) porphyrins (as compared to the
4-coordinate complexes), which decreases the paramagnetic shifts of these species.
This point will be discussed further in the next section.

1. Low-Spin Cobalt(II) Porphyrins

a. Observed shifts and the pseudocontact interaction

Table 16 lists the typical paramagnetic shifts for several natural and synthetic
cobalt(II) porphyrins. As pointed out previously,2,4,233 all shifts are to lower shield-
ing. Because the electronic ground state of low-spin cobalt(II) is 2A1 (dz2

1), and
because the dz2 orbital interacts only very weakly with the σ system of the por-
phyrin ligand, the majority of the paramagnetic shift at all positions is a result of
the pseudocontact interaction. The pseudocontact shifts can be caluclated by
use of the factoring method outlined in Section III.B.2 indicates that the majority
of the paramagnetic shift is pseudocontact, with small contact shifts at the
meso (+4 ppm) and pyrrole (−2.4, H; −1.6 ppm, CH2, at 35 °C) positions.2,4,233
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Pseudocontact shifts calculated from Eq. 9 by use of g-values, obtained from low-
temperature EPR measurements of polycrystalline samples of cobalt(II) por-
phyrins238 are in approximate agreement with those calculated by the factoring
method (Eq. 23) at room temperature, but deviate at low temperatures because of
solvation of the axial positions of the cobalt(II) porphyrin at lower temperatures.
Furthermore, the EPR spectra of cobalt(II) porphyrins in solution are very sensi-
tive to solvation of the axial positions,929 and do not allow calculation of the
pseudocontact shifts observed at room temperature.

The g-values of a number of cobalt(II) porphyrins have been reported previ-
ously238,929 and discussed with respect to their effect on the g-anisotropy that gives
rise to the pseudocontact interaction (g||

2–g⊥
2, Eq. 9).2,4 Four-coordinate, polycrys-

talline cobalt(II) porphyrins have very large differences between g⊥ and g||, with
values of 3.25–3.29 and 1.83–1.79, respectively, such that g||

2–g⊥
2 is of the order

of −7.3 to −7.6, while in toluene solution the g-values are 2.85–2.93 and 1.97–1.95
and this anisotropy decreases to −4.1 to −4.8; in CHCl3/CH2Cl2 the g-values are 2.38
and 1.97 and it decreases to −1.78. In the presence of a Lewis base, the g-values
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Table 16. Chemical shifts of cobalt(II) porphyrins.a,b

Porphyrin Proton position δiso, ppm δdip,c ppm δcon, ppm Ref.

TTPd Pyrrole-H 7.0e 9.4 –2.4 233
o-H (CH3) 5.0e (2.68,1.29, 5.0 ~0

1.97, –0.35)f

m-H 2.15e 2.3 ~0
p-H (CH3) 2.03e (1.45)g 2.05 (1.52) ~0 (~0)

OEPd,h Pyrrole-CH2 (CH3) 4.73 (4.05) 5.2 ~ –1.6 233
meso-H 19.0 15.0 4.0

EP Pyrrole-CH3 4.73 931
Pyrrole-CH2 (CH3) 4.66 (3.92)
meso-H 17.57

MPDME Pyrrole-CH3 4.35 931
Pyrrole-CH2 (CH3) 4.4 (3.67)
meso-H 16.62

aAdapted from La Mar, G. N.; Walker, F. A. In The Porphyrins, Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. IVB, pp. 57–161, with correction of sign for the currently-
accepted sign convention.
bReferenced against the diamagnetic Ni(II) complex unless otherwise specified.
cCalculated by the factoring method of Section III.B.2.
dTemperature = 35 °C, solvent = CDCl3.
eShifts taken from [(TPP)Co].
fShifts taken from [(o-TTP)Co].
gShifts taken from [(p-TTP)Co].
hReference against free ligand.
iTemperature = 26 °C, solvent = CDCl3.
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more closely approach 2, with g⊥ = 2.32 and g|| = 2.03 for the NMeIm complex in
toluene, and the value of g||

2–g⊥
2 shrinks to −1.2 or even smaller.2,4 Thus, the

observed paramagnetic shifts of [(TPP)CoII] of +7 ppm (pyrrole-H) and
[(OEP)CoII] of +19 ppm (meso-H) at 35 °C in CDCl3 (at which temperature there
is very little solvation of the axial positions of the cobalt(II)) are expected to
shrink to 1.2 and 2.5 ppm, respectively, if the mono-(NMeIm) complex is formed,
or even more, if the g-anisotropy calculated by the factoring method of Section
III.B.2 (−8.2) is used. These very small paramagnetic shifts are not very useful for
NMR investigations of cobalt(II) porphyrins or cobalt-substituted heme proteins,
and only in one case have such resonances have been reported for a protein.928

Furthermore, since linewidths are dominated by the pseudocontact interaction,
which in this case is more complex than Eq. 19 because of the magnetic anisotropy
of low-spin cobalt(II), the proton resonances were postulated to become broader
as the magnetic anisotropy becomes smaller.2,4 However, according to Sternlicht’s
expression for the nuclear relaxation rate for complexes possessing magnetic
anisotropy105 (Section II.B.2.c, Eq. 21), resonances of protons that are in the plane
of the porphyrin should be sharpened according to the ratio of [〈g〉2 + g⊥

2], or to
about 5/9 their value for 5- as compared to 4-coordinate low-spin cobalt(II) por-
phyrins. No good test of this relationship has been reported.

The complete dominance of the pseudocontact interaction suggested early that
cobalt(II) porphyrins might be used as “shift reagents,” to determine stereochem-
istry of molecules with which they associate.930,931 This has been reported by
Uemori and Kuyno for some “jellyfish” type porphyrins having bridging alkyl
groups across two opposite meso positions of a “picket fence”-type 4-coordinate
cobalt(II) porphyrin.932 The phenyl-H shifts vary linearly with their geometric fac-
tors, which suggests that their shifts are mainly pseudocontact in nature.
Ironically, although the use of cobalt(II) porphyrins as shift reagents has not
occurred for axial ligand complexes (largely because of the reduced magnetic
anisotropy that occurs when ligands are bound to the axial positions of cobalt(II)),
certain diamagnetic cobalt(III) porphyrins have been proposed as “chiral shift
reagents,” based on ring-current shifts of coordinated amine ligands.933

b. Oxidation of cobalt(II) porphyrins to produce π-radical dimers

Cobalt(II) porphyrins can undergo one-electron oxidation from either the cobalt d
or porphyrin π orbitals depending on the choice of porphyrin and reaction media.
Oxidation of (OEP)CoII in the presence of ligands such as H2O and CO produces
diamagnetic 5- and 6-coordinate complexes of (OEP)CoIII,934–939 while in the
absence of additional ligands to coordinate the CoIII, the oxidation occurs from a
porphyrin π molecular orbital to produce a π-radical complex [(OEP−•)CoII]+.934–937
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The paramagnetic monomer (S = 1) interconverts to a diamagnetic dimer,
[(OEP)CoII]2

2+. The bonding in the dimer is believed to involve both porphyrin
π–π bonding, probably similar to that in the vanadyl porphyrin π-cation radical
dimer,123 and in addition, weak CoII–CoII (3dz2–3dz2) bonding, weaker than that
observed in [(OEP)RhII]2

2+ discussed in Section IV.D.

c. Low-spin cobalt(II) oxaporphyrins and porphodimethenes

As mentioned earlier, in the coupled oxidation of [(OEP)FeII(Py)2], the first product
is [(OEPO)FeII(Py)2], where OEPO is the monoanion of octaethyl-5-hydroxopor-
phyrin, also called octaethyloxophlorin, Structure 8. Further oxidation of this com-
plex produces a mixture of the iron(II) complex of octaethyl-5-oxaporphyrin,
Structure 9, [(OEOP)FeII(Py)2], also known as octaethylverdoheme, and [(OEB)
FeIII(Py)2], where OEB is the trianion of octaethylbilindione, the hydrolysis product
of verdoheme. Since the CoII complexes of both of the final products are more stable
than the FeII complexes, the cobalt(II) oxoporphyrin complex, [(OEOP)CoII]PF6 was
investigated by 1H NMR and shown to have chemical shifts and linewidths consis-
tent with a low-spin cobalt(II) complex.939 The magnetic moment of the complex is
1.9 µB, in solution at 25 °C,376,377 which confirms the S = 1/2 state. Two meso-H
resonances are observed at +30 and +21 ppm (intensities 2:1, respectively), three
−CH2 resonances at +8, +4 and −2 ppm (intensities 4:4:8, respectively), and two
−CH3 resonances at +5 and +2 ppm (intensities 12:12, respectively).940

The other product of coupled oxidation of [(OEP)FeII(Py)2], mentioned above,
is octaethylbilindione, H3OEB, from which the iron has been lost. (H3OEB is the
diketone formed when the formyl carbon of Structure 11 is removed by oxidation.)
Balch and coworkers have studied the effect that complexation of H3OEB by metal
ions has on the redox properties of the resulting complexes. While the iron com-
plex is important in the coupled oxidation process, which occurs upon treatment of
this complex with dioxygen in pyridine solution in the presence of a reducing
agent,220,941 it is unstable with respect to loss of iron.942 However, the cobalt com-
plex, Co(OEB), is stable to both metal ion dissociation and toward dioxygen.943 The
Co(OEB) complex consists of a cobalt ion with approximately planar coordination
that is surrounded by four pyrrole nitrogen atoms of the helical ligand. The 1H
NMR spectrum has marked temperature dependent changes.940 These changes are
most prominent in the meso-H resonances and indicate that there is thermal popu-
lation of a low-lying paramagnetic state. This behavior may result from low-
spin/high-spin equilibrium for CoIII, or from thermal equilibrium between
[(OEB3−)CoIII] (S = 0) and [(OEB2−•)CoII)], the oxidized ligand radical dianion, or
from temperature dependent coupling of ligand and metal spins in [(OEB•)CoII)].940

Spectral data indicate that ((OEB)Co] reversibly coordinates pyridine ligands.
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The four-membered electron transfer series involving [Co(OEB)]n with n =
+1, 0, −1, −2 has been studied electrochemically and by oxidation with I2.

942 All
complexes are monomeric, and all but Co(OEB) appear to contain CoII. The 1H
NMR spectrum of the 1-electron-oxidized species, [CoII(OEBOx)]I3, shows eight
methylene resonances with chemical shifts that range from +16 to −11 ppm, four
methyl resonances at 5.55, 3.73, 0.49 and 0.20 ppm, and two meso-H resonances,
at −20 (2) and +12.62 (1) ppm, which, by the multiplicity of signals observed,
suggests that the I3

− ion is only loosely bound.942

Coordination of cobalt(II) with octaethylformylbiliverdin, Structure 11,
formed by coupled oxidation of cobalt(II) octaethylporphyrin, followed by dis-
sociation of the cobalt, produces a complex whose NMR spectrum is consistent
with a low-spin cobalt(II) complex of this formylbiliverdin.944 Meso-H and
meso-formyl resonances are observed at +34, +26, +11 and +3 ppm, and CH2

resonances range from +19 to −12 ppm. Six CH3 resonances, two of double
intensity, are also observed between +8 and −2 ppm.944 The pattern of shifts is
similar to that of the symmetrical [(OEP)Co] complex, except for the wide
spread of the meso shifts. The resonances are considerably sharper than those of
[(OEP)Co], however, and excellent COSY spectra have been obtained. The EPR
spectrum of the OEFB complex in toluene solution in the presence of pyridine
yields a spectrum similar to that of [(OEP)Co] bound to one pyridine mole-
cule,238 with g-values of 2.465, 2.181, 2.001, except that it is rhombic rather than
axial. Molecular oxygen readily binds to this complex, to produce the typical
Co–O2 EPR signal.944

d. High-spin cobalt(II) N-alkylporphyrins and alkoxy adducts
of oxaporphyrins

Most cobalt(II) porphyrins are low-spin (S = 1/2) and have rather broad 1H reso-
nances with relatively small shifts that are largely pseudocontact in origin,2,4 but
the 1H NMR spectra of the chlorocobalt(II) N-methylporphyrin complexes of TPP
and OEP, shown in Figure 25, are those of high-spin cobalt(II) centers (S = 3/2),
and are quite a bit sharper.230 The lower symmetry of the N-methylporphyrin ligand
creates many more resonances for each complex. The Curie plots for these reso-
nances are linear but do not extrapolate to the diamagnetic region for the pyrrole-
H or N–CH3. The phenyl-H, however, exhibit paramagnetic shifts as expected if
they are mainly pseudocontact in origin,230 and the pyrrole substituent shifts are
indicative of mainly σ delocalization, as expected. The N,N′-vinylene-linked
cobalt(II) porphyrins prepared by addition of free-base porphyrins to a C2H2 com-
plex of cobalt(III) octaethylporphyrin, followed by oxidative rearrangement and
addition of cobalt(II) or other metal to the free-base N-vinylporphyrin have been
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reported.945 The patterns of meso-H and β-CH2 shifts are similar to those of the
simple N-alkylporphyrin complexes of CoIICl.230 When the planar macrocycle
octaethyloxaporphyrincobalt(II), discussed in the previous section, is opened by
alkoxide addition, helical complexes are formed. These complexes have much
sharper resonances, with larger chemical shifts,946 than the (OEPO)CoII precur-
sor.940 For the ethoxy product, meso-H resonances are observed at about +70 and
+55 ppm, and porphyrin β-CH2 resonances from +40 to about 0 ppm, with the
ethoxy −CH2 resonance at −20 ppm, while for the methoxy product all shifts are
increased somewhat.946 These large chemical shifts are not consistent with low-
spin cobalt(II), but rather are similar to the chemical shifts of the cobalt(II) N-
alkylporphyrins discussed in the previous paragraph. Indeed, the chemical shifts
for the two types of cobalt(II) complexes are similar.

2. High-Spin Cobalt(II) Complexes of a Weak-Field Porphyrin Ligand 

The cobalt(II) complexes of β-pyrrole-fluoro substituted TPP, (F8TPP)CoII, and
perfluorinated TPP, (F28TPP)CoII, are not pure low-spin cobalt(II) complexes, but
rather, have varying degrees of low-spin/high-spin character.947 For the latter com-
plex, the magnetic moment (Evans method, 25 °C, CDCl3)

376,377 is 2.15 µB and the
β-pyrrole-F shift is −124.8 ppm (as compared to −145.4 ppm for the Zn(II) com-
plex), while the mono-pyridine complex displays a higher magnetic moment of
2.82 µB and a β-pyrrole-F shift of −104.6 ppm. Formation of the 6-coordinate
complex, in pyridine-d5 as solvent, created a nearly pure high-spin cobalt(II) center,
with a magnetic moment of 3.82 µB and a β-pyrrole-F shift of −20.5 ppm, similar
to that observed for the bis-(THF) complex (−1.6 ppm). The most positive shift
observed for these complexes was the bis-(N-methylimidazole) complex shift,
+141.1 ppm.947 The more positive the β-pyrrole-F shift, the more fully populated
the dx2−y2 orbital is believed to be. Of the two possible S = 3/2 ground states, 4A2g,
(dπ)

4(dxy)
1(dz2)1(dx2−y2)1, and 4Eg, (dxy)

2(dπ)
3(dz2)1(dx2−y2)1, the latter is believed to be the

ground state of these complexes because of the similarity of the bis-(pyridine) and
−(THF) shifts.947 Neither the EPR spectrum nor the temperature dependence of the
19F NMR shifts have been reported.

3. Alkylcobalt(III) Porphyrins: Agostic Interactions
or Paramagnetic Excited States?

X-ray crystallography and 1H and 13C NMR spectroscopy have been used to study
apparantly diamagnetic alkylcobalt(III) porphyrins.948 Porphyrins studied included
OEP, TTP, OEC and OEiBC, while alkyl groups included methyl, ethyl, propyl
and butyl. Agostic interactions between the β-protons and the metal had previously

29/NMR and EPR Spectroscopy 273

b867_Vol-06_Ch-29.qxd  6/10/2010  4:43 PM  Page 273



been suggested to explain the broad, 1H resonances of the β-protons of the alkyl
group that are shifted to higher shielding,949 as shown in Figure 76, left. (This shift
of the β-protons to higher shielding relative to the α-H is inconsistent with the
expectations of ring-current shifts of diamagnetic aromatic compounds.) The
three-dimensional structure of the OEP-ethyl complex, [(OEP)Co(Et)], has been
determined, and shows no evidence of agostic interactions in the solid state.
Furthermore, the 13C resonances of carbons bound to cobalt are very broad and
have unusual shifts to higher shielding (Figure 76, right) that are probably better
explained by the effects of the quadrupolar 59Co nucleus and to paramagnetic con-
tact shifts that arise from thermal population of an excited state.948 Organocobalt-
mediated radical polymerization of acrylic acid in water has been studied using a
water-soluble CoII porphyrin, tetra(3,5-disulfonatomesityl)porphyrin. Low poly-
dispersity, high molecular weight poly(acrylic acid) (PAA) was formed rapidly by
the aqueous polymerization of acrylic acid initiated by an azo radical source
(V-70) in the presence of this CoII porphyrin. The pyrrole-H resonance of para-
magnetic (TMPS)CoII disappears during the induction period of this reaction.950

Exchange of organic radicals between solution and organo-cobalt complexes
was experimentally observed and the reaction pathway was probed through DFT
calculations.
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Figure 76. Left: 270 MHz 1H NMR spectra of the axial alkyl groups of [(OEP)CoIII(R)] in
C6D6. Right: 67.9 MHz 13C NMR spectra of the high-shielding region of [(OEP)Co(13C2H5)] in
C6D6 (a) and in C5D5N (b). The inset in spectrum (a) is a fivefold expansion of the α-carbon
peak. Peaks indicated with asterisks are the natural abundance CH3 and CH2 peaks of OEP.
Reprinted from Cao, Y.; Petersen, J. L.; Stolzenberg, A. M. Inorg. Chim. Acta 1997, 263,
139–148, with permission from Elsevier Publishing Company.
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Cyanoisopropyl radicals from AIBN (2,2′-azobisisobutyronitrile) enter solu-
tions of cobalt(II) tetramesitylporphyrin ((TMP)CoII•) and vinyl acetate (VAc) in
benzene and react to produce transient hydride (TMP)Co–H and radicals
(•CH(OAc)CH2C(CH3)2CN) that proceed on to form organo-cobalt complexes
(TMP)Co-CH(OAc)CH3 and (TMP)Co–CH(OAc)C(CH3)2CN, respectively.951 Rate
constants for near-degenerate exchange of radicals in solution with organo-cobalt
complexes are deduced from 1H NMR studies and kinetic modeling. Associative
radical interchange of the latent radical groups in organo-cobalt porphyrin com-
plexes with freely diffusing radicals in solution that is observed in this system pro-
vides a pathway for mediation of living radical polymerization of vinyl acetate.951–953

4. A Cobalt(III) Porphyrin ππ-Cation Radical

Anodic oxidation of [(OEP)CoII] in the presence of a carbon monoxide atmosphere
creates the [(OEP)CoIII(CO)]+ π-cation radical complex, whereas in the presence of
a dinitrogen atmosphere, a [(OEP−•)CoII]+ π-cation radical.954 The two complexes
were characterized by IR spectroscopy; NMR spectra of these species have not been
reported. While the NMR spectrum of this species has not been reported, it is prob-
ably diamagnetic. The two-electron oxidized complex in the absence of CO yields a
species formulated as [(OEP−•)CoIII]2+ 2Br−, which exhibited a methylene proton sig-
nal at +23 ppm with a halfwidth of 900 Hz, and a broad meso-H signal at −81 ppm
(linewidth not given, spectrum not shown). At 275 K the latter signal had a para-
magnetic shift of −91 ppm, which corresponds to an electron density at the meso-C
of 0.054 (Eq. 5). This is considerably larger than that at the meso-C of the isoelec-
tronic [(OEP)Ru(CO)]+ (0.027), and is probably more indicative of the limiting shift
of an a2u(π) cation radical-based unpaired electron in a porphyrin macrocycle,
although as mentioned in Section IV.B, the EPR spectrum of [(OEP−•)Mg]+ yields a
splitting constant of 1.48 G, which translates to an electron density at the meso-C of
0.066 (Eq. 5), or a contact shift of −107 ppm.

D. Rhodium Porphyrins

The majority of rhodium porphyrins reported to date are diamagnetic dimers.955

However, if the more sterically bulky tetramesitylporphyrin is used instead, stable
monomeric complexes are formed.956,957 These complexes have NMR spectra and
EPR spectra typical of a low-spin d7 metal with a dz2 unpaired electron. The g-values
of the 4-coordinate [(TMP)RhII] in toluene glass are g⊥ = 2.65 and g|| = 1.915,956

similar to those of 4-coordinate cobalt(II) porphyrins.238 The proton NMR shifts of
the porphyrin protons in C6D6 at 296 K are +18.3 ppm (pyrrole-H), +3.35 ppm (o-
CH3), +8.87 ppm (m-H) and +3.51 (p-CH3).

956 The pyrrole-H shift is slightly larger
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than that of [(TPP)Co] (+15.5 ppm at 35 °C),233 which indicates slightly larger
pseudocontact shifts, probably, for the rhodium(II) porphyrin. A study of the reac-
tivity of the (TMP)RhII complex, also described as (TMP)Rh•, with O2 gave rise to
formation of a monomeric O2 complex, which could also form a peroxo-bridged
dimer with another (TMP)Rh•. O2 could also react with (TMP)Rh-H to yield
(TMP)RhOOH.958 All species were characterized by 1H NMR spectroscopy.

RhIII water-soluble tetra(p-sulfonatophenyl)porphyrin has been used to study
the reactions of olefins in water to form β-hydroxyalkyl complexes,959 and the
tetrakis(3,5-disulfonatomesityl)porphyrin complex of RhIII has been used to study
the reaction with H2, CO and olefins in water to form formyl and alkyl com-
plexes.960 Although most detectable species were diamagnetic RhIII complexes,
both RhI and RhII intermediates were implicated.

Paramagnetic RhII complexes, Rh(OEP)(PEt3) and Rh(TPP)(PEt3), result from
addition of PEt3 to the corresponding metallohydrides, Rh(Por)H, under rigor-
ously anaerobic and anhydrous conditions.961 According to low-temperature EPR
studies (g⊥ = 2.018, g|| = 1.982 for the mono-PEt3 complex, g⊥ = 2.021, g|| = 1.973
for the bis-PEt3 complex), the HOMO of both complexes is said to be mainly por-
phyrin based, and not the metal-based dσ*Rh–P(dz2) bond, as reported earlier by
Wayland et al.956 However, these g-values are too far from 2.003 and 2.002 to be
porphyrin-based radicals, yet they are much closer to these values than that for the
Rh(TMP)(PEt3) (2.116, 2.004, respectively). The 1H NMR resonances for the pyr-
role-CH2 and −CH3 are at 10.2 and −0.7 ppm, respectively. However, the phos-
phine ligand resonances are said to have a chemical shift of +21 ppm (broad) for
all 15 H,961 which is not what one would expect for CH2 and CH3 protons of PEt3.
In the presence of dioxygen the O2 adduct is formed, which has EPR spectra (g|| =
2.002, g⊥ = 1.982)961 similar to those of the Co-O2 adduct;238 in both of these com-
plexes the unpaired electron is mainly on O2 (superoxide ion complex of the MIII

porphyrinate). 
Tris-(mesityl),mono-(p-hydroxyphenyl)porphyrin has been used to construct

an –O–(CH2)6–O–bridged porphyrin dimer that, following insertion of
rhodium(II), reacts with CO (PCO = 0.3–0.9 atm) at room temperature to form the
Rh–CO–CO–Rh bridged dimer, which has eight unique pyrrole-H doublets in the
8.18–8.86 ppm region of the 1H NMR spectrum.962 This presumably indicates that
the –C(O)–C(O)– unit binds in such a way as to make the protons of the two rings
inequivalent. It would be interesting to investigate the COSY and NOESY spectra
of this complex, in order to determine which pyrrole-H are in the same pyrrole
ring and which pyrrole-H are in adjacent pyrrole rings, in order to determine the
three-dimensional structure of this complex. Warming the sample over the tem-
perature range 300–350 K causes broadening of the resonances, indicating
homolytic cleavage of the C–C bond. The activation parameters for this homolytic
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cleavage are ∆H‡ = 88 ± 4 kJ/mol and ∆S‡ = 54 ± 13 J/K.mol. The rhodium(II)
dimer also reacts with ethylene and 1,3-butadiene to produce the Rh–Cn–Rh
bridged complexes, and with CO and H2O, EtOH, H2 or CH4 to produce the H-Rh,
Rh-formyl, (EtOC(O))Rh, Rh-formyl, formyl-Rh,Rh-formyl and formyl-Rh,Rh-
acetyl organometallic complexes, respectively, all of which have been character-
ized by 1H and 13C NMR spectroscopy.962

The same diporphyrin ligand system, and one with a more rigid m-xylylene
spacer were used to study the dimethyl complex, which has the nondecoupled Rh-
13CH3

1H signal at −5.29 ppm (JCH = −141 Hz) and the 13C signal as a quartet of dou-
blets at −13.58 ppm (JCH = −141 Hz, JC103Rh = −29 Hz).963 The dirhodium(II)
derivatives were generated by photolysis of the dimethyl complexes, and are stable
bimetalloradicals because of the ligand steric demands prohibit RhII–RhII bonding.963

EPR spectra of the dirhodium(II) derivatives (g⊥ = 2.64, g|| = 1.90), their 5-coordinate
triphenylphosphine adducts (g⊥ = 2.17, A⊥ (31P) = 756 MHz, g|| = 2.00 A|| (

31P) = 1016
MHz, A|| (

103Rh) = 61 MHz) , and their O2 adducts (g1 = 2.080, A1(
31P) = 50.9 MHz,

g2 = 2.005, A2(
31P) = 50.5 MHz, g3 = 1.996, A3(

31P) = 50.3 MHz) are reported. The
1H resonance for the pyrrole-H of the 4-coordinate RhII porphyrin was at +19 ppm
at ambient temperature, and the temperature dependence of that resonance extrapo-
lated to 7.53 ppm, which is only about 1.5 ppm from its diamagnetic position;963 i.e.,
the complex follows the Curie law quite well. The kinetic advantage of bimetallo-
radical complexes for substrate reactions that have two metal-centered radicals in
the transition state was demonstrated by reactions of dihydrogen with dirhodium(II)
bimetalloradical complexes: The 103Rh-H doublet at −40.03 ppm clearly showed that
addition of a small amount of H2 first formed a species in which both Rh centers in
the same few dimers were hydrogenated, but over the period of nearly a month it
converted to the overall most stable species, in which twice the number of dimers
had one RhH and one 4-coordinate RhII center in each dimer.963 Methanol reacts with
the ligand-free RhII complex exclusively by C–H bond cleavage to form Rh-CH2OH
and Rh-H centers, and very slowly went on to form H2 and two Rh–CH2OH centers
in each molecule.964 This work was further extended to investigate the strength of the
C–H bonds in a series of substrates CH3R (R = H, CH3, OH, C6H5) using the m-xylyl
diether tethered diporphyrin ligand. Bimolecular substrate reactions involving the
intramolecular use of two metalloradical centers and preorganization of the four-
centered transition state (M•…X…Y…•M) result in large rate enhancements as
compared to termolecular reactions of monoradicals.965 NMR spectroscopy played
an important role in this study.

The Rh–Rh bond dissociation energy of [(OEP)RhII]2, to give the paramag-
netic monomers, 

[(OEP)Rh]2 � 2 [(OEP)Rh•], (43)
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has been evaluated using 1H NMR line broadening techniques.955 At room tem-
perature, all porphyrin resonances are sharp, but as the temperature is raised from
294 to 373 K all resonances broaden. Analysis of the line broadening of the meso-
H resonance at 9.28 ppm in benzene-d6 yielded an activation energy Ea +77 ±
3 kJ/mol.955 Using this value and available data for the bond dissociation energy
of H2 and the reaction of the dimer with H2:

966

[(OEP)Rh]2 + H2 � 2 [(OEP)RhH], (44)

it was possible to calculate the bond dissociation energy of [(OEP)RhH]

[(OEP)RhH] � [(OEP)Rh•] + H•, (45)

as 259 kJ/mol or 61.8 kcal/mol.955 Using this value, the activation data for the for-
mation of [(OEP)Rh-CHO]:967

[(OEP)RhH] + CO � [(OEP)Rh–CHO], (46)

and the formyl radical,968 the bond dissociation energy for the homolytic bond
cleavage of [(OEP)Rh–CHO]:

[(OEP)Rh–CHO] � [(OEP)Rh•] + •CHO, (47)

was calculated to be 243 kJ/mol or 58 kcal/mol.955 Thus, NMR spectroscopic line-
broadening techniques provide a useful method for measuring bond dissociation
energies that cannot readily be measured by other methods.

E. Manganese Porphyrins

The manganese(III) porphyrins have been studied for quite some time, probably
first for their unusual optical properties, which were interpreted as reflecting
extensive manganese-porphyrin π bonding.969 The complexes are always high-
spin d4, S = 2, and may be 5-coordinate [(P)MnX] or 6-coordinate [(P)MnX(B)],
where X is a halide or pseudohalide and B is a Lewis base. Manganese porphyrins
have not been shown to exist in or play any role in the functioning of biological
systems, but the high-valent states (manganese(V) porphyrins or manganese(IV)
porphyrin π-cation radicals) have been shown to be good models of the reactivity
of the enzymatically active high-valent states of cytochromes P450, peroxidases,
catalases and chloroperoxidase.970,971
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1. High-Spin Manganese(II) Porphyrins

High-spin manganese(II) porphyrin complexes are produced by reduction of man-
ganese(III) porphyrins with zinc amalgam161 or autoreduction with hydroxide or
other OR− anions.972 Both 4-coordinate and 5-coordinate (OH− or OR− coordinated)
complexes can be produced.161,972 The 4-coordinate complexes have slightly smaller
positive pyrrole-H shifts (+34 to +35 ppm at 25 °C)161,972 than the 5-coordinate
complexes (+37 ppm at 25 °C).161,972 Although these shifts are not nearly as posi-
tive as those of high-spin iron(III) porphyrins (Section IV.A.6.a), the spin state of
the manganese(II) porphyrins is believed to be high-spin d5.972 The binding con-
stants of imidazole, pyridine and DMSO to [(TPP)Mn] have been measured elec-
trochemically in dichloroethane (0.1 M TBAP), and are large, with log K1 = 4.12,
4.55 and 4.38 log M−1, respectively.973 The NMR spectra of these 5-coordinate
manganese(II) complexes have not been reported. The complex of potassium
superoxide with [(TPP)MnII] shows a pyrrole-D resonance at +32 ppm at 25 °C.161

The magnetic moment of 5.0 µB suggests that the electronic ground state is
high-spin manganese(II) coupled antiferromagnetically to the O2

−• axial ligand.
This differs from the iron case, where the electron configuration is high-spin
iron(III)-O2

2−.161

2. High-Spin Manganese(III) Porphyrins

The high-spin d4 electron configuration of [(P)MnIIIX] complexes leads to nega-
tive shifts for the β-pyrrole-H (−30 ppm in CDCl3 at 35 °C) and positive shifts for
the β-pyrrole-CH2 (+18 ppm),234 which suggests significant π spin delocalization
to the β-pyrrole positions, while meso-phenyl resonances are shifted only a small
amount in an alternating fashion that suggests a small amount of π spin density at
the meso positions. [(OEP)MnIIICl], however, has a meso-H shift of +41.4 ppm at
35 °C in CDCl3,

234 which rules out large π spin delocalization from the 3a2u(π)
orbital of the porphyrin ring to the MnIII half-filled dz2 orbital.156 Thus, the filled
3e(π) orbitals are utilized for P → Mn π donation. However, this does not account
for the large positive shift of the meso-H of the OEP complex, which can only be
explained in terms of significant σ spin delocalization to the meso positions or by
a MnII–a2u(π) radical configuration (see below), since the g-anisotropy of high-
spin manganese(III) is fairly small.2,4 EPR spectra of these manganese(III) por-
phyrins are not detectable at X- or Q-band because the microwave quantum is too
small, but have been measured at 226–544 GHz.974 The zero-field splitting param-
eters for [(TPP)MnCl], [(DPDME)MnCl] and several tetraazaporphyrin deriva-
tives were found to be in the range D = −2.27 to −2.62 cm−1, with g|| = 1.822 to
2.0.974 Water-soluble manganese(III) porphyrins have been investigated as possible
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water relaxation agents for MRI applications. As expected, porphyrin aggregation
decreases the relaxivity of these complexes.975

3. Low-Spin Manganese(III) Porphyrins

Only three examples of apparant low-spin d4 (S = 1) manganese(III) porphyrins
have been reported: The bis-(cyanide), bis-(imidazolate) and bis-(4-methylimi-
dazolate) complexes. The magnetic moments (Evans method)376,377 range from
3.0 to 3.7 µB,976 which is higher than the spin-only value of 2.83 µB expected for
two unpaired electrons, but a T-state system should have considerable spin-orbit
coupling with consequent increase in the magnetic moment. The red-brown bis-
(cyanide) complexes tend to autoreduce over a period of hours to green high-
spin manganese(II) complexes, based on the magnetic moments of the products
(5.8 ± 0.2 µB).376,377,976 In all of the TPP complexes investigated the β-pyrrole-H
resonance is shifted to higher shielding (−14.7, −18.1 and −18.1 ppm, respec-
tively, at 26 °C in DMSO-d6).

976 These pyrrole-H shifts are indicative of π spin
delocalization, probably involving P → Mn π donation from the filled 3e(π)
orbitals to the dxz,dyz half-filled orbitals of the metal, which thus indicates an
electron configuration (dxy)

2(dxz,dyz)
2. However, the [(OEP)Mn(CN)2]

− and
[(Etioporphyrin)Mn(CN)2]

− complexes have very large positive meso-H shifts
(+34 and +37 ppm, respectively), as shown in Figure 77, which are inconsistent
with π delocalization from the metal to the meso positions.976 These large, positive
meso-H shifts are reminiscent of the iron(III) porphyrin and corrole π-radical
spectra discussed in Section IV.A.11.c–v (although with less positive shifts),
as well as the Mn corrole spectra discussed in the following Section (IV.E.4)
(with very similar shifts). Thus, this author suggests that these “low-spin man-
ganese(III) porphyrins” may actually be intermediate spin (S = 3/2) man-
ganese(II) porphyrin π-radicals, which would be consistent with the observed
β-pyrrole shifts of H and CH2, and would further be consistent with the positive
meso-H shift if the porphyrin cation electron is antiferromagnetically coupled to
the metal electrons. Further study of “low-spin manganese(III) porphyrins,”
including EPR measurements and the temperature dependence of the NMR
spectra, should be carried out in order to obtain a more complete understanding
of these complexes.

4. “Manganese(III) Corrole” at Low Temperatures == Manganese(II)
Corrole ππ-Cation Radical at Ambient Temperatures

In Section IV.A.10.e it was mentioned that the corrole ring may either stabilize
higher oxidation states of metal ions, or may be readily oxidized to the corrole
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π-radical state. Isolation of a putative manganese(III) corrole seemed strange, in
that the complex was 4-coordinate.977 On closer examination, it became clear that
in this case the NMR spectra of the 4-coordinate, square planar complex were
more consistent with a manganese(II) corrole π-radical electron configuration.978

The manganese dimethylhexaethylcorrole complex in frozen pyridine solution
has an EPR spectrum at 77 K which is characteristic of intermediate-spin man-
ganese(II) (S = 3/2), probably due to the fact that the radical spins on adjacent
molecules are paired, as in the low-spin iron(III) π-radical complex of the same
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Figure 77. 1H NMR spectra of dicyano complexes of (P)MnIII in DMSO-d6 at 26 °C (0.005 M
manganese porphyrin, solutions saturated with KCN). Bottom: [(OEP)MnIII(CN)2]−; top: [(etio-
porphyrin)MnIII(CN)2]–. Reprinted from Hansen, A. P.; Goff, H. M. Inorg. Chem. 1984, 23,
4519–4525, with permission from the American Chemical Society.
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macrocycle, discussed in Section IV.A.10.e. Consistent with this, the X-ray
crystal structure shows that the molecular packing of the molecules is such that
there is strong overlap of the π systems of the corrole rings to form infinite
stacks of molecules.978 The NMR spectra in pyridine-d5 of a series of manganese
complexes with alkylcorrole isomers (Me8Corr, 2,18-Me2Et6Corr, 3,17-
Et2Me6Corr, 7,13-Et2Me6Corr, 8,12-Et2Me6Corr and its 5,15-deuterated analog,
7,13-Me2Et6Corr, and 7,8,12,13-Me4Corr) provide a complete mapping of the
spin density in the corrole ring: As in the case of the chloroiron corroles dis-
cussed in Section IV.A.11.e, the 5,15- and 10-meso-H are at positive chemical
shifts (+70.5 and +25 ppm, respectively) because of the antiparallel spin of the
corrole π-radical electron, while the 3,17-H and 2,18-H of [(Me4Corr)Mn] are at
very negative chemical shifts (−40 and −123 ppm, respectively)978 because of
large π spin density at those ring positions due to the dxz and dyz unpaired elec-
trons of the S = 3/2 manganese(II) center (while the 3a2u(π)-type orbital, S−1, has
small spin density at the β-pyrrole positions, Figure 7). The methyl and methyl-
ene proton shifts are positive, confirming the large π spin density at those ring
positions due to the dxz and dyz unpaired electrons. Like the 2,18-H, the 2,18-CH3

and –CH2 have the largest shifts (+112.4 and +55 ppm, respectively). Next in
magnitude are the 8,12-CH3 and –CH2 shifts (+64.3 and +35.6 ppm, respec-
tively), followed by the 3,17-CH3 and –CH2 shifts (+45.5 and +21.5 ppm,
respectively), and finally the 7,13-CH3 and –CH2 shifts (+15.8 and ∼+8 ppm,
respectively).978 In all cases the CH3 shifts are very close to twice the size of the
–CH2 shifts, and the pattern of large-small, small-large shifts as one moves away
from the directly-bound pyrrole rings is very characteristic of the spin density
distribution in the d-A−2 orbital, Figure 7. Thus, it appears that the manganese(II)
electrons are delocalized by L → Mn π bonding, while the corrole π-radical
electron is in the 3a2u(π)-equivalent orbital, S−1 (Figure 7). The reason for the
much smaller meso-H shifts for the Mn complex (+70.5 and +25 ppm (intensi-
ties 2:1, respectively)) as compared to the FeCl complex (+175 and +166 ppm
(intensities 1:2, respectively)158) is at present unclear, but one may guess that it
probably has to do either with a difference in the strength of the antiferromag-
netic coupling in the two metal complexes or with aggregation to allow partial
coupling of the radical spins in these 4-coordinate complexes. Further studies
will be required in order to obtain a full explanation of the magnetic interactions
in the two metal complexes, both of which are d5 π-radical centers having metal
spin state S = 3/2.

An entirely different situation was found for these complexes at very low
temperatures, where high-field and frequency electron paramagnetic resonance
(HFEPR) of solid (8,12-diethyl,2,3,7,13,17,18-hexamethylcorrolato)manganese(III)
shows that in the solid state they are well described as an S = 2 (high-spin) MnIII
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complex of a trianionic ligand, [MnIIICorr3−],979 just as MnIII porphyrins are
described as [MnIIIP2−]+.980,981 Comparison among the structural data and spin
Hamiltonian parameters reported for [Et2Me6CorrMn], MnIII porphyrins, and a
different MnIII corrole, [(tpfc)Mn(OPPh3)], previously studied by HFEPR,982

shows that despite the molecular asymmetry of the corrole macrocycle, the
electronic structure of the MnIII ion is roughly axial. However, in corroles, the
S = 1 (intermediate-spin) state is much lower in energy than in porphyrins,
regardless of axial ligand. HFEPR of [Et2Me6CorrMn] measured at 4.2 K in
pyridine solution shows that the S = 2 [MnIIICorr3−] system is maintained, with
slight changes in electronic parameters that are likely the consequence of axial
pyridine ligand coordination.979 The present result is the first example of the
detection by HFEPR of a MnIII complex in solution. Over a period of hours in
pyridine solution at ambient temperature, however, the S = 2 MnIII spectrum
gradually disappears leaving a signal with g = 2 and 55Mn hyperfine splitting.979

Analysis of this signal, also observed by conventional EPR, leads to its assign-
ment to a manganese species that could arise from decomposition of the origi-
nal complex. The low-temperature S = 2 [MnIIICorr3−] state is in contrast to that
at room temperature, which is described as a S = 1 system deriving from anti-
ferromagnetic coupling between an S = 3/2 MnII ion and a corrole-centered
radical cation: [MnIICorr2−•],978 as discussed above. The authors state in the
abstract that “This temperature-dependent valence state isomerization has been
observed for other metallotetrapyrroles.”979 However, to determine whether
this is in fact what is happening, it would be worthwhile to study the tempera-
ture dependence of the NMR spectrum, in, say toluene-d8 down to at least
−90 °C, to determine whether evidence can be obtained for or against the
valence isomerization.

“Manganese(III) octaethylcorrole” in d8-toluene has rather different chemical
shifts, with meso-H at +93 and +68 ppm (intensities 2:1, respectively) and −CH2

resonances at +72, +40, +19 and +4.3 ppm.983 The very positive meso-H shifts are
still characteristic of a manganese(II) macrocycle π-cation radical formulation, but
probably with somewhat stronger antiferromagnetic coupling in this case.

5. Manganese(III) Porphyrin ππ-Radicals and Their Transformation to
Dichloromanganese(IV) Porphyrins

[(TMP)MnIIICl] can be chemically oxidized with Fe(ClO4)3, which leads to the
porphyrin-oxidized red product [(pyrrole-d8-TMP−•)MnIII(ClO4)2], which has its
pyrrole-D signal at −48 ppm at room temperature.984 Magnetic susceptibility
measurements and EPR spectroscopy show that the total spin of the complex
changes from S = 5/2 at high temperatures (300 K) to S = 3/2 at low temperatures
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(100 K).972 Ligand exchange of the perchlorato ligands to chloride anions is
accompanied by a change of the oxidation site from porphyrin to metal, resulting
in green [(pyrrole-d8-TMP)MnIV(Cl)2], which has its pyrrole-D signal at −38 ppm
at room temperature, an EPR spectrum with g⊥ = 4 and g|| = 2 and a magnetic
moment of 3.7 µB in solution376,377 and 3.6 µB in the solid state, indicating a spin
state S = 3/2. This high-valent metal complex can effect chlorine atom transfer to
olefins and natural substrates of chloroperoxidases.984 The related dimethoxy
complex, [(TPP)MnIV(OCH3)2], has a somewhat higher magnetic moment (3.9 µB)
in the solid state and solution.376,377,985 The EPR spectra of this complex and the
related bis-(azide) and bis-(isocyanate) complexes are highly anisotropic, with g-
values of 5.43, 2.4, 1.6 (methoxy), similar values for the azide complex, and 5.96,
3.92, 2.01 for the bis-(isocyanate).986

6. Oxomanganese(IV) Porphyrins

Addition of m-chloroperbenzoic acid to [(TMP)MnCl] under basic conditions
yields the red complex [(TMP)Mn=O], which has been characterized by optical,
infrared, EPR and NMR spectroscopy, as well as mass spectrometry and chemical
reaction with β-methylstyrene.229 Use of pyrrole-deuterated TMP resulted in a
pyrrole-D signal at −32 ppm in CD2Cl2 at −40 °C of about 2.4 kHz in width, as
shown above in Figure 24, which is indicative of π spin delocalization. The EPR
spectrum shows g-values of 4 and 2, consistent with an S = 3/2 center. The
observed shift of the pyrrole-D of this d3 [(P)Mn=O] complex229 is considerably
larger than those of the d3 [(P)CrCl] complexes, discussed in Section IV.H.3.

F. Nickel Porphyrins

Several nickel(II) porphyrins have been used as diamagnetic reference compounds
for the investigation of paramagnetic metalloporphyrins, as well as a T-state model
in mixed-metal hemoglobins and a model for the nickel macrocyclic complex
known as Factor F430 that is the active site of methyl coenzyme M reductase, a
methane-forming enzyme. In all of these cases, nickel(II) is diamagnetic.
However, there are a number of paramagnetic nickel porphyrins that have been
investigated by NMR spectroscopy. The first report of the study of a paramagnetic
nickel(II) porphyrin by NMR spectroscopy was that of Abraham and Swinton,987 who
studied the binding of piperidine to (MP)NiII. They concluded that a 5-coordinate
complex was formed, although it was later shown by optical methods that the
corresponding TPP complexes are 6-coordinate.988 A study of the pyrrolidine com-
plexes by UVvisible and resonance Raman spectroscopy and molecular simula-
tions measured the stepwise binding constants (K1 = 1.1 M−1, K2 = 3.8 M−1 in
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CH2Cl2),
989 and suggest that there are several nonplanar porphyrin ring conforma-

tions (domed, saddled, ruffled) that can occur for the 5-coordinate complex. No
mention was made of the likely spin state of each of these possible conformations,
although the implication of the discussion was that the 5-coordinate complex is
paramagnetic.989

The best way of insuring that nickel(II) will have a coordination number
greater than four, and thus be paramagnetic, is to create positive charge(s) on the
porphyrin ring. Such is the case for both N-alkyl- or N-arylporphyrins as well as
the thia-, selena- or carbaporphyrins. In all of these cases, an anion is bound to the
nickel(II), which is thereby forced to be 5-coordinate. Latos-Grażyński and
coworkers have synthesized and investigated a number of modified macrocycles,
where one of the porphyrin nitrogens is replaced by another donor group. These
include O, S, Se, NO, N–CH3 and C. In each case, the modified macrocycle car-
ries an overall charge of −1, so an anion is always bound to one of the axial posi-
tions of the metal. Furthermore, since the hybridization of the unique heteroatom
is different than that of the “aromatic” nitrogens of the porphyrin, there is always
a distortion in the bond angle of the metal-heteroatom bond that distorts the
macrocycle from planarity. The first of these studies involved the preparation of
the chloronickel(II) complexes of N-methyltetraphenyl porphyrin and N-methyl-
octaethylporphyrin.230 For the N-MeTPP complex, the three types of pyrrole-H
from unmodified pyrrole rings are found at +68.2, +72.6 (adjacent pyrrole rings)
and +33.7 ppm (opposite pyrrole ring) (in CDCl3 at −60 °C), while the N-methyl pyr-
role ring pyrrole-H is found at −9.8 ppm. Pseudocontact shifts of +6.7 to +7.7 ppm,
which arise from a zero-field splitting (Eq. 10) were calculated for the pyrrole-H
resonances using Eq. 22, which indicates that the majority of the observed shifts
are due to the contact interaction. The large positive contact shifts observed at the
β-pyrrole positions of the unmodified pyrrole rings are consistent with population
of the dx2−y2 orbital, while the negative contact shifts of the N-methyl pyrrole β-H
suggests some π spin density in that pyrrole ring. Multiple phenyl-H resonances
are found in the +12.7 to +2.4 ppm range. The N–CH3 signal is found at +177.8
ppm.230 Geometric factors for the N-methylporphyrin complexes of NiIICl were
also reported.230

For [(N-MeOEP)NiCl] the pattern of observed shifts is consistent with the
conclusions reached above: −CH2 resonances are observed at +39.0, +34.6, +23.6,
+18.8, +16.4, +13.9, +11.7 and +3.0 ppm, while meso-H resonances are observed
at −15.2 and −20.1 ppm in CDCl3 at −60 °C, and the N–CH3 resonance is observed
at +190.2 ppm. The negative shift of the meso-H was explained in terms of spin-
orbit mixing of the dz2 and dx2−y2 unpaired electrons with the dxz and dyz orbitals,
which could introduce π spin density at the meso positions,230 as had been sug-
gested earlier.2 The same explanation could account for the difference in shifts of
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the pyrrole-H in the two pyrrole rings adjacent to that carrying the methyl group.
However, as pointed out earlier,4 it seems unlikely that spin-orbit coupling could
account for such large differences in contact shift, and therefore another explana-
tion should be found. Thermal population of a (dxy)

2(dz2)2(dx2−y2)2(dxz,dyz)
2 excited

state, discussed below for the dioxoporphyrin, was suggested not to be an option
because of the strict adherence of the shifts to Curie law behavior, Eq. 11.4 Now,
with the explanation of Cheng et al.,156 we can interpret the meso-H shifts and the
small π spin delocalization to the pyrrole positions as being fully consistent with
the 5-coordinate chloronickel(II) center, where overlap of the half-filled dz2 orbital
with the 3a2u(π)-like filled orbital of the macrocycle can allow P → Fe π donation
to the dz2 orbital. The chemical shifts of the porphyrin protons of all modified
macrocycle complexes of chloronickel(II) are summarized in Table 17.

Treatment of [(NMeTPP)NiCl] with deuterated aryl Grignard reagents yields
the deuterated σ-aryl complexes of nickel(II).990 At −70 °C in toluene, these com-
plexes have fairly similar (except for the pyrrole-H in the ring opposite the N-
methyl) pyrrole-H (+72.6, +52.0, ∼ −0.7 ppm) and N-methyl β-H (−21.5 ppm)
chemical shifts to those of the starting chloro complex (+75.7, +70.1, +30.3 ppm
and −14.2 ppm, respectively), and the phenyl-D resonances are all very large and
positive (+568 (o), +148 (m), +62.8 (p) ppm, which indicates mainly σ delocal-
ization to the aryl ring. These patterns are similar to those of the corresponding thi-
aporphyrin complexes, discussed below.

The nickel(II) thiaporphyrin complex, [(STPP)NiCl], has a similar pattern of
pyrrole-H and phenyl-H resonances to that of the N-MeTPP analog. Pyrrole-H res-
onances were assigned using NOE difference spectral methods, and it was shown
that, for the three unmodified pyrrole rings, as one moves away from the thiophene
ring the pyrrole-H shifts are +64.6, +32.5 and +30.9 ppm, while the thiophene β-H
resonance appears at −29.8 ppm at 298 K in CDCl3,

991 as shown in Figure 78.
Replacement of the chloride ion by bromide or iodide decreases the magnitude of
the observed shifts of the pyrrole-H and thiophene-H, which is consistent with the
expectation that the pseudocontact contribution is dependent on the zero-field split-
ting created by the particular halide. In DMSO and methanol the chemical shifts
of the pyrrole-H are increased (+67.7, +35.9, +56.3 ppm and +68.5, +36.0 and
+57.0 ppm, respectively), especially that of the protons in the pyrrole ring opposite
the thiophene ring. In the same solvents, the chemical shift of the thiophene β-H
become smaller in magnitude (−23.4 and −22.0 ppm, respectively). In CDCl3 with
varying amounts of added n-butylamine, two species are observed, with pyrrole-H
resonances at +63.9, +31.7, +35.6 ppm (1:1 mole ratio) and +64.5, +32.2, +42.0
ppm (1:4 mole ratio), respectively, and thiophene β-H resonances at −26.7 and
−25.5 ppm, respectively. Because of the similarity in the shifts of the second n-
butylamine complex to those observed in DMSO and methanol, it is probable that
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Table 17. Chemical shifts of chloronickel(II) modifed porphyrins.

Modifed porphyrin Solvent T, °C Pyrrole-H or −CH2 Modified ring-H or −CH2 Phenyl-H or meso-H Ref.

N-MeOEP CDCl3 −60 38.95, 30.55,a,b 11.73, 2.95a,b –15.18c (5,20) 230
23.57, 18.75,a,b –20.06c (10,15)
15.43, 13.90 a,b

N-MeTPP CDCl3 −60 33.67, 72.64,d −9.84e 8.44,5.91f (o) 230
68.19 d 11.40,12.74f (o)

10.39,9.14f (m)
10.84,11.23f (m)

ODPDTPg CDCl3 −70 84.5, 24.8,d 40.1e numerous 994
81.6d

SDPDTP
CDCl3 −70 97.6, 46.4,d −56.4e numerous 994

41.7d

STPP CDCl3 25 30.91, 32.51,d −29.84 e 8.10f (o) 991
64.58 d 9.93, 9.81, 9.74f (m)

6.17, 7.53f (p)
SeDPDTPg CDCl3 20 68.3, 40.2,d −38.7e 993

17.1d

2-NH-21CH3CTPP CDCl3 20 58.06, 58.06,d 2.04e (3-H) numerous 996
52.40, 48.25,d

26.53, 24,86d

2-NCH3-21CH3CTPP CDCl3 20 59.69, 55.95,d −2.03e (3-H) numerous 996
50.91, 49.33,d

28.15, 27.16d

trans-O2TPPh CDCl3 −50 64.11 41.8 995

aCH2.
bAssignment not reported; modified ring-CH2 assumed to be those with the smallest shifts.
cMeso-H.
dPyrrole-H.
eModifed ring-H.
fPhenyl-H.
gDiphenyldi(p-tolyl)porphyrin.
hDioxotetraphenylporphyrin, i.e., with two trans nitrogens replaced by oxygens.
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all three of these are bis-ligand complexes with the halide displaced. Addition of N-
methylimidazole also appears to form both mono- and bis-ligand complexes that
are in fast exchange with each other and the starting material.991 Consistent with the
importance of a fifth ligand in creating the high-spin state, removal of the halide
ion by treatment with AgClO4 yields a diamagnetic thiaporphyrin complex. The
chemical shifts of porphyrin protons are summarized in Table 17.

Use of Fenske-Hall calculations to investigate the molecular orbitals of the thi-
aporphyrin revealed that the extra lone pair on the sulfur creates an extra set of π-
symmetry orbitals, where the former a1u(π) and this additional π orbital are
transformed into two new orbitals, one of which can interact directly with dx2−y2

when the thiophene ring makes a 30° angle with the plane of the three pyrrole
rings.991 This orbital has extremely large spin density at the sulfur, large π spin den-
sity at the β-H of the thiophene ring, and varying spin density at the three unique
pyrrole β–H positions, as shown in Figure 79. Thus, this π delocalization, plus the
large σ delocalization expected at the pyrrole positions due to population of the
dx2−y2 orbital, account for the pattern of contact shifts observed for the pyrrole-H.991

Treatment of [(SDPDTP)NiCl] (SDPDTP = 5,20-diphenyl, 10,15-ditolyl-21-
thiaporphyrin) with deuterated aryl Grignard reagents yields the σ-aryl complexes
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Figure 78. 1H NMR spectrum of [(STPP)NiCl] in CDCl3 at 298 K. Reprinted from Chmielewski,
P. J.; Latos-Graz.yński, L.; Pacholska, E. Inorg. Chem. 1994, 33, 1992–1999, with permission
from the American Chemical Society.
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of nickel(II).990 At −70 °C in toluene, these complexes have similar (except for the
pyrrole-H in the ring opposite the thiophene) pyrrole-H (+87.0, +35.4, ∼+2 ppm)
and thiophene β-H (−58.0 ppm) chemical shifts to those of the starting chloro
complex (+97.6, +46.4, +41.7 ppm and −56.4 ppm, respectively), and the phenyl-D
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Figure 79. Molecular orbitals of the 21-thiaporphyrin ring, showing the two sulfur π orbitals
(cross-hatched circles for ϕ−9 and ϕ−11, large empty and filled circles for ϕ−6 and ϕ−7); ϕ−9 can
interact in a sigma fashion with the dx2–y2 orbital. Reprinted from Lisowski, J.; Latos-
Graz.yński, L.; Szterenberg, L. Inorg. Chem. 1992, 31, 1933–1940, with permission from the
American Chemical Society.
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resonances are all very large and positive (+616 (o), +170 (m), +76 (p) ppm, indi-
cating mainly σ delocalization to the aryl ring.990 These patterns are similar to
those of the corresponding N-MeTPP complexes mentioned above.

Single-electron reduction of [(STPP)NiCl] yielded complexes that could be
formulated in terms of the contribution of two canonical forms: nickel(I) thiapor-
phyrin and nickel(II) thiaporphyrin anion radical.992 The resonances were assigned
by preparation of the deuterated complexes, either [(d6-STPP)NiCl] or [(d2-
STPP)NiCl]. The three pyrrole-D resonances were found to be at −66.5, +28.8 and
+23.7 ppm, while the thiophene-D resonance was at +41 ppm at 298 K in
toluene.992 Addition of a ligand to the axial position of nickel(I) caused a shift of
the negative pyrrole-D resonance to higher shielding, to −8.3 ppm for the SO2

adduct and −43.3 ppm for the PMePh2 complex. The other resonances, if
observed, were less affected by the presence of the axial ligand.992 A combination
of σ and π delocalization mechanisms were considered to account for the para-
magnetic shift pattern. 61Ni enrichment of [(STPP)Ni] yielded the nickel hyperfine
coupling constants for the complex, whose g-values are consistent with a nickel(I)
dx2−y2 unpaired electron (g1 = 2.109, g2 = 2.039, g3 = 2.031).992

The corresponding selenaporphyrin complex, [(SeDPDTP)NiCl], where
DPDTP = diphenyldi-p-tolylporphyrin, has similar pyrrole-H and selenophene β-H
chemical shifts (+68.3, +40.2, +17.1 and −38.7 ppm, respectively)993 which show
small shifts on addition of one or two (or more) equivalents of imidazole. In this
case the bis-(imidazole) complex is considerably more stable than in the thiapor-
phyrin case, and thus limiting chemical shifts of the coordinated ligand could be
obtained for the N–H, 2-, 4- and 5-H at 298 °C in CDCl3 (+71.0, +55.3, +59.2,
+49.6 ppm, respectively). All of these shifts are indicative of a major role of σ delo-
calization to the axial imidazoles. Addition of an aryl Grignard to this chloride
complex produces the corresponding Ni-phenyl complex,994 which has similar pyr-
role-H and selenophene β-H shifts to those of the corresponding 21-thiaporphyrins,
except for the pyrrole-H opposite to the selenophene ring. Whereas the thiapor-
phyrin phenylnickel(II) complex has that pyrrole-H resonance at +2.5 ppm, the cor-
responding selenophene complex has it at −15 ppm at 203 K in toluene.994

The corresponding 21-oxaporphyrin complexes, [(ODPDTP)NiCl] and
[(ODPDTP)NiPh] have also been reported.994 While the chloride complex shows
quite similar pyrrole-H chemical shifts (+84.5, +24.8 and +81.6 ppm) to those of
the N-MeTPP analog,230 the furan β-H are observed at +40.1 ppm, rather than at
−21.5 ppm as in the N-MeTPP case. For the phenyl complex, the β-H in the pyr-
role ring opposite the modified ring have a chemical shift of −13.1 ppm, similar
to that observed for the selenophene ring of the corresponding Se-substituted
macrocycle, but the furan β-H resonance is again uniquely at a positive chemi-
cal shift (+30.0 ppm).994 The dichloro- and dicyanonickel(II) complexes of
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21,23-dioxatetraphenylporphyrin have also been reported and show positive shifts
for both pyrrole and furan β-H (+64.1, +41.8 ppm and +36.6, +26.7 ppm, respec-
tively), while the diphenyl complex shows very negative chemical shifts for these
two types of macrocyle β-H (−143.1, −31.6 ppm, respectively) at 243 K in toluene-
d8.

995 The authors propose that there is a change in the electron configuration from
(dxy)

2(dxz,dyz)
4(dz2)1(dx2−y2)1 (as usually observed for high-spin nickel(II)) to

(dxy)
2(dz2)2(dx2−y2)2(dxz,dyz)

2, where the two unpaired electrons are each in one of the
two dπ orbitals. Consistent with this, the phenyl-H resonances appear at +5.5 (o)
and −4.5 (m) ppm.995 This change in electron configuration seems quite extreme,
and it may well be that the normally-expected electron configuration, together with
macrocycle to Ni π donation to the half-filled dz2 orbital,156 even in this 6-coordi-
nate NiII center, where the metal may be out of the plane of the four nitrogens, rep-
resents the actual situation. Warming these diphenylnickel(II) complexes resulted
in their decomposition to nickel(I) species that have typical g-values of a d9 system
(2.411, 2.161, 2.049 for the phenyl complex in THF and 2.298, 2.140, 2.093 for the
chloride complex). NMR signals could not be observed for these species.995

The nickel(II) complex of the “frustrated” porphyrin, 2-aza-5,10,15,20-
tetraphenyl-21-carbaporphyrin (CTPPH2) and its C-21-methyl analog have been
prepared.996 The C-21-methyl analog has been characterized structurally and con-
tains a carbon-nickel bond, with the geometry about the carbon being very close to
tetrahedral. The complex is diamagnetic. If the 2-N is also methylated, a paramag-
netic complex (2-NCH3-21-CH3CTPP)NiCl is formed.996 This complex shows
seven separate pyrrole-H resonances when deuterated methyl bromide is used to
prepare the di-CD3 labeled complex.996 The chemical shifts of pyrrole-protons are
summarized in Table 17. Treatment of this dimethyl complex with phenyl Grignard
reagents, phenyllithium created the NiII-σ-phenyl complex, which is high-spin.997

One-electron reduction with excess PhLi yields [(2-NCH3-21-CH3CTPP)NiIIPh]−,
in which the macrocycle has become a π-anion radical. The presence of two para-
magnetic centers in this complex produces remarkable variations in spectral pat-
terns, including pyrrole resonances at both low and high shielding (+103.8, +96.7,
−25.4, −51.0, −92.2, −114.8 ppm, and sign alternations of the meso-phenyl reso-
nances (ortho −77.8, −79.3 ppm; meta +48.8, +48.0 ppm, para −85.7, −86.5 ppm,
all at 253 K.997 Different products are obtained with n-BuLi.

As a variation on the theme of porphyrin macrocycles with different donor
atoms to the metal, the meta- and para-benziporphyrins have been investigated.998–1000

These are macrocycles where one pyrrole ring has been replaced by either a meta-
or a para-bound benzene ring. The para-bound macrocycle does not bind metals,
but the meta-bound macrocycle, with a CH pointing in the same direction as the
N of a typical porphyrin or the CH of the N-confused porphyrin discussed above,
does react with NiII to produce 5-coordinate NiIICl complexes that have the 22-H
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at about +205 ppm.998 It appears that the H of the 22-CH can be removed so that
the metal can form a diamagnetic 4-coordinate complex with the metal, but that
upon HCl addition the complex becomes 5-coordinate and paramagnetic, with an
H bound to the 22-carbon.999

As another variation on the theme of porphyrin macrocycles with different
donor atoms to the metal, the coordinating properties of acetoxy-meta-benzipor-
phyrin, (TPBPOAc)H have been investigated for a number of metal ions.1001

Insertion of Ni, Pd and Fe results in the cleavage of the acetoxy group to yield
complexes (TPBPO)MII or MIIIX, but no cleavage if M = Zn or Cd. The TPBPO
ligand has one phenolate oxygen which can act as a ligand to the metal. The PdII

and NiII complexes are 4-coordinate and diamagnetic, while the FeIII complex is
high-spin and 5-coordinate. Upon reaction with acetyl chloride the phenolate oxy-
gen is again esterified and the NiII takes on a distorted 4-coordinate geometry with
chloride as the fourth ligand. This complex is paramagnetic, with pyrrole-H reso-
nances at about +65, +55 and +23 ppm.

As a final variation on the theme of porphyrin macrocycles with different
donor atoms to the metal, the coordinating properties of the tetraaryl-21-vacata-
porphyrin (butadieneporphyrin, or annulene-porphyrin hybrid), which contains a
vacant site instead of a heteratomic bridge, has been synthesized and its Zn, Cd
and Ni complexes investigated.1002 Two isomers can be made, with the cis-butadiene
inside or outside the center of the macrocycle. Both isomers can form complexes
with NiII in which one chloride ion is also bound to the metal. A 6-coordinate bis-
imidazole complex can also be made; both are paramagnetic, with resonances
extending from the diamagnetic region to about +67 ppm at 298 K.1002 All of this
work has been reviewed recently.1003

The EPR spectrum of the one-electron oxidized form of nickel(II) octaethyl-
corrole has been reported. The spectrum is axial with g⊥ = 2.02 and g|| = 2.00,983

which is suggestive of a π-radical of nickel(II), as proposed previously,1004 although
a g-value of 2.02 is very large for a carbon-centered unpaired electron. Either a dxy

unpaired electron for nickel(III) or the dioxygen complex of the d7 nickel(III)
center are also possible.

Electrolysis of 0.5 equivalents of the nickel(II) corrole produced [(OECorr)Ni]2
+,

whose EPR spectrum showed similar g-values but was broader than that of the
monomeric nickel(III) complex.983 Neither of these complexes has been charac-
terized by NMR spectroscopy.

G. Lanthanide Porphyrins

The success of lanthanide, LnIII, complexes as “shift reagents” for simplifying sec-
ond-order NMR spectra of organic compounds with O or N functional groups,1005,1006
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the extension of “shift reagent” techniques to the determination of the conformation
of molecules, including biomolecules, in solution,1007 and the use of other lanthanide
ions as “broadening reagents,”1008 especially in magnetic resonance imaging (MRI)
applications, to increase contrast in images of tissues, has inevitably led to the prepa-
ration and investigation of lanthanide and actinide porphyrins. Because the oxida-
tion state of stable lanthanide ions is typically +3, an anionic axial ligand is needed.
Because of the higher coordination number preference of lanthanide ions, bidentate
anionic ligands such as acylacetonate (acac−) are often bound, or else a diporphyrin-
LnIIIH or di-LnIII-triporphyrin “triple decker” complex is formed. Yet another means
of satisfying the coordination desires of the lanthanide(III) ions is to used the
“expanded porphyrin” texaphyrin, Structure 17, along with two anionic ligands.

Lanthanide(III) porphyrin complexes were reported by Horrocks and cowork-
ers,1009,1010 for the [(TPP)Ln(acac)] complexes where Ln = Pr (f2) to Lu (f14). The aryl
proton resonance shifts were found to be consistent with a dominant pseudocontact
interaction with the metal atom situated significantly out of the porphyrin plane by
∼1.6–1.8 Å (fit using the chemical shifts of the aryl protons) for the YbIII and EuIII

complexes, respectively. The β-diketonate proton resonances are shifted to higher
shielding, while the pyrrole-H resonance is usually shifted to lower shielding.1010

The resonance shifts of the YbIII complex are linear in 1/T with nonzero intercepts.
Several of these complexes serve as “shift reagents” toward heterocyclic amines and
alcohols, and it is believed that two of these ligands can bind on the same side as the
β-diketonate, due to the large displacement of the metal from the porphyrin plane.
The lutetium(III) complex is diamagnetic, and serves as a “ring-current” shift
reagent to higher shielding, while ytterbium(III), erbium(III) and thulium(III) yield
sizable shifts to lower shielding, terbium(III), dysprosium(III) and holmium(III)
yield sizable shifts to higher shielding and praseodymium(III), neodymium(III),
samarium(III) and europium(III) yield only small shifts of the “substrate” protons to
lower shielding. In all cases, the direction of the shifts of the “substrate” were the
same as those of the TPP protons, which suggests that the systems have effective
axial symmetry on the NMR time scale, and, on average, the “substrate” occupies
the equatorial region, where (3cos2θ – 1) is negative.1010 Horrocks and Hove reported
the preparation and NMR study of water-soluble lanthanide porphyrins based on
tetra-p-sulfonatophenylporphyrin, TPPS6−.1011 Buchler and coworkers1012,1013 and
Machida and coworkers1014–1016 reported the synthesis of diporphyrin sandwich
compounds of cerium(IV) of the type [(OEP)2Ce], [(TPP)2Ce] (and a number of
p-substituted derivatives of TPP) and [(TPP)(OEP)Ce]. The diamagnetic “double
decker”‘ metallotetraphenylporphyrin complexes have the pyrrole-H resonance at
8.1–8.3 ppm for the neutrally-charged complexes in CDCl3, and the o-H at 9.3–9.4
and 6.2–6.3 ppm for the “outside” and “inside” phenyl protons, and the m-H at more
variable positions, depending on p-phenyl substituent, but again differing by up to
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1.2 ppm, with the “inside” m-H at higher shielding (smaller chemical shift) than the
“outside” m-H.1012 The [(OEP)2Ce] complex has the meso-H resonance at 9.11 ppm,
the exo-CH at 4.20 ppm, the endo-CH at 3.86 ppm, and the –CH3 at 1.68 ppm.1017

Two cofacial porphyrins, with 1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-
tetramethyl)porphyrin]anthracene, DPA4−, and 1,8-bis-[5-(2,8,13,17-tetraethyl-
3,7,12,18- tetramethyl) porphyrin]biphenylene, DPB4−, have been synthesized,
and their dilutetium(III) complexes prepared.1018 A crystal structure shows that the
lutetium(III) ions are bridged by two hydroxides, and a methanol molecule is also
bound to one of the lutetium(III) centers. These complexes are diamagnetic and
have all resonances in the −1 to +10 region of the NMR spectrum.

Buchler and coworkers prepared the first di-lanthanide triple-decker mole-
cules,1017 in which two lanthanide(III) ions are bound to three porphyrins. The
diamagnetic LaIII complex [(OEP)3La2] has the external OEP resonances at
+8.19 ppm (meso-H), −CH2 resonances at +3.72 and +3.37 ppm, and −CH3 reso-
nance at +0.95 ppm, and the internal OEP resonances at +8.13 ppm (meso-H),
−CH2 at +4.09 ppm, and –CH3 at +2.59 ppm, while the paramagnetic CeIII com-
plex has the external OEP resonances at +3.47 ppm (meso-H), −CH2 resonances at
+0.72 and −0.15 ppm and –CH3 resonance at +2.08 ppm, and the internal OEP res-
onances at −8.12 ppm (meso-H), −CH2 at −5.33 ppm and −CH3 at −5.00 ppm.
Thus the paramagnetic shifts of all resonances except the external −CH3 are
indicative of the mainly pseudocontact nature of the shifts.

A series of lanthanide complexes of texaphyrin, Structure 17, have been syn-
thesized and investigated by NMR spectroscopy.1019 The complexes studied had
the formula [(Tx)Ln(NO3)2], where Ln = Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm
and Yb. The 1H resonances were assigned on the basis of 1D NOE, COSY and
ROESY experiments, as well as line width and paramagnetic shift analysis. No
reports of lanthanide porphyrin NMR studies have appeared since 1999.

H. Miscellaneous Metalloporphyrins which Have Extremely Broad Lines

1. Copper(II) and Silver(II) Porphyrins

As discussed in Section II.B.2.a, the electron configuration d9 is one for which there
are no low-lying excited states to which the ground state is connected by spin-orbit
coupling (as is the case of low-spin d5 and d7), and thus ions with this electron con-
figurations have long T1es,93 well-resolved EPR spectra and poorly-resolved NMR
spectra. Both of these metals have the single unpaired electron in the dx2−y2 orbital,
with g|| = 2.169, g⊥ = 2.062 for [(EP)CuII]1020 and g|| = 2.104, g⊥ = 2.029 for
[(DPDME)AgII].1021 To our knowledge, no proton NMR spectra (other than those
of phenyl ring substituents of TPP derivatives,2,4,164) of these metalloporphyrins
have been reported to date. Deuterium substitution at the pyrrole positions of
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(TPP)CuII, and meso and β-CH2 of (OEP)CuII and −AgII has permitted detection of
the β-pyrrole substituent resonances, as shown in Figure 80 for the copper(II) com-
plexes. The extremely broad (1.15 kHz) pyrrole-D resonance of [(d8-TPP)CuII]164

suggests that the 1H resonance could be as broad as 48 kHz! The chemical shift at
25 °C is about +41 ppm, consistent with σ delocalization of the dx2−y2 unpaired elec-
tron, and gives us an estimate of the positive contact shift contribution from a sin-
gle unpaired electron in the dx2−y2 orbital for a +2 metal. The meso-D and β-pyrrole
−CD2 resonances of [(d20-OEP)CuII] are found at −6.2 ppm and +11.5 ppm, respec-
tively, at 25 °C, while those of [(d20-OEP)AgII] are found at −15.1 and +17.3 ppm,
respectively. The −CD2 resonance is about 103 Hz wide, suggesting that the −CH2

resonance could be up to 4.3 kHz wide. However, in retrospect, the −CH2 resonance
of [(OEP)CuII] was found to be barely detectable, Figure 80, now that it is known
where to look, and it is not nearly as broad as predicted by the ratio of 42. The
pyrrole-D resonance of [(d8-TPP)AgII] could not be detected.164

The meso-D shift to higher shielding, unlike those of 5-coordinate high-spin
iron(III) porphyrins (Section IV.A.6.a) and 6-coordinate high-spin nickel(II) por-
phyrins (Section IV.F),156 is counter-intuitive, and may represent polarization of
the π-symmetry paired spin by the dx2−y2 unpaired electron;164 at least it is fairly
small. The copper(II) complex of the thiaporphyrin, (STPP), has been prepared
and examined by NMR spectroscopy.992 The pyrrole-D resonances are observed at
+49.9, +38.5 and +29.6 ppm, and the thiophene-H resonance at −9 ppm for the
5-coordinate [(d6-STPP)CuCl] at 298 K in toluene solution. The phenyl reso-
nances are clustered around 7.5 ppm, and they show the shift pattern typical of π
delocalization: meta-H to lower shielding, ortho- and para-H to higher shielding
with respect to their diamagnetic resonances.992

One-electron oxidation of [(d8-TPP)CuII] and [(d20-TPP)CuII] produces com-
plexes in which the pyrrole-D signal appears at +13.4 ppm and the o, m and p-D
resonances are at −4.9, +15.8 and −1.01 ppm, respectively.164 The pyrrole-D reso-
nance is considerably sharper (∼ +220 Hz) than for the parent complex. The alter-
nating pattern of phenyl-D shifts suggests that this complex has an a2u(π) unpaired
electron. In contrast, study of [(d20-OEP)CuIII]+ and [(d4-OEP)CuIII]+ showed the
β-pyrrole-CH2 resonance to be at +17.1 ppm and the meso-D at −4.1 ppm, which
suggested to the authors that in this case the electron has been removed from the
a1u(π) orbital.164 It is also possible that, if the complex is 5-coordinate, there may
be delocalization from the a2u(π) orbital to the half-filled dz2 orbital.156

Aggregation of copper(II) porphyrins under various conditions has been inves-
tigated in detail by EPR spectroscopy.1022 The close proximity of the two copper cen-
ters in the aggregated forms produces not only a mS = ±1 allowed transition in the
3100–3300 G region of the X-band EPR spectrum, but also a mS = ±2 “double quan-
tum” spin-forbidden transition at half the magnetic field, near 1500–1600 G.1022
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Figure 80. Top: 2H NMR spectrum of [(d8-TPP)Cu] in CH2Cl2 at 25 °C. Bottom: Proton and
deuterium NMR spectra of (OEP)Cu: (a) proton NMR spectrum of [(OEP)Cu] in CDCl3; (b) deu-
terium NMR spectrum of [(d20-OEP)Cu] in CH2Cl2; deuterium NMR spectrum of [(d4-OEP)Cu]
in CH2Cl2, all recorded at 25 °C. Reprinted from Godziela, G. M.; Goff, H. M. J. Am. Chem.
Soc. 1986, 108, 2237–2243, with permission from the American Chemical Society.
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Following that publication, several singly- and doubly-bridged dicopper dipor-
phyrins have been synthesized and studied by EPR spectroscopy to determine the
geometry of the dimeric porphyrin.1023 The distance between the copper atoms in the
diporphyrins was determined from the ratio of the intensity of the half-field transi-
tions to the intensity of the allowed transitions and by computer simulation of the
spectra. The values obtained by the two methods were in good agreement and
ranged from 4.1 to 5.6 Å. The porphyrin planes were parallel within experimental
uncertainty. The angle between the interspin vector and the normal to the porphyrin
planes (slip angle) was determined by computer simulation of the spectra and val-
ues ranged from 20° to 45°. For the majority of the diporphyrins the separation
between the porphyrin planes was 3.9 ± 0.1 Å. In an anthracene pillared diporphyrin
the interplanar separation was 4.6 Å. The simulations of the spectra indicated that
the absolute value of the copper-copper exchange interaction, J, was > 0.3 cm−1.1023

2. Vanadium(IV) Porphyrins

As is the case for copper(II) and silver(II) porphyrins, vanadyl (VO2+) porphyrins,
with a dxy

1 electron configuration also have no low-lying excited states to which the
ground state is connected by spin-orbit coupling, and thus ions with this electron con-
figurations have long T1es,

93 well-resolved EPR spectra and poorly-resolved NMR
spectra. Furthermore, unlike copper(II) and silver(II) porphyrins, the g-tensor of
vanadyl porphyrins is nearly isotropic.121,122 Thus extremely small pseudocontact
shifts are expected, and in addition, no contact shifts are expected for complexes of
this nonruffled metalloporphyrin. The paramagnetic shifts of vanadyl porphyrins are
thus expected to be extremely small. Except for several VOTPP entries in Table 32
of Ref. 2, which listed the pyrrole-H and phenyl-H shifts as those expected for dia-
magnetic porphyrins (Zn(II), Ni(II)), no other reports of proton NMR studies of
monomeric vanadyl porphyrins have appeared. However, the preparation and char-
acterization of a π-cation radical derivative of a vanadyl porphyrinate, [VO(OH2)(OE
P−•)]SbCl6 by chemical oxidation of [VO(OEP)] has been reported, and the formula-
tion has been confirmed by a single-crystal X-ray structure determination.123 EPR
spectra were measured for [VO(OH2)(OE P−•)]SbCl6 in the solid (powder) state, in a
single crystal, and in fluid and frozen solution. The solution-state EPR spectra of
[VO(OH2)(OE P−•)]SbCl6 were found to be quite distinct, with vanadium hyperfine
lines resolved, and with different spectra in fluid and frozen solution. The solution
spectra are identical to those reported earlier by others.1024–1026 In the solid state, the
EPR spectrum of a polycrystalline sample consists of a single broad line with g =
1.99; single-crystal spectra also show vanadium hyperfine-splitting consistent with
V–V coupling. The solid-state EPR intensity increases with increasing temperature.
[VO(OH2)(OE P−•)]SbCl6 was also characterized by a detailed temperature-dependent
(6–300 K) magnetic susceptibility study. Satisfactory fits of the temperature-dependent
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moments were obtained from a model in which the vanadyl electron is ferromagnet-
ically coupled to the porphyrin π-radical electron (JV-R = 63 cm−1) and the two radical
spins are antiferromagnetically coupled (JR-R = −139 cm−1). This model also gave a
satisfactory prediction of all solid-state EPR properties.123 The intramolecular ferro-
magnetic coupling is consistent with the principle of cospatial, orthogonal magnetic
orbitals. The intermolecular antiferromagnetic coupling appears to arise from a novel,
steplike orientation of pairs of [VO(OEP−•)]+ radicals. Unfortunately, no NMR stud-
ies of this radical system at ambient temperatures were reported.

3. Chromium Porphyrins

Until recently, there was little information about the paramagnetic shifts of
chromium(III) porphyrins because of the extreme broadness of the resonances.2,4,165

However, as discussed in Section II.D.2 and shown in Figure 12, deuterium labeling
of several chromium(III) porphyrins has allowed observation of the 2H resonances
of these complexes.165 The shifts observed for [(d8-TPP)Cr(OPh-d5)] at 24 °C are
−13.4 ppm (pyrrole-D) and +19, +11.5, +10 ppm (p-H, m-H, o-H, respectively),
while the pyrrole-D shift of [(d8-TPP)CrCl] is −16.7 ppm in THF but −17.5 ppm in
CHCl3 and CH2Cl2, all at 23–24 °C. Addition of imidazole to a sample in the latter
solvent shifts the pyrrole-D to a limiting value of −23 ppm, probably due to forma-
tion of a mono-imidazole complex.165 These shifts are consistent with the expected
electron configuration for chromium(III): (dxy)

1(dxz)
1(dyz)

1, where the dxy unpaired
electron could contribute a maximum of +1–2 ppm shift that will decrease the neg-
ative shift expected for the two dπ electrons. (However, the porphyrinate ring of
[(TPP)Cr(OPh)(THF)] appears to be planar, with the Cr in the plane of the porphyrin
nitrogens,165 and if the THF remains coordinated in CHCl3 and CH2Cl2, then the dxy

electron may not provide any delocalization.) Even taking this contribution into
account, however, the pyrrole-D shift is not nearly as negative as might have been
expected on the basis of the pyrrole-H shifts of low-spin iron(III) porphyrins having
the (dxy)

2(dxz,dyz)
3 electron configuration (Figure 19); if the two dπ unpaired electrons

each contributed the same as the single dπ unpaired electron of low-spin iron(III),
then a chemical shift of about −41 ppm at 25 °C should be expected, assuming no
contact contribution from the dxy electron, whereas the observed pyrrole-D shifts
range from −13 to −17 ppm for the 5-coordinate complexes. Thus, it appears that at
least in this case, two dπ electrons do not lead to significantly greater spin delocal-
ization from the 3e(π) orbitals of the porphyrin ring to the dπ orbitals of
chromium(III) than does the one of low-spin iron(III). The temperature dependence
of the pyrrole-D resonance of [(d8-TPP)Cr(OPh)(THF)] in THF solution is strictly
Curie in nature, while the intercepts of the phenoxide deuterons deviate somewhat
from their predicted diamagnetic shifts in an alternating fashion that suggests some
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π spin density is delocalized to the phenoxide axial ligand.165 In fact, it may be this
spin delocalization that decreases the pyrrole-H shift somewhat.

The d4 chromium(II) porphyrin, [(d8-TPP)Cr], prepared by one-electron
reduction of [(d8-TPP)CrCl], has a larger negative pyrrole-D shift than any of the
chromium(III) complexes mentioned above, −34.9 ppm at 24 °C.165 The presumed
electron configuration is (dxy)

1(dxz)
1(dyz)

1(dz2)1, and the dz2 electron is expected to
contribute essentially nothing to the contact shifts, because the CrII is not expected
to be out of the plane of the porphyrin nitrogens.156 Thus, chromium(II) has a
pyrrole-D shift closer to that expected for the chromium(III) analog, and the rea-
son for the difference is not clear. The temperature dependence of the pyrrole-D
shift is linear, with an extrapolated shift at infinite temperature of 12 ppm, which
suggests only a small contribution from a thermally-accessible excited state.

In the presence of an excess of pyridine, the pyrrole-D resonance shifts to
about +12.8 ppm, suggesting a change in electron configuration. A similar shift is
observed when imidazole is added.165 The magnetic moment of the bis-(pyridine)
complex of [(d8-TPP)Cr] is 2.9 µB at 23 oC,376,377 indicating two unpaired elec-
trons.165 The positive value of the pyrrole-D shift is suggestive of no unpaired elec-
trons in the dxz or dyz orbitals, unless there is an unusually large positive
pseudocontact shift for this S = 1 chromium(II) porphyrin that cancels the
expected negative contact shift, such as those observed for low-spin d4 iron por-
phyrins.157,832 Additional low-spin chromium(II) porphyrin complexes must be
investigated before a complete understanding of the contributions to the paramag-
netic shifts can be obtained. The linewidth of the 1H signal of the pyrrole-H is
sharp enough165 that such a study could be done with protonated porphyrin ligands.

An oxochromium(IV) complex has also been investigated. When [(d8-
TPP)CrCl] is reacted with tert-butylhydroperoxide at −40 °C, followed by warm-
ing, a new 2H signal is observed at +9.2 ppm at 23 °C.165 However, the
hydroperoxide also attacks the porphyrin to produce an isoporphyrin,165 which
makes it difficult to study the diamagnetic d2 chromium(IV) center in detail.
Nevertheless, the fact that the complex is diamagnetic suggests that the electron
configuration is (dxy)

2. This is consistent with the electron configuration of oxo-
vanadium(IV) porphyrins, (dxy)

1.121,122 No further reports of NMR studies of
chromium porphyrins of any oxidation state have appeared since 1999.

I. Summary of Paramagnetic Shifts and Mechanisms of Spin
Delocalization for the Metalloporphyrins

In Table 18 are summarized the magnitudes and directions of contact and pseudo-
contact shifts for first row transition metal porphyrins, the nature (σ or π) of the
contact shifts, and the nature of the pseudocontact contribution for each metal in
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Table 18. Summary of spin delocalization patterns of metalloporphyrins of various oxidation and spin states.

Dominant
type of

Metal Oxidation Number of Orbital of unpaired Pseudocontact π charge
state d electrons Spin state electron(s) shifts Pyrrole-C meso-C transfer

Cr II 4 S = 2 (dxy)1(dxz, dyz)2(dz2)1 N.D. π N.D. P⇒M
S =1 (dxy)1(dz2)1? N.D. σ N.D. (?)

III 3 S = 3/2 (dxy)1(dxz, dyz)2 (Small) π N.D. P⇒M
IV 2 S = 0 — — — — —

Mn II 5 S = 5/2 All 5 d Large (+) exp. σ π P⇒M
αD/T2 exp.

II Por−• 5 S = 3/2,1/2 (3a2u)1(dz2)1(dxz,dyz)2 Medium(+) exp. π Small P⇒M
Por−• AF coupled α(g||

2–g⊥
2)/T  expected

III 4 S = 2 (dxy)1(dxz,dyz)2(dz2)1 (Small) π σ? P⇒M
S = 1? (dxz,dyz)2? N.D π σ?

(See Mn(II) Por−• (π-cation radical) for more likely electron
configuration)

IV 3 S = 3/2 (dxy)1(dxz,dyz)2 (Small) π N.D. P⇒M
Fe I 7 S = 1/2 (dz2)1 Medium (+) (−Shifts) Small (σ?) —

α(g||
2–g⊥

2)/T
II 6 S = 0 — — — — —

S = 1 (dxz,dyz)2 Large (+) π 0 P⇒M
α(g||

2–g⊥
2)/T

II 6 S = 2 (dxz,dyz)2(dz2)1(dz2–y2)1 (Small) σ π P⇒M
II Por−〈 6(paired) S = 1/2 (3a2u)1 None Small π Large π —
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Table 18. (Continued )

Dominant
type of

Metal Oxidation Number of Orbital of unpaired Pseudocontact π charge
state d electrons Spin state electron(s) shifts Pyrrole-C meso-C transfer

III 5 S = 1/2 (dxz,dyz)3 Large (−) π Small P⇒M
α(g||

2–g⊥
2)/T (σ?)

S = 1/2 (dxy)1 Small (+) 0? π P⇒M
α(g||

2–g⊥
2)/T

S = 3/2 (dz2)1(dxz,dyz)2 Medium (+) π π P⇒M
α(g||

2–g⊥
2)/T

S = 3/2,5/2 (dxz,dyz)2(dx2-y2)? Small (+) Mixed π, σ mixed Mixed P⇒M
admixed

III 5 S = 5/2 all 5 d Large (+) σ π P⇒M
αD/T2

III Por−• 5 S = 3 (3a2u)1, plus all 5 d N.D.a Large + π —
for TPPs

S = 2 (3a2u)1, plus all 5 d N.D. σ Large − π —
S = 1 (3a2u)1(dxz,dyz)2(dz2)1 N.D.a π Large − π —
S = 1 (3a2u)1(dxz,dyz)3 N.D.a(?) π Large + π P⇒M

IV 4 S = 1 (dxz,dyz)2 N.D.a π Small P⇒M
S = 1 ferryl (dxz,dyz)2, Small Small π 0 P⇒M

but much spin α(g||
2–g⊥

2)
delocalized to oxo

S = 1 phenyl (dxz,dyz)2 Small Large π Small ? P⇒M
IVPor−• 4 S = 1/2 (3a2u)1(dxz,dyz)2(TMP−•) N.D.a Small π Large –? P⇒M

S = 1/2 (1a1u)1(dxz,dyz)2 N.D.a Large π Small ? P⇒M
(TMTMP)

V? 3 S = 3/2 (dxy)1(dxy,dyz)2 N.D.a ∼0 N.D. N.D.
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Table 18. (Continued )

Dominant
type of

Metal Oxidation Number of Orbital of unpaired Pseudocontact π charge
state d electrons Spin state electron(s) shifts Pyrrole-C meso-C transfer

Ru II 6 S = 0 — — — — —
III 5 S = 1/2 (dxy)1 Small (+) ~0 π P⇒M

α (g||
2–g⊥

2)/T
IV 4 S = 1 (dxy,dyz)2 N.D.a Large π ∼0 P⇒M
VI 2 S = 0 — — — — —

Co II 7 S = 1/2 (dz2)1 Medium (+) (Shifts) Small —
α (g||

2–g⊥
2)/T (σ?)

S = 3/2 (dxz,dyz)3(dz2)1(dx2–y2)1 Medium σ Small —
II Por−〈 7 S = 1 (3a2u)1(dz2)1 Medium (+) expected Small Small —

Co III 6 S = 0 — — — — —
Ni II 8 S = 0 — — — — —

II 8 S = 1 (dz2)1(dx2–y2)1 Medium (−) σ π P⇒M
αD/T2

Cu, Ag II 9 S = 1/2 (dx2–y2)1 Small (+) σ ? —
II Por−〈 9 S = 1 (3a2u)1(dx2–y2)1 N.D. σ π —

Ln III 0–14 Variable variable Large (+ or − ) Very small Very small —

N.D. = not determined.
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each oxidation state and each spin state. As can be seen, for the contact shift, σ spin
delocalization to the porphyrin or related macrocycle is seen when there is an
unpaired electron in the dx2−y2 orbital, while π spin delocalization is seen when there
is an unpaired electron in the dxz or dyz orbital (or both), or, if the macrocycle is ruf-
fled or saddled, if there is an unpaired electron in the dxy orbital. In every example
seen thus far, delocalization of both σ and π spin density occurs by macrocycle to
metal electron donation, which leaves a hole or partial hole on the macrocycle,
which is readily sensed by the protons (and carbons) of the macrocycle, and it has
been estimated that 3% of an unpaired electron in a π orbital of a particular carbon
leads to a contact shift of approximately −20 ppm for the proton bound to that car-
bon. The π-symmetry orbitals most frequently involved in P → M electron delo-
calization, which give rise to π spin delocalization to the carbons of the macrocycle,
are the 3e(π) orbitals, which have proper symmetry for interaction with the dxz and
dyz orbitals of the metal. However, if the macrocycle is ruffled, the 3a2u(π) orbital
has proper symmetry to interact with the dxy orbital (and the 1a1u(π) orbital has
proper symmetry to interact with the dx2−y2 orbital), while if the macrocycle is sad-
dled, the 3a2u(π) orbital has proper symmetry to interact with the dx2−y2 orbital (and
the 1a1u(π) orbital has proper symmetry to interact with the dxy orbital). If the metal
is out of the plane of the porphyrin nitrogens (as in a 5-coordinate metalloporphyrin
complex), there can be a different means of involving the 3a2u(π) orbital in spin
delocalization, in this case by P → M π donation from the 3a2u(π) orbital to the half-
filled dz2 orbital of the metal (for high-spin d5, d6 and d8); this spin delocalization is
prohibited if the complex binds a second axial ligand. A major finding of the past
ten years is that there is at this time no evidence for the involvement of the 4e(π*)
orbitals in spin delocalization for any metalloporphyrin.
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List of Abbreviations

Ccm cytochrome c maturation 
CRINEPT cross-correlated relaxation-enhanced polarization transfer
DPC dodecyl phosphocholine
HAS heme acquisition system
HO heme oxygenase
HSQC heteronuclear single quantum correlation
LbpA lactoferrin binding protein A
LbpB lactoferrin binding protein B
NOESY nuclear Overhauser effect spectroscopy
PBP periplasmic binding protein
TbpA transferrin binding protein A
TbpB transferrin binding protein B
TROSY transverse relaxation-optimized spectroscopy

I. Biological Background

Iron is an essential element for virtually all living organisms. It has been reported
that the iron content in bacteria is of the order of 105–106 iron ions per cell.1

Virtually all living microorganisms require a minimum effective concentration of
10–8 M for growth.2

Iron ranks fourth in abundance of all elements on the Earth’s crust,3 but its
bioavailability is limited. Under aerobic conditions iron(III) is the dominant oxi-
dation state and is characterized by an extremely low solubility (of the order of
10–18 M, at pH of 7.4).4 Iron(II) is more soluble, but available to organisms only in
anaerobic environments. In the presence of air, it becomes toxic due to its redox
chemistry which leads to the formation of ferric iron and reactive oxygen species. 

As a consequence of these considerations, iron in biological systems is found
tightly sequestered by high-affinity iron-binding proteins.5 Bacteria have devel-
oped a number of mechanisms to acquire iron, allowing their survival in free iron-
poor environments.1,2,6–8 In Gram-negative bacteria, a number of pathways have
been identified which rely (i) on iron ion uptake through siderophores; (ii) on iron
ion uptake from transferrin/lactoferrin; (iii) on the use of heme as an iron source
through its direct uptake in free form or from heme-binding proteins; and (iv) on
the uptake of heme mediated by hemophore proteins. All these processes share
common key elements (Figure 1) i.e., an outer membrane receptor, a periplasmic
binding protein (PBP), and an inner membrane ATP-binding cassette (ABC) trans-
porter. The transport through the outer membrane receptor requires the action of
the TonB system (TonB, ExbB, and ExbD).8
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Siderophores are low molecular weight (MW < 1000 Da) and high affinity
(Kaff > 1030) iron chelators.9,10 Their biosynthesis is induced by intracellular iron
deficiency and they are secreted into the extracellular milieu to scavenge iron.
They are able to dissolve insoluble iron(III) species and facilitate its transport
into the cell. Siderophores are structurally well characterized and numerous stud-
ies are available on the mechanism of the siderophore-mediated iron acquisition
system.11,12

In vertebrate hosts, only a small amount of iron is extracellular and bound to
the glycoproteins transferrin or lactoferrin. In many pathogenic bacteria, such as
Neisseria meningitidis and Haemophilus influenza, extraction of the iron atoms
from the host’s iron carriers occurs via outer membrane receptors, the TbpB/TbpA
and LbpB/LbpA proteins.13–15 These two-component receptors are constituted by a
membrane-anchored binding protein (the B-protein) and an integral membrane pro-
tein (the A-protein), specific for transferrin (Tb) and lactoferrin (Lb), respectively.

Nevertheless, in vertebrates, most irons are intracellular, either stored in fer-
ritin or inserted in the protoporphyrin ring of heme-containing proteins, mainly

30/Heme Acquisition by Hemophores 341

Figure 1. Schematic representation of the key elements of the heme acquisition system in
Gram-negative bacteria. The hemophore protein HasA uptakes heme (red diamond) from a
host protein (here hemoglobin, Hb) and delivers it to the outer membrane receptor (HasR).
The other key components for heme delivery to the cytoplasm and iron abstraction are a
periplasmic binding protein (PBP), an inner-membrane ABC transporter, and the TonB system
(TonB, ExbB, ExbD). In the cytosol, heme oxygenase or functionally analogous enzymes
extract iron(III) from heme.
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hemoglobin. Microorganisms can up take the heme either as a free heme (whose
concentration in living systems is however very low due to its cytotoxicity) or as
heme associated with host hemoproteins (hemoglobin, hemoglobin–haptoglobin,
heme-albumin, heme-hemopexin, and myoglobin).16–18 The uptake relies either on
the two-component receptor HpuA/HpuB, an analog of the transferrin/lactoferrin
system, which binds hemoglobin, hemoglobin–haptoglobin, and apohaptoglobin,
or on the single-component HmbR receptor, specific only for hemoglobin. 

The second mechanism that bacteria use to extract iron from heme uses
specialized bacterial proteins, termed hemophores.1,7,19,20 They are extracellularly
secreted and acquire heme from the environment, usually extracting it from heme
proteins. The hemophore then delivers heme to a specific outer membrane recep-
tor, where the process of heme transport to the cytoplasm initiates and proceeds
through the steps common to the other iron-uptake mechanisms described above
(Figure 1). The ensemble of proteins involved in the hemophore-dependent
process constitutes the heme acquisition systems (HAS). The use of heme as an
iron source requires iron abstraction from the heme. This process occurs in the
bacterial cytoplasm, where the heme is degraded, through oxidative cleavage, to
biliverdin, carbon monoxide, and free iron by the enzyme heme monooxygenase
(HO). 21 Non-HO homolog heme degrading enzymes have also been described for
some bacteria.22–25 Very recently two enzymes that promote iron extraction from
heme preserving the tetrapyrrole ring intact have been reported.26

The focus of this chapter is on the use of NMR to investigate structure and
chemistry of some components and key steps of the mechanism of the heme acqui-
sition system in Gram-negative bacteria.

II. Hemophore Protein HasA

A. Heme-Loaded HasA

Under conditions of iron limitation, the Gram-negative bacterium Serratia
marcescens secretes HasA, a monodomain 19 kDa protein, which acts as a hemo-
phore. This protein was the first hemophore to be discovered and the only one
structurally characterized until now. The X-ray crystal structure of the heme
loaded form of HasA shows an original α + β fold, with a seven-stranded antiparallel
β-sheet on one side of the protein and four α-helices on the other side (Figure 2a).
Two loops, L1 and L2, connect the α and β faces of the molecule and provide the
heme-iron(III) axial ligands, H32 through its Nε2 and Y75 through its Oη. His/Tyr
coordination is quite atypical for heme proteins in native states; it has been
reported only for the cytochrome c maturation protein (CcmE),27 and for the oxi-
dized form of the cytochrome cd1 nitrite reductase.28 A H-bond between H83 Nε2
and the Y74 Oη was observed in two out of the three crystal structures available
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(PDB ID 1B2V at pH 4.6 and PDB ID 1DKO at pH 8.0).29,30 In the third structure
(PDB ID 1DKH at pH 6.5)30 H83 does not interact with Y75 while it is involved
in a hydrogen bond with a water molecule. 

In order to learn about the heme-coordination environment in solution and the
possible relevance of second coordination sphere interactions on the heme bind-
ing properties of HasA, a number of studies have been conducted by NMR.

It is worth mentioning that both X-ray crystallography29,30 and NMR31–34 reveal
the presence of two orientations, with a relative ratio of the order of 70:30, for the
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Figure 2. The X-ray crystal structure of holoHasA (PDB ID 1B2V). (a) Loop L1 provides the H32
ligand. Loop L2 bears the Y75 ligand and H83. In this structure an H-bond between Y75 Oη and
H83 Nε2 is present. 1H–15N HSQC (b) and paramagnetic tailored 1H–15N HSQC (c) of the
holoprotein. A set of peaks (here labeled) due to residues in the proximity of the paramagnetic
center is detectable only in the latter experiment. (Panels b and c are adapted from Ref. 33.)
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heme inserted in the hemophore that differ for a rotation of 180° around the α, γ-meso
axis. This phenomenon, commonly observed in b-type heme proteins,35–37 results in a
doubling of the peaks of the heme resonances, the axial ligands and most of the heme-
binding pocket residues. For the sake of clarity, no mention to the presence of the
minor species will be made in the remaining of this chapter; all the considerations
presented for the major species are assumed to hold equally for the minor one as well.

1. NMR of the Gallium(III) Derivative

The presence of iron(III) complicates NMR spectral analysis due to the important
paramagnetic effects induced by the metal ion on surrounding residues. An initial
characterization of HasA in solution was therefore carried out using the gallium(III)-
heme derivative as a diamagnetic analog of the holoprotein; gallium(III) and
iron(III) have the same charge, similar atomic radius (0.62 Å vs. 0.65 Å) and sim-
ilar coordination preferences. The backbone assignment of gallium(III)–HasA
provided evidence of intact secondary structures with respect to iron(III)–HasA.32

1H–15N multiple bond connectivity spectra38 for the detection of 15N–1H corre-
lations via 3JNH coupling constants were used to characterize the protonation state
of the imidazole ring of His residues in the protein.39 Patterns of 3J connectivities
between non-exchangeable imidazole protons Hδ 2 and Hε1 and Nδ1 and Nε2
allowed the identification of all these nuclei for the His residues present in HasA,
i.e. H17, H32, H83, H128, H133, and H179. The 15N chemical shifts of the imi-
dazole nitrogens are diagnostic for their protonation state40–42:  in a fully proto-
nated, positively charged, imidazole ring, both nitrogens resonate on average at
175 ppm; in a neutral imidazole ring, the deprotonated nitrogen typically resonates
at about 250 ppm, whereas the protonated nitrogen resonates at about 165 ppm;
intermediate chemical shift values are indicative of fast exchange between the two
tautomers. Involvement in H bonding affects the above shift values up to 10 ppm:
the shift of a nitrogen behaving as an acceptor in a hydrogen bond decreases,
whereas that of a nitrogen behaving as a donor increases. 

In gallium(III)–HasA, a relatively low chemical shift value was measured for
the Nδ1 of H83 (227.3 ppm) and attributed to the involvement of this nitrogen in
a hydrogen bond, presumably as an acceptor of the hydroxyl proton Hη of Y75,39

by analogy with the X-ray data.29

2. NMR of the Iron(III) Derivative

a. 1H NMR

Heme methyl chemical shifts in iron(III) provide a signature of the spin state of
heme iron.35 In high-spin iron(III) heme proteins, they resonate in the 60–100 ppm
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range. In low-spin iron(III) heme proteins their chemical shifts range between
5 and 35 ppm. In HasA, the heme methyl resonances have chemical shift values
intermediate between those expected for a purely S = 5/2 heme iron(III) and those
for a purely S = 1/2 heme iron(III),33 being observed at 42.7 (two overlapping signals
at 303 K), 38.9, and 35.7 ppm (Figure 3a). At a field of 16.4 T, heme methyl T1

values are 8–9 ms, and line widths of the order of 400 Hz. Similar chemical shift
and T1 values have been reported for heme proteins undergoing high-spin/low-
spin equilibria, which are fast on the chemical shift NMR time scale.43,44 The non-
linear temperature dependence of the heme methyl chemical shift values (Figure
3b) further supports the nonpure spin nature of heme–iron(III) in HasA. 

The relatively low chemical shift (about 70 ppm) for the exchangeable resonance
of Hδ1 H32, its large line width (about 1000 Hz) and the short T1 value (< 2 ms)
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Figure 3. The 1H NMR spectrum of iron(III) heme-loaded HasA recorded at 700 MHz and
303 K (a). The resonances attributed to the heme methyl resonances are labeled A–D. Typical
ranges for the chemical shift of heme methyls in high-spin and low-spin iron(III) heme
proteins are indicated by the semitransparent boxes. The temperature dependence of the
chemical shift for heme methyl resonances does not follow the Curie behavior (b). (Adapted
from Ref. 33.)
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are consistent with literature data on intermediate spin state systems.45 As typical
for nonpurely low-spin heme proteins,35 the Hδ1 of the bound His is the only
signal of an axial ligand detectable in the 1H NMR spectra.

b. Heteronuclear detection

The sensitivity of NMR experiments depends critically on the type of nucleus that
is detected during acquisition, with a γ 3/2 dependence, where γ is the gyromagnetic
ratio of the detected nucleus. This translates into a factor of eight in sensitivity at
advantage of 1H-detected experiments over 13C-detected experiments, and into a
factor of 31 over 15N-detected experiments. Consequently, virtually all modern
biomolecular NMR experiments detect protons during acquisition.46 The sensitiv-
ity of the NMR experiment is also dependent on the nature of the excited nucleus,
being directly proportional to its γ value. During the last decade, hardware devel-
opments, in particular the advent of cryoprobes, have sensibly increased the
sensitivity of the NMR experiments. Therefore, while the relative sensitivity of
proton detection and heteronuclear detection remains that predicted by theory,
heteronuclear-detected NMR experiments can now be brought into a sensitivity
range that makes them feasible even for biomolecular applications.

Development of special probes optimized for 13C sensitivity has given a
particular impulse to 13C-NMR with respect to 15N-NMR. While 1D 15N-detected
experiments on proteins are nowadays possible, they still suffer from very low sen-
sitivity. By contrast, a number of 13C NMR experiments aimed at sequential and
side chain assignments in proteins have been developed that exploit the heteronu-
clear backbone 13C′–15N and 15N–Cα scalar couplings, as well as the large homonu-
clear carbon–carbon scalar couplings (30–70 Hz) for coherence transfer.47–57

This protonless NMR approach has been proposed as particularly useful in
systems characterized by short relaxation times.58–63 The large proton gyromag-
netic ratio that is responsible for the high sensitivity of 1H-NMR experiments also
causes large dipole–dipole interactions that lead to short relaxation times and may
broaden lines beyond detection with increasing molecular mass or in the presence
of paramagnetic centers. In this context, heteronuclei, which are characterized by
smaller gyromagnetic ratios, may represent probes with better performances. 

By taking advantage of the new NMR tools available for the investigation of
fast relaxing biomolecules, a better understanding of the coordination environ-
ment and electronic structure of the iron(III)–heme loaded HasA was obtained. 

i. 13C NMR

13C-NMR permits researchers to learn about the axial coordination of heme iron in
holoHasA.33 Standard 1H–15N HSQC (Figure 2b) experiments provided peaks for
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the NH backbone  of all residues but the N-terminal one and 15 amino acids located
close to the paramagnetic center (they are amino acids 32–34, 41, 42, 50, 60, 74–78,
83–85). With paramagnetic tailored 1H–15N HSQC experiments, which used fast
repetition rates and short INEPT delays, the eight peaks corresponding to residues
T33, N34, S42, L50, T60, T74, F78, and L85 could be retrieved (Figure 2c); but
resonances for H32, N41, Y75, T76, L77, H83, and T84 remained undetectable.
13C-direct detection experiments, in particular 13C–13C COSY and the CACO spec-
tra, provided the assignment of all protein residues beside the two axial ligands
H32 and Y75, and L76. Signals of H83 could be detected only in paramagnetic
tailored 13C-spectra (Figure 4).

Although 13C experiments are much more robust for paramagnetic systems than
the standard assignment strategy based on 1H-detected experiments, the heme axial
ligands could only be detected in 1D 13C experiments. The monodimensional 13C
spectrum of holoHasA shows well-resolved peaks that are heavily hyperfine shifted.
Most of them are observed downfield in the 220–770 ppm region and have T1 values
of the order of 1–13 ms, (Figure 5a). The upfield signals at −22 and −32 ppm have

30/Heme Acquisition by Hemophores 347

Figure 4. Portion of the 13C–13C COSY spectrum of the holoprotein containing the Cβ–Cγ
cross peaks for His residues (a) and its paramagnetic tailored version (b). The Cβ–Cγ correla-
tion for H83 is only detectable in the latter spectrum. (Adapted from Ref. 33.)
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longer T1 values (in the 70–90 ms range). The chemical shift, T1, and line width
values of the hyperfine shifted resonances can only be consistent with the hypoth-
esis that they originate from the coordinating residues (the heme was not 13C-
enriched and therefore its resonances could not be detected in these spectra). From
the comparison of the 13C spectra of the wild type protein and of its Y75A variant,
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Figure 5. The 13C NMR spectrum of iron(III) heme-loaded HasA recorded at 700 MHz and
303 K (a). The hyperfine-shifted resonances are labeled A–N. Resonances attributed to Y75
have shifts that decrease with temperature, while resonances attributed to H32 have shifts that
increase with temperature (b). (Adapted from Ref. 33.)
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it was possible to discriminate between Y75 and H32 resonances. The two sets of
signals could also be clustered based on their behavior as a function of temperature
(Figure 5b). Those attributed to Y75 have shifts that decrease upon increasing tem-
perature, whereas those attributed to H32 have shifts that increase upon increasing
temperature. This behavior could be rationalized assuming a temperature-dependent
chemical equilibrium between two limit spin states: a low-spin species, S = 1/2, and
a high-spin species, S = 5/2, the latter being characterized by substantially larger
hyperfine shifts and becoming more populated at higher temperature. In the fully
low spin limit species, both H32 and Y75 are strong iron axial ligands; in the purely
high spin limit species, Y75 is no longer bound to the heme iron, which becomes
five-coordinate. Upon increasing temperature, the shift of H32, which remains
invariably coordinated to iron, increases because of the increase in total spin and
therefore of the unpaired electron delocalization on its ring. On the contrary, the
shifts of Y75 decrease because in the high spin form the Tyr t is no more a ligand
and therefore its signals do not experience any contact shifts anymore.

In the range of experimentally accessible temperatures, both H32 and Y75 coor-
dinate iron, the latter most probably thanks to the H-bond with H83, which imposes
a partial tyrosinate character to Y75 and makes it a better ligand for iron(III).

ii. 15N NMR

Monodimensional 15N-direct detected experiments were used for the identification
of the imidazole nitrogen atoms of His residues, with the aim to assign the 15N nuclei
of the axial ligand H32 and the key residue H83. A broad signal (70 Hz), with a chem-
ical shift strongly dependent upon temperature (181.2 ppm at 303 K to 193.4 ppm
at 317 K) (Figures 6a and 6b) is detectable. This resonance therefore experiences
important paramagnetic effects; it is also present in the 1D 15N spectra of the
holoH83A mutant (Figure 6c). On this basis, it was assigned to the Nδ1 of H32. The
H83 Nε2 was assigned to a relatively sharp resonance present at about 179 ppm at
303 K (Figure 6a); its identification relied on the observation that no corresponding
resonance could be detected in the analogous spectrum of the H83A mutant (see
Figure 6c and Section II.B). The shift value for the H83 Nε2 resonance in the iron(III)
wild-type protein differs by +12.9 ppm with respect to that of the gallium(III) pro-
tein. A similar effect is observed for the Cβ of H83, which shows a +7.05 ppm chem-
ical shift variation with respect to the gallium(III) form. Such relatively large
observed differences in chemical shift are not explainable in terms of structural dif-
ferences with respect to the gallium protein, because 13C chemical shifts are very lit-
tle dependent on the local environment of the nucleus. Furthermore, the observed
chemical shift differences cannot be accounted for simply on the basis of pseudo-
contact shifts that, for the location of these nuclei with respect to the paramagnetic
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center and magnetic axes, were estimated to be < 1 ppm in absolute value. Therefore,
contact shift contributions had to be invoked; unpaired spin-density transfer from the
ligand to the second coordination sphere nuclei has already been reported, for exam-
ple, in the case of a tyrosine H-bonded to the cyanide iron ligand in the low-spin
iron(III) cyanide adduct of M80A cytochrome c.64,65 The hyperfine shift values
observed for the abovementioned H83 nuclei further support the presence of a H-
bond between H83 Nδ1 and the iron-ligated Y75 Oη, allowing the delocalization of
the iron(III) unpaired spin density onto the imidazole ring of H83. Consistently, the
resonance of the Nδ1 of H83 could not be detected, most probably because it is
broadened beyond detection by contact shift contributions to its T2. Of course, the
same consideration holds for the Nε2 of H32, which is directly bound to iron(III).

B. The H83A Variant

The hypothesis that H83 in wild-type HasA modulates the strength of the Tyr–
iron bond was further confirmed by the characterization of the H83A variant.34
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Figure 6. Monodimensional 15N NMR spectra of wild-type holoHasA at 303 K (a); wild-type
holoHasA at 317 K (b), and H83A at 317 K (c). All the spectra have been recorded at pH 5.5.
(Adapted from Ref. 33.)
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Replacement of H83 with an alanine causes detachment of the tyrosine ligand, thus
giving rise to pentacoordinate, a purely high-spin species that is dominant at neutral
pH. The 1H NMR spectrum obtained at 303 K and acidic-neutral pH values for H83A
displays heme-methyl resonances between 60 and 80 ppm, and a broad exchangeable
resonance at 102.3 ppm, attributed to the Hδ1 of the axial His ligand; resonances with
such shifts are typical of high-spin species (Figure 7a).35 Longitudinal relaxation
times are shorter than 1 ms for the four heme methyls and for the H32 Hδ1 and of the
order of 4–5 ms for all the other downfield-shifted signals. The hyperfine-shifted res-
onances exhibit a Curie behavior, consistent with a pure high spin state. The 1H NMR
spectrum of holoH83A shows a broad feature at –25 ppm, attributable to meso H-
peaks. Upfield resonance for meso protons are indicative of pentacoordination,35 a
conclusion further supported by resonance Raman, and UV-visible spectroscopy.
Monodimensional 13C and 15N NMR spectra also point to the same conclusion
(Figures 7b and 76, respectively). In the 15N NMR spectrum the resonance of the Nδ1
of H32 remains as broad as expected for a coordinating residue. In the 13C NMR spec-
trum the number of hyperfine shifted resonances decreases with respect to the wild
type, consistent with the presence of a single axial ligand. The cross peak of Y75
in the 13C–13C COSY spectrum of H83A is detected in the typical Cβ–Cγ region
(Figure 8), as expected for a noncoordinating residue. As already observed for the
signals of the heme methyls and H32 Hδ1 in the 1H NMR spectrum, the average shift
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Figure 7. Monodimensional 1H (a) and 13C (b) NMR spectra of H83A recorded at pH values
of 5.2 and 5.6, respectively. (Adapted from Ref. 34.)

b867_Vol-06_Ch-30.qxd  6/10/2010  4:43 PM  Page 351



of the hyperfine-shifted 13C resonances increases up to 900 ppm, consistently with an
increased hyperfine shift contribution due to the change from an intermediate to a
high spin state. The chemical shifts of the 13C hyperfine-shifted resonances have a
regular Curie dependence, which is normal for a pure spin state.

The 1H NMR spectrum of holoH83A at acidic and neutral pH exhibits unresolved
overlapping signals between 20 and 40 ppm (Figure 7a), whose intensity increases
with respect to that of the high spin species upon increasing pH. NMR together with
a panel of other spectroscopic techniques has established the existence of series of
pH-depended equilibria, summarized in Figure 9. It shows that when Y75 is detached
from heme binding, the “distal” site of the heme becomes accessible to exogenous
ligands. This opening of an access to the heme iron, which does not imply any impor-
tant conformational change of protein backbone (as deducible from 1H–15N HSQC)
has suggested that the protein state found in H83A may represent a possible mecha-
nistic intermediate in the heme transfer reactions involving HasA: the uptake reaction
from host hemoproteins and/or the delivery reaction to the membrane receptor HasR.
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Figure 8. Portion of the 13C–13C COSY spectrum of the holoprotein containing the Cβ–Cγ
cross peaks for Tyr residues for wild-type holoHasA (a) and H83A (b). The Cβ–Cγ correlation
for Y75 is only detectable in the latter spectrum. (Adapted from Ref. 34.)
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C. Apo HasA

The structure of the apoprotein has been determined by NMR with standard
methodology.66 It shows an intact structure for the α and β portions of the protein.
The conformation of loop L2 does not differ much from that of the holoprotein.
Notably, the Y75–H83 hydrogen bond is maintained in the apoprotein. In contrast,
loop L1 undergoes a major conformational change that gives rise to an “opening”
of the structure with respect to the heme-loaded form (Figure 10a). Loop L1 is far
more mobile in the apo than in the gallium(III) form of the protein. The 1H–15N
HSQC spectrum of the apoprotein (Figure 10b) differs from that of the heme-
loaded HasA due to the conformational differences of the unstructured parts of the
protein backbone. The conformational rearrangements accompanying heme bind-
ing to HasA (Figures 2a and 10a) have led to the description of the hemophore
structure as resembling a “fish biting the heme”.29

III. HasA–HasR Interaction

A. 1H–15N NMR Spectra

The shift patterns of 1H–15N correlations for backbone amides represent a clear
signature of the open conformation of apoHasA and of the closed conformation of
the heme-loaded HasA, common to both the gallium(III) and the iron(III) derivatives.
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Figure 9. The heme iron spin state and the coordination sphere of holoH83A have been defined
over a wide range of pH values. At variance with the wild-type case, variations in iron coordina-
tion number and spin state as a function of pH are observed and summarized in this figure. In
solution at acidic pH the major form of holoH83A is a high-spin five-coordinate species, having
as fifth ligand H32. At increasing pH values, the five-coordinate high-spin species decreases
in intensity at the advantage of a high-spin and a low-spin six-coordinate species. The latter is
dominant at alkaline pH values. (Adapted from Ref. 34.)
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In addition, the presence of iron(III) in the holoprotein gives rise to hypefine shift
contributions for the backbone nuclei in its surroundings and line broadening
(even beyond detection) on some of them (Section II.A.2 and Figure 2c). Changes
in this NMR signature have been used to monitor the variations occurring upon
interaction between HasA and its membrane receptor HasR, in the presence and in
the absence of heme.67

HasR is a large protein (98 kDa)68 which could be solubilized in DPC micelles
up to a concentration of the order of 300 µM. Both holo and apoHasA form a sta-
ble complex with HasR under these experimental conditions. Nevertheless, the
low solubility of the system combined with the large total molecular weight of the
protein–protein complex embedded in micelles required the use of an ad hoc strat-
egy. NMR heavily suffers from molecular size limitations; with increasing molec-
ular mass, the slow molecular tumbling of the complex in solution causes fast
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Figure 10. The average NMR solution structure of apoHasA (PDB ID 1YBJ) (a). The two
loops, and in particular loop L1, have a different conformation with respect to the holopro-
tein, where they provide the heme iron axial ligands. 1H–15N HSQC of the apoprotein (b).
(Panel b is adapted from Ref. 33.)
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transverse relaxation that broadens signals beyond detection in standard 1H–15N
HSQC experiments. It is a common practice to alleviate line broadening effects
using isotope enrichment with 2H for nonexchangeable hydrogens; this isotope
enrichment decreases the magnitude of dipolar interactions provided by the
protein frame, thus significantly reducing nuclear spin relaxation rates.69 For this
purpose, 2H (99.7 ± 0.1%),15N-labeled HasA was used in the complex with unla-
beled HasR. Even with this optimal isotope-labeling, instead of the conventional
NMR HSQC spectra, detection of 1H–15N correlations of the low molecular weight
component HasA in the supramolecular structure of the complex required the use
of CRINEPT-TROSY experiments.70 Constructive use of cross-correlated relaxation
phenomena in transverse relaxation-optimized spectroscopy (TROSY)71 combined
with cross-correlated relaxation-enhanced polarization transfer (CRINEPT)70,72

provided spectra as those reported in Figure 11a, where most of the resonances of
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Figure 11. Superimposition of the CRINEPT-TROSY spectra obtained in DPC micelles for
apoHasA–HasR (black trace) with holoHasA–HasR (red trace) (a), and apoHasA (black trace)
with holoHasA (red trace) (b). Representation of the results obtained from the statistical analy-
sis of the spectral profiles for apoHasA, holoHasA, apoHasA–HasR, and holoHasA–HasR (c).
Numbers reported on each arrow are the values of the normalized distance matrix obtained
for each pair of spectra. (Adapted from Ref. 67.)
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the hemophore protein were still detectable in its complexed forms, although with
sensibly increased line widths and consequent reduction in resolution. 

1. Chemical Shift Perturbation Mapping

Chemical shift perturbation is the most widely used NMR method to map protein
interfaces.73 The interaction with a partner molecule causes environmental changes
on the protein interface and, hence, affects the chemical shifts of the nuclei in this
area. In addition, if upon interaction there are conformational changes involving the
observed protein, they will also be revealed by chemical shift changes. Complex
formation between apoHasA and HasR induces a number of chemical shift varia-
tions (Figures 11a and 11b, black traces). Two types of signals were useful for
analysis of the chemical shift mapping: (1) signals experiencing minimal chemical
shift changes (<0.25 ppm), if any, and therefore belonging to regions of apoHasA
that are not affected by the presence of the receptor; (2) signals that undoubtedly
disappear from their original well-resolved position in the free apoHasA spectrum
upon complex formation and are therefore severely affected when binding to the
receptor. Residues whose behavior could not be safely defined, mainly because
they fall in crowded spectral regions, were unsound for the analysis and were not
used to map the interaction. Residues of class 2 are all clustered around the heme
binding pocket (Figure 12a) indicating an heavy involvement of L1, L2 and amino
acids on strands 2–6 in the interaction surface area. With a similar approach, it was
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Figure 12. Chemical shift perturbation mapping for apoHasA–HasR (a) and holoHasA–
HasR (b). Perturbed residues (red spheres) define the surface contact area on the hemophore
upon binding to the receptor. In the holoHasA structure the heme, its axial ligands and H83
are shown as sticks.
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possible to map the residues affected upon complex formation between holoHasA
and HasR; most of the resonances of class 2 in the holoHasA–HasR complex
(Figure 12b) coincide with those experiencing chemical shift changes in apoHasA
upon binding to HasR. When not coincident, they are located in protein regions
found to belong to the interaction area in the apoHasA–HasR complex. Therefore,
two important conclusions could be drawn from the chemical shift perturbation
mapping: (i) the interaction area was unequivocally identified; (ii) it resulted that
the contact surface area between the hemophore and its receptor is independent of
the presence of the heme in the complex.

2. Spectral Profiling

Identification of the residues at the interface constitutes an important achievement
for the structural and mechanistic characterization of the complex; however, the
information content embedded in the spectra of Figure 11 is richer. From the sim-
ple visual inspection of the spectra of Figures 11a and 11b, it is apparent that dif-
ferences in the chemical shift signature that characterize free apoHasA and free
holoHasA are essentially quenched in their complexes with HasR, This concept
could be better rationalized taking advantage of an approach that is used in NMR-
based metabolomics, where differences in the metabolic signature of different
individuals are quantified in terms of distance matrix without the need of any peak
assignment.74 The obtained results are summarized in Figure 11c, from which it
emerges that spectral patterns for the four available protein forms (free apoHasA,
free holoHasA, apoHasA in the complex with HasR, and holoHasA in the complex
with HasR) carry unique features that are conformation specific. A normalized dis-
tance matrix value of 1 is attributed to the most distant pair of spectra, that is the
pair holoHasA/holocomplex. The second most distant pair is constituted by the
spectra of holoHasA and apoHasA. On the contrary, apoHasA–HasR and
holoHasA–HasR spectra are very close (0.18; a value equal to 0 would correspond
to spectral identity). Normalized distance matrix values of 0.55 and 0.54 are
obtained for apoHasA compared with apocomplex and holocomplex, respectively.
In summary, signal patterns are substantially identical for the two complexes, rela-
tively similar for the two pairs apoHasA/apoHasA–HasR and apoHasA/holoHasA–
HasR, whereas holoHasA is different from all the others. A clear outcome from
this statistical analysis is that three conformations are accessible to HasA in solu-
tion: the isolated holoprotein, the isolated apoprotein, and the conformation in the
complex. The spectral features for the complex are much closer to those of the iso-
lated apoHasA than those of the isolated holoHasA. Therefore the closed confor-
mation of holoHasA and the paramagnetic effects on its spectra, that is the two
factors determining its spectral signature, are not shared with the complex.
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While the standard chemical shift mapping perturbation allowed the identifi-
cation of the interaction area for both apo- and holo-hemophores, the statistical
analysis of the spectral fingerprint in terms of distance matrix permitted inference
about the differences and similarities in the structure of apoHasA and holoHasA
in their isolated forms and in their complex with HasR. In addition, a number of
individual conformations accessible to the protein in solution is also defined
through the statistical analysis. 

B. The Fate of the Heme

Signals of residues on loops L1 and L2 that were undetectable in the holoHasA
1H–15N spectra due to severe paramagnetic line broadening are observed in the
holocomplex at shifts typical for apoHasA, strongly suggesting that upon complex
formation, the heme group is not located on the hemophore protein anymore, but
is transferred to HasR. This important mechanistic hypothesis could have been
better supported by the detection of the signals of H32 and Y75 for the holocom-
plex in diamagnetic 13C–13C spectra (by analogy with the finding for Y75 in the
H83A; see Section II.B and Figure 8). Unfortunately, the combination of large
molecular weight and relatively low concentration of the complex prevented the
detection of aromatic Cβ–Cγ signals with enough resolution and signal-to-noise in
complexes. 

Given the intrinsic low sensitivity of 13C-direct detected NMR experiments,
lack of any detectable hyperfine-shifted resonance in monodimensional spectra
for the diluted samples typical of these large and poorly soluble complexes does
not constitute a reliable negative proof of the breaking of the heme iron axial
bonds.

The definitive proof for the working hypothesis of heme transfer from the
hemophore to the receptor upon complex formation came from the X-ray crystal
structure of the complex published at the same time as the NMR characterization
(Figure 13).75 In the structure of the ternary complex HasA–HasR–heme, the heme is
found to be no longer bound to HasA but axially coordinated to two His residues of
HasR (H603 and H189, located on the extracellular face of the receptor) (Figure 13).
This implies a transfer of the heme over a distance of about 9 Å. In the same com-
plex, a rotation of the His83 side chain is observed that would reduce the Y75
binding ability and therefore could impair sliding back of the heme to the HasA
heme-binding site.

While X-ray crystallography provided a clear evidence of the heme transfer
and of the reorientation of H83,75 the loop containing His32 could not be modeled
due to missing electron density (residues 29 to 38) possibly due to multiple
conformations or disorder. The NMR spectra,67 instead, allowed detection of
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resonances of this loop, indicating that it has the same arrangement in both com-
plexes and that its conformational features are close to those of the apoprotein.
These considerations show the complementarity of the two approaches for the
study of complex biomolecular assemblies.

IV. Interaction with Hemoglobin

In Pseudomonas aeruginosa, a hemophore named HasAp, which shares 50%
identity with S. marcescens HasA has been identified.76 From X-ray crystallogra-
phy77 HasAp was found to share with HasA the fold and the axial heme–iron coor-
dination by H32 and Y75. The orientation of the side chain of H83 places its Nδ1
within hydrogen-bond distance from Y75 Oη. 

An extensive assignment of the protein backbone NMR resonances was
performed with triple resonance experiments on uniformly labeled 13C-, 15N-
samples as well as with a number of amino acid selective 15N-enriched sam-
ples.77 The amide backbone identification constituted the starting point for a
chemical shift perturbation mapping of the interaction between HasAp and
hemoglobin.

In vivo heme internalization through HasR and release of the apo-hemophore
requires energy provided by the TonB system.78,79 In vitro, the HasA–HasR inter-
action gives rise to a stable complex that remains associated even after the heme
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Figure 13. The heme binding site in the X-ray crystal structure of the ternary complex:
HasA–HasR–heme. HasA is shown as red ribbon, HasR in blue. Key residues on both proteins
are labeled. (Adapted from Ref. 75.)
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has been transferred from the hemophore to the receptor.67 This allowed the char-
acterization of the complexes reported in the previous section.

On the contrary, the interaction of apoHasAp and met-Hb gives rise to a rapid
transfer of the heme to the hemophore followed by complex dissociation.77 Therefore,
the identification of the possible interaction area between the two partner proteins
was studied in a binary system constituted by holoHasAp and met-Hb. Two seg-
regated surface areas on the hemophore have been identified (Figure 14), one
where 1H–15N connectivities display chemical shift perturbations upon interaction
with met-Hb and the other where signals become broadened beyond detection.
The former are due to residues mainly located on helix α2 and on the hairpins con-
necting β3 to β4 and β6 to β7. The latter mainly belong to loop L1 and to some
portions of loop L2; their behavior has been interpreted in terms of increased con-
formational dynamics between the open and closed conformations of this loop that
gives rise to line broadening beyond detection. A second interpretation of the data
is that the loop bearing H32 may represent a second binding area with different
affinity for the heme carrier. No attempts to quantify paramagnetic effects of
the heme iron(III) in met-Hb on the chemical shifts of the residues of HasAp has
been reported. However, it cannot be ruled out as a possible contribution to the
observed signal line broadening. 

V. Concluding Remarks

In 2000, Bertini and coworkers reviewed the available solution NMR structures of
small low-spin heme proteins80 and showed that the goal of obtaining solution
structures for S = 1/2 iron(III) heme proteins as good as those for the diamagnetic
iron(II) forms had been reached, mainly thanks to the use of paramagnetism-based
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Figure 14. Surface representation of the structure of holo-HasAp where residues whose
peaks exhibit chemical shift perturbations upon titration with met-Hb are highlighted in
magenta and residues whose resonances disappear upon addition of met-Hb are highlighted
in blue. (Adapted from Ref. 77.)
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constraints such as pseudocontact shifts81–84 and residual dipolar couplings.85,86

During the last decade, structure determination of low-spin ferriheme proteins in
solution has become routine. 

In the meantime, NMR has gained importance as a structural biology study
technique, substantially raising the bar for the size of macromolecules that can be
studied. The exploitation of cross-correlated techniques in 1H-detected NMR and
the use of 13C-direct detection, in combination with specific sample labeling
techniques, represents a very important breakthrough for the detailed analysis of
large systems and in particular for large protein–protein assemblies.62,63,70,87–94

13C direct detection has also demonstrated its potentiality in reducing the blind
zone around paramagnetic centers characterized by S > 1/2.33,34,58,61,95–97

The present chapter reviews the first application of these strategies to the char-
acterization of the heme uptake: heteronuclear detection experiments proved to be
extremely valuable to unravel the first and second coordination sphere effect on
the iron electronic structure in HasA33,34 while cross-correlated 1H–15N NMR pro-
vided important structural and mechanistic insights on the protein–protein inter-
actions assisting the heme transfer process.67
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I. General Introduction

The principal objective of this chapter is to provide an overview of our current
understanding of the structure and function of heme-containing peroxidases which
belong to the plant and animal peroxidase superfamilies, with an emphasis on
recent insights obtained from UV-vis electronic absorption and resonance Raman
(RR) studies. In order to highlight the enzymatic mechanism of peroxidases,
recent findings from multifrequency electron paramagnetic resonance (EPR) spec-
troscopy are also discussed. The relatively recently discovered family of bifunc-
tional peroxidases, which are encoded by the katG gene in different bacteria,
archebacteria and fungi, and which are phylogenetically related to heme peroxi-
dases but are structurally and functionally more complex than the latter, are
included.

In general, peroxidases include a very large group of enzymes (with or
without heme) that reduce peroxide and oxidize a wide variety of substrates. In
particular, heme-containing peroxidases, which almost invariably have the
Fe-protoporphyrin IX chromophore (see below), use hydrogen peroxide as the
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electron acceptor to catalyze a number of oxidative reactions using various sub-
strates as donors, which are converted into radicals. Peroxidases typically catalyze
a reaction of the form

ROOR′ + electron donor (2e−) + 2H+ → ROH + R′OH

Heme peroxidases are found in bacteria, fungi, plants and animals. On the
basis of sequence similarity, they can be divided into two superfamilies: one found
in bacteria, fungi and plants, and the other in animals.

Plant, fungal and bacterial peroxidases constitute a superfamily which has
been divided into three classes, based on sequence alignment and biological
origin.1,2 Animal peroxidases make up a group of homologous proteins which
constitute a separate peroxidase superfamily3 characterized by a markedly differ-
ent amino acid sequence, overall structure and prosthetic group properties com-
pared to plant, fungal or bacterial peroxidases. Animal peroxidases evolved
independently from the plant, fungal and bacterial superfamily and most likely
belong to a different gene family. Recently, evolutionary relationships among ani-
mal heme peroxidases have been proposed after advanced phylogenetic analysis.4

In addition to these two families, a new category of peroxidases has recently
been identified, known as the dye-decolorizing peroxidase-type (DyP-type) per-
oxidase family.5 Eighty putative members of this family have been included in
databases such as PeroxiBase (http://peroxibase.isb-sib.ch) and Pfam.6 They are
not considered members of the plant or animal peroxidase superfamily because of
their specific primary and tertiary structures and unique reaction characteristics.
Although the characterization of the function and structure of these proteins is still
in the early stages, they appear to be bifunctional enzymes with hydrolase or oxy-
genase activities, in addition to the typical peroxidase activity. A review focusing
on the DyP-type peroxidase family has just been published.7 Furthermore,
chloroperoxidase (CPO) and Pseudomonas aeruginosa cytochrome c peroxidase
do not belong to the two peroxidase superfamilies mentioned above. They are
dimeric proteins and each monomer is divided into two domains, both containing
a covalently bound c-type cytochrome and a Ca2+ ion bound between the two
domains.8,9 CPO from Caldariomyces fumago10 differs from plant peroxidases
mainly in that the proximal ligand is not a histidine residue but a cysteine thiolate,
in common with the cytochrome P450 enzyme. It is also characterized by an
unusual distal heme pocket.11,12 Although its biological role is the chlorination of
organic substrates, it also shows peroxidase-, catalase- and p450-type reactions.13

P. aeruginosa cytochrome c peroxidase8 belongs to the bacterial peroxidases
responsible for catalyzing the two-electron reduction of hydrogen peroxide to
water, a key function within the cellular detoxification pathway of reactive oxygen
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species in microbes.14 The abovementioned structural differences, particularly
with regard to the heme pocket of CPO and P. aeruginosa cytochrome c peroxi-
dase, have led to their classification as a different family. Hence, they will not be
discussed in this chapter.

The availability of three-dimensional structural data for members of the per-
oxidase superfamilies has increased dramatically in recent years. The new crystal
structure data combined with site-directed mutagenesis has allowed the roles of
many of the catalytic residues conserved across the three classes of the plant per-
oxidase superfamily, as well as in the animal superfamily, to be well understood.

A. Resonance Raman Spectroscopy

Spectroscopic techniques have been fundamental to the comprehension of peroxi-
dase function under physiological conditions.15 In particular, resonance Raman (RR)
spectroscopy, which has been widely applied to the study of heme proteins,16 has
made a significant contribution to the understanding of the molecular interactions at
the peroxidase active sites. The extreme sensitivity of RR spectroscopy to alterations
in the surroundings of the heme, in combination with site-directed mutagenesis and
X-ray structural data, has given insight into the influence exerted on protein archi-
tecture in the vicinity of the active site by key amino acids and furnished critical
information on protein flexibility, functionality and stability.17,18 Moreover, in recent
years, the extensive developments of Raman microscopy have opened up interest-
ing new perspectives. This technique, consisting of an optical microscope coupled
to a Raman spectrometer, allows one to collect Raman signals from small regions of
a crystal. A schematic view of the experimental setup for Raman microscopy is
shown in Figure 1.19 The comparison of detailed Raman spectra for peroxidases in
crystal and solution forms has offered a means of bridging crystallographic and solu-
tion studies, providing a powerful synergy with X-ray-crystallographic analysis.

B. Multifrequency Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) is a spectroscopical technique based on
the response of paramagnetic molecules (those having unpaired electrons) to an
applied external magnetic field. Transition metal ions and organic radicals are
naturally occurring paramagnetic molecules, which have crucial roles in catalytic
reactions and related electron transfer processes in metalloproteins.20 Accordingly,
EPR spectroscopy has been extensively used to obtain structural and functional
information of active sites in metalloproteins.20 In the case of heme peroxidases,
important information on the spin state and coordination number can be obtained
from the EPR spectrum of the heme active sites of the resting enzymes.21

370 Smulevich et al.

b867_Vol-06_Ch-31.qxd  6/10/2010  4:43 PM  Page 370



Moreover, the intermediates formed during the catalytic cycle of peroxidases,
and resulting from changes in the oxidation state of the heme iron and formation
of radical species, can be monitored by EPR spectroscopy.22–24 EPR spectrometers
employing continuous wave irradiation at standard frequencies (9 GHz, the so-
called X-band) have been widely used for the characterization of the environment
of the heme site in peroxidases (reviewed in Ref. 15), since the EPR spectrum
obtained from samples in frozen solutions is very sensitive to geometry changes
induced by varying the pH (see for example Ref. 25) and/or by the effect of site-
directed mutations affecting directly or indirectly the proximal and distal heme
sides (see for example Ref. 26). The information obtained from the 9 GHz EPR
spectrum is limited, in particular for unequivocal determination of the chemical
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Figure 1. Raman microscope coupled to a laser and spectrometer. Crystals are placed with
a small amount of mother liquor in a hanging drop under a cover glass, or mounted with a
small amount of mother liquor in a capillary tube which is then sealed. The crystal can be
viewed via a long focal length objective and a video of a charge-coupled device (CCD)
camera for optical imaging. The same objective is used for both the sample excitation and the
collection of the back-scattered radiation. The beam focused on the crystal can be viewed
on the computer monitor. A magnified view of a protein crystal as observed under the
microscope objective is also shown. (Reprinted with permission from Carey, P. R.; Dong, J.
Biochemistry 2004, 43, 8885–8893.  2004, American Chemical Society.)
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nature and magnetic interactions of organic radical intermediates with the heme
iron (a good example is given in Ref. 27). The development of EPR spectrome-
ters that use higher microwave frequencies (ranging from 95 to 360 GHz) and
the related higher magnetic fields (up to 14 T), as well as the development of the
theoretical and experimental aspects related to their application to characterize
cofactors in metalloproteins,28,29 constitute a crucial advancement in the under-
standing of the putative role of protein-based radicals formed as alternative cat-
alytic intermediates in peroxidases.30,31 Accordingly, it is only recently that
substantial evidence from multifrequency EPR spectroscopy has challenged the
view of the heme moiety as the unique site for reaction with substrates via
higher valence intermediates, in particular the [Fe(IV)=O Por•+] species. As will
be discussed in this chapter (see Sections II.F.3 and III.D.2), both peroxidases
and catalase–peroxidases can stabilize [Fe(IV)=O Trp•] or [Fe(IV)=O Tyr•]
species with well-defined radical sites that are formed subsequently to the
[Fe(IV)=O Por•+] intermediate by intramolecular electron transfer. Such radical
species can play the role of alternative reactive intermediates in the oxidation of
specific substrates.

II. Superfamily of Plant, Fungal and Bacterial Peroxidases

The superfamily of plant, fungal and bacterial peroxidases is divided into three
classes of structurally related peroxidases1 and comprises proteins which are
present in a wide variety of living organisms. Comprehensive analyses of the
origins of the nonanimal peroxidase superfamily have recently been reported.32,33

Plants contain two groups of heme peroxidases: intracellular peroxidases of
prokaryotic origin (class I) and classical or secretory plant peroxidases (class III).
Class I includes cytochrome c peroxidase (CCP), ascorbate peroxidase (APX) and
catalase–peroxidases (KatGs), which have recently raised considerable interest. In
fact, despite their striking sequence homologies to the members of class I of the
plant peroxidase superfamily, they exhibit peroxidase and substantial catalase
activities similar to those of monofunctional catalases.

Horseradish peroxidase isoenzyme C (HRPC) is the most extensively studied
prototype of class III, but in the last decade many other members of this class have
been studied, including horseradish isoenzyme A (HRPA2), barley (BP1), soybean
(SBP), peanut (PNP) and Arabidopsis thaliana (ATP). In particular, the entire
peroxidase gene family of the plant Arabidopsis thaliana has recently been fully
described.34,35 The 73 class III peroxidase genes in Arabidopsis thaliana, encoding
what are predicted to be 71 stable enzymes folded similarly to HRP C, were used
for surveying the evolutionary relationships among peroxidases in the plant
kingdom.35
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The remaining group of peroxidases in the plant peroxidase superfamily are
of fungal origin (class II) and include well-characterized examples such as
Coprinus cinereus peroxidase (CIP), Coprinus macrorhizus peroxidase (CMP),
Arthromyces ramosus peroxidase (ARP) and the lignin (LIP) and manganese
peroxidases from white-rot fungi (MNP). Since CIP and ARP peroxidases are
identical in both their covalent structure and enzymatic properties,36 we will refer
to these peroxidases by the name ARP/CIP, unless differently stated.

Plant peroxidases are involved in a wide range of biological functions, such as
defence against stress (class I), metabolism of lignin (classes II and III), develop-
mental processes and defence against environmental changes (class III).37

A. Heme Pocket

After the first three-dimensional structure of yeast cytochrome c peroxidase
(CCP), solved more than two decades ago,38 in the last 20 years many other three-
dimensional structures of native peroxidases with and without substrates have
been determined by X-ray crystallography. Seven of these structures have been
extensively discussed by Poulos in a chapter devoted to peroxidases in the previ-
ous handbook of porphyrins,13 namely CCP,38 lignin peroxidase (LIP),39–41

ARP/CIP,42,43 manganese peroxidase (MNP),44 APX,45 peanut peroxidase (PNP),46

HRPC47 and barley peroxidase (BP1).48 Recently, other structures of native pro-
teins have been obtained, namely those of Arabidopsis thaliana A2 (ATPA2)49,50

and N (ATPN),51 soybean peroxidase (SBP),52 and catalase–peroxidase from dif-
ferent origins.53–57 At present, more than 300 structures can be found in the Protein
Data Bank (http://www.rcsb.org/pdb/home/home.do), including native, recombi-
nant, mutated proteins and their complexes with substrates and small ligands.

The X-ray structures clearly show that the overall helix-rich protein fold is
conserved. Moreover, although the three classes show less than 20% amino acid
sequence identity, all peroxidases contain invariant amino acids in the heme cavity
important for catalytic activity, as predicted on the basis of the amino acid align-
ment.1 As shown in Figure 2, these conserved residues (distal His, Arg, Asn and
proximal His, Asp) are connected by an extended hydrogen-bond network through
various water molecules. In particular, on the proximal side of the heme the axial
His ligand of the heme iron is hydrogen-bonded to a buried carboxylate group of
an Asp residue. Moreover, the catalytic His residue on the distal side is hydrogen-
bonded to an Asn residue.

The role played by the key amino acids has been studied by kinetic methods
and spectroscopic techniques in a number of peroxidases. Moreover, the application
of site-directed mutagenesis to these proteins provided important insight into heme
pocket interactions.
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The combination of X-ray crystallography and the extensive resonance
Raman studies on wild-type (WT) proteins and various site-directed mutants
representative of the three classes of the plant superfamily, namely cytochrome c
peroxidase (class I),17,58–62 ARP/CIP (class II)63–66 and HRPC (class III),18,63.67–69 has
allowed the identification of many common characteristics of these enzymes.

1. Fe(III) Resting State

In the Fe(III) resting state, the heme iron sixth coordination site is vacant (penta-
coordinate, 5c) or bound weakly to water (hexacoordinate, 6c), emphasizing that
one coordination site must be free to enable peroxides or other ligands to bind and
react with the protein.17 However, while the resting state of the proteins belonging
to either class I or II is mainly 5c high-spin (5cHS), a distinctive characteristic of
the class III peroxidases is a pentacoordinate quantum-mechanically mixed-spin
(5cQS) state. The QS state reflects a quantum-mechanical admixture of interme-
diate (S = 3/2) and high (S = 5/2) spin states, and is very unusual in biological
systems. Among the various class III peroxidases so far studied, the proportion of
the S = 3/2 state increases in the order HRPC < HRPA2 < SBP < BP1.70–73 Figure 3
compares the high-frequency region resonance Raman spectra of the Fe(III) forms
of different representatives of peroxidases belonging to class III. The progressive
increase in frequency of the core size marker bands on passing from wt HRP to
the F221M HRP mutant reflects an increasing proportion of the intermediate spin
species in the QS state.
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Figure 2. Structural diagram of the heme pocket of recombinant CCP (CCPMI) (PDB 1CCP),
ARP/CIP (1GZB) and HRPC (1ATJ). Dotted lines indicate H-bonds. Water molecules are also
shown. The loop connecting the proximal Fe-ligand with the residue H-bonded to the heme
propionyl is shown in blue. (Reprinted with permission from Smulevich, G.; Feis, A.; Howes,
B. D. Acc. Chem. Res. 2005, 38, 433.  2005, American Chemical Society.)
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The spectroscopic characteristics of the QS spin state (for both penta- and
hexacoordination) have been reviewed previously.18,74 The 5cQS state is charac-
terized (Figure 4, left) by a blue-shifted UV-vis absorption spectrum compared to
those of a 5cHS heme, higher frequency of the RR core-size marker bands, which
cannot be assigned to either 5cHS or hexacoordinate high-spin (6cHS) hemes but
closely resemble those characteristic of hexacoordinate low-spin (6cLS) hemes,
and EPR spectra with g12 values in the range 4 < g12 < 6, typical only of a QS heme.

The binding of benzohydroxamic acid (BHA) to class II and III peroxidases
induces the formation of a 6c state (see below), which in class III peroxidases has
been assigned to a quantum-mechanically mixed-spin (6cQS) heme (Figure 4,
right). The latter is characterized by absorption spectra in which the Soret band
sharpens with about a 35% increase of the extinction coefficient and red-shifts
about 4 nm with respect to those of a 5cQS state, similar to those of a 6cHS heme,
RR core-size marker band frequencies which resemble those of a 5cHS system,
and EPR spectra with g12 values in the range 4 < g12 < 6.

The structural origin and functional significance of the QS states remain elusive.
The most widely suggested origins, a weak axial ligand field75 or a saddle-shaped
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Figure 3. High-frequency region resonance Raman spectra of the Fe(III) forms of different
representatives of peroxidases belonging to class III: WT HRPC, soybean peroxidase (SBP), the
F221M mutant of HRPC (pH 7.0), HRPA2 (pH 7.3), Ca-depleted HRPC (pH 7.8), barley per-
oxidase (BP1) (pH 6.5). Excitation wavelength 406.7 nm (WT HRPC, Ca-depleted HRPC,
HRPA2, SBP, F221M HRPC) and 413.1 nm (BP1). 5cHS and 6cHS indicate the bands ν3 due
to five- and six-coordinate high spin, respectively, and 5cQS indicates the band from the
quantum-mechanically mixed-spin state.
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heme deformation,76 are not sufficient to cause the QS states. However, an analy-
sis of the heme conformation by the normal-coordinate structural decomposition
(NSD) method of all the X-ray crystal structures of peroxidases contained in the
Protein Data Bank77 revealed that the peroxidases exhibit a conserved out-of-plane
distortion equal to, or larger than, that of the cytochromes. The heme of cytochrome
is highly distorted by covalent attachments at the heme periphery. Moreover, the
mainly saddled deformation of the peroxidase heme is observed for all of the per-
oxidase X-ray structures. In addition, contributions from other deformation types
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Figure 4. From top to bottom. Absorption, RR and EPR spectra at 10 K (solid line) and room
temperature (RT) (dashed line). (Left) barley peroxidase (BP1) at 10 K (5cQS) and ARP/CIP at
RT (5cHS); (right) HRPC–BHA at 10 K (6cQS) and CIP/ARP–BHA at RT (6cHS). (Reprinted with
permission from Smulevich, G.; Feis, A.; Howes, B. D. Acc. Chem. Res. 2005, 38, 433.
 2005 American Chemical Society.)
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were found, namely ruffling (varying from 0.6 to 0.2 Å) and other small defor-
mation components (doming, waving53) usually with a negative sign.73

Recently, the out-of-plane modes of horseradish peroxidase (HRP) in differ-
ent spin, oxidation and ligation states have been measured by RR spectra with
(near) Soret excitation.78 The nonplanar modes of the heme are Raman-inactive for
planar macrocycles, but become RR-active in the presence of out-of-plane defor-
mations. A variety of out-of-plane modes such as γ5, γ6, γ7 (A2u), γ21 and γ22 (Eg),
γ15 (B2u) and γ11 (B1u) have been observed in the Fe(III) 5cHS, QS and 6cLS states
as well as in the 5cHS Fe(II) form. The appearance of these bands is clearly
indicative of nonplanar deformations. In addition, in the Fe(III) hydroxo-6cLS
state observed at alkaline pH,79 a substantial reduction of the ruffling distortion
was found, whereas the doming deformation remained largely unaffected by the
change of the iron spin and ligation state.

The spectroscopic characterization of peroxidases has mainly been performed
on the proteins in solution. The importance of applying Raman spectroscopy to
biomolecular crystals was recognized in the 1970s.80,81 In the 1980s and 1990s,
new technologies permitted the development of Raman microscopy, where an
optical microscope is coupled to a Raman spectrometer to collect Raman signals
from sample regions as small as a few micrometers. A review of the application of
Raman microscopy to proteins has recently been published.82,83 Pioneering appli-
cations of Raman microscopy in cell biology have also been reported.84,85 More
recently a number of nonresonant, resonant or polarized Raman studies have been
reported on heme proteins.60,86–88 In the last 20 years, single-crystal micro-
resonance Raman spectra on heme-containing peroxidases have been obtained on
CCP89 and some of its site-directed mutants,90 HRP-C,91 SBP,52 ATPA250 and ARP/
CIP.74,91 Comparison between the spectroscopic data of the protein in solution and
crystal forms not only showed that the coordination could be different from that
determined by X-ray crystallography, but also revealed the presence of artefacts
induced either by the temperature used to acquire the data (see below) or by the
chemicals used for crystallization. In fact, the difficulties which are sometimes
encountered in crystallizing proteins are often overcome by the addition of salts or
hydrophilic compounds to the crystallizing medium that help the crystallization
process. However, the chemicals can modify the active site of the protein, since
the structural balance that determines the coordination state in a heme protein can
be very delicate. In the first application of micro-Raman to peroxidases it was
found that, unlike WT CCP, the Trp51Phe CCP mutant showed a dominant 5-c
heme population in the single crystal90,92 whereas in solution the 6-c form was
dominant.58 The different coordination state was mimicked by adding 2-methyl-
2,4-pentanediol (MPD) to the solution and was attributed to the dehydrating effect
of MPD, which is present during crystallization.90
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Figure 5 shows the RR spectra93 of ARP/CIP-BHA for 514.5 nm excitation as
a single crystal (a) obtained from a soaking solution containing Na2SO4 and
(b) obtained from a soaking solution containing (NH4)2SO4. Although the same
experimental conditions were applied, it is evident that the presence of (NH4)2SO4

induces the formation of a 6cLS heme, as judged by the intensity increase of the
bands at 1584 cm−1 (v19) and at 1636 cm−1 (v10). These findings clearly indicate that
the characteristics of the protein crystal depend critically on its preparation and
suggest that the micro-Raman technique may offer a sensitive tool for the screen-
ing of sample preparation.

The laser power at the sample might also be a factor inducing artefacts. In this
particular case, the amount of the 6cLS heme depends on the laser power at the sam-
ple surface during the RR experiment. For single crystals of ARP/CIP-BHA soaked
in (NH4)2SO4, the higher the laser power, the greater the intensity of the bands
characteristic of the 6cLS (Figure 5B). A laser power of 550 µW on the crystal
gave rise to an almost pure 6cLS heme with core size marker bands at 1551 cm−1 (v38),
1565 cm−1 (v11), 1587 cm−1 (v19), and 1639 cm−1 (v10) (Figure 5B, spectrum c).

Finally, the combined analysis of solution and single-crystal data allows one
to obtain also critical information on protein flexibility and the existence of pos-
sible alternative conformations, as in the case of recombinant Arabidopsis perox-
idase, ATPA2.50 Figure 6 compares the RR spectra of ATP A2 crystals obtained at
room temperature with those of the protein solution at different pH values. Different
ATPA2 crystals from the same batch of crystals exhibited two slightly different
RR spectra. Crystal I (Figure 6c) was identical to the ATP A2 in solution at pH 7.5
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Figure 5. (A) RR spectra of ARP/CIP–BHA as a single crystal soaked in (a) Na2SO4 and in (b)
(NH4)2SO4. (B) RR spectra of ARP/CIP–BHA soaked in (NH4)2SO4 taken at different laser power
on the crystal surface: (a) 100 µW; (b) 180 µW; (c) 550 µW. (Reprinted with permission from
Indiani, C.; Santoni, E.; Becucci, M.; Boffi, A.; Fukuyama, K.; Smulevich, G. Biochemistry
2003, 42, 14066–14074. 2003, American Chemical Society.)
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(Figure 6b). Crystal II (Figure 6d) exhibited additional weak bands compared
to crystal I at 1557 (v11), 1584 (v19) and 1638 (v10) cm−1. They were due to the
presence of a small amount of 6cLS heme, as judged by comparison with the
spectrum of ATPA2 at pH 10.5 (Figure 6e), which is a pure 6cLS form. The dif-
ferences observed between crystals I and II were not induced by the crystalliza-
tion medium, since the spectrum of ATPA2 dissolved in the medium (Figure 6a)
gave rise to a spectrum almost identical to that in bicine at pH 7.5. Moreover, the
presence of an artefact due to the laser-induced heating of the crystal could be
ruled out since no damage was detected on the surface of the crystals after irradi-
ation with the very low power applied, and no spectral changes were observed dur-
ing the exposure time. The experimental conditions giving rise to the slightly
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Figure 6. Micro-RR spectra of ATPA2 crystals. (a) ATPA2 dissolved in the crystallization
medium at pH 6.6; (b) ATP A2 in bicine buffer at pH 7.5; (c) ATPA2 crystal form I; (d) ATPA2
crystal form II, (e) ATP A2 in glycine buffer at pH 10.6. Experimental conditions: 514.5 nm
excitation, 5 cm−1 resolution, and 50 µW and 2.1 mW laser power in crystal and solution sam-
ples, respectively. The laser beam was moved to a new surface spot of the crystal every 60 s,
and the spectra were added to give the total accumulation time. (Reprinted with permission
from Nielsen, K. L.; Indiani, C.; Henriksen, A.; Feis, A.; Becucci, M.; Gajhede, M.; Smulevich, G.;
Welinder, K. G. Biochemistry 2001, 40, 11013–11021.  2001, American Chemical Society.)
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different crystal spectra are not clear, but crystal II demonstrates that it is possible
to induce the formation of a 6cLS heme in ATPA2 even at room temperature,
confirming the presence of a flexible distal side.

2. Extended Network of H-Bonds

Peroxidases are characterized by the presence of an extended network of H-bonds
coupling the distal and proximal sides of the heme, constituted on the distal side
by water molecules H-bonded to His and Arg, the heme propionate and the prox-
imal His ligated to the heme iron (Figure 2). As a consequence of the high polarity
of the distal cavity and the extended H-bond network involving water molecules
and conserved distal and proximal amino acids, the coordination state of peroxi-
dases can be dramatically affected by chemical conditions. The distal arginine and
histidine residues have been extensively mutated in the various peroxidases.
Resonance Raman spectroscopy clearly indicated that the mutation modifies the
heme coordination and perturbs the proximal Fe–imidazole (Fe–Im) bond strength,
as a consequence of charge distribution, size, and H-bonding acceptor/donor prop-
erties of the substituting amino acid.18 Therefore, the H-bond network preserves
the protein function and keeps intact the coupling between the proximal and distal
residues.

Interestingly, the coordination and spin states of the heme in peroxidases are
also markedly sensitive to changes of temperature. The importance of low-
temperature experiments on proteins is often underestimated, since very low tem-
peratures and the frozen state are nonphysiological and, therefore, are considered
to give little useful insight into structure–function relationships. However, from a
spectroscopic point of view, low-temperature experiments give rise to narrower
spectral bands, allowing one to separate bands which would overlap at room tem-
perature. Moreover, some techniques, such as EPR spectroscopy, must be applied
at liquid nitrogen or helium temperatures due to the magnetic relaxation proper-
ties of the heme iron. One of the main disadvantages of low-temperature meas-
urements on hemoproteins and, in particular, peroxidases, is their sensitivity to
temperature-dependent conformational changes, which may alter the spin and
coordination states of the heme iron. The temperature effect on the heme iron has
become an important issue over the last decade, with the increased use of syn-
chrotron radiation as an X-ray source, many protein structures have also been
solved at liquid nitrogen temperature. In fact, macromolecular crystals commonly
suffer rapid radiation damage during room temperature X-ray data collection, and
most macromolecular crystal diffraction data are now collected at or near 100 K.
The benefits of cryocrystallography include reduced secondary radiation damage
and, usually, higher-resolution and better-quality data.94 Therefore, if the maximum
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advantage is to be gained from the comparison of results obtained by various tech-
niques in different temperature ranges, it is important to establish whether any
reversible or irreversible changes have been caused by the variation in tempera-
ture. Many RR and electronic absorption data have proven that a significant num-
ber of peroxidases undergo a temperature-induced transition from a 5c- to a 6cLS
heme. Moreover, conformational changes in the heme cavity, including a contrac-
tion of the heme core, reorientation of the vinyl group in position 2 of the por-
phyrin macrocycle, and binding of the distal His to the Fe atom, often occur.73,95–98

The recent study of plant anionic horseradish peroxidase HRPA2 and the ortholo-
gous Arabidopsis peroxidase ATPA2, produced recombinantly in E. coli, provides
an example of how spectroscopy, crystallography and enzyme kinetics can com-
plement each other.50 It was shown that the location of a water molecule, which
might be important for reactivity, could be different at low temperatures and,
therefore, not representative of the active state of the protein under physiological
conditions. While the crystal structure of ATPA2 at 1.45 Å resolution at 100 K
showed a water molecule at 2.1 Å from the heme iron,49 a distance which could
impede activity since the water molecule is expected to be ligated to the heme
iron, the X-ray-crystallographic and single-crystal/solution resonance Raman
studies at room temperature confirmed that the sixth coordination position of the
ATPA2 heme iron is essentially vacant,50,71 showing a 5c heme iron. In fact, the
UV-vis (Figure 7A) and RR (Figure 7B) spectra at room temperature of ATPA2
and HRPA2 are identical and characteristic of a mixture of three species: 5cHS,
6cHS and 5cQS. This last species is predominant at room temperature, as in many
other class III peroxidases. Hence, ATPA2 and HRPA2 have the same coordina-
tion previously described for other class III plant peroxidases.

When the temperature is lowered at neutral pH, the UV-vis spectra of ATPA2
(Figure 7C)50 and HRPA298 undergo major changes and exhibit isosbestic points
at 590, 514 and 465 nm. The spectra are consistent with the presence of two types
of 6cLS hemes — a bis-histidyl type and a hydroxyl type — coexisting with the
5cQS species. All the forms are characterized by high RR frequencies, indicating
a contraction of the heme core at low temperatures. The changes were reversible
and much more pronounced than those seen for SBP,97 HRPC95 and BP1,73 indi-
cating that the A2 type peroxidases have an unusually flexible heme cavity, possi-
bly of importance for the catalytic process.

3. Vinyl–Protein Interaction

The heme prosthetic group of peroxidases has two vinyl substituents in positions 2
and 4 (Figure 8) which are conjugated to the porphyrin macrocycle to a different
extent, depending on the protein in question. As a consequence, the absorption
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maxima of the Fe-protoporphyrin IX prosthetic group are related not only to the
coordination/spin state of the heme but also to the degree of conjugation between
the heme group and its two vinyl substituents.18,99 Therefore, the electronic cou-
pling between the vinyl groups and the porphyrin modulates the energy of the
π–π * transitions and furnishes an enhancement mechanism for the vibrational
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Figure 7. (A) Electronic absorption spectra of Fe(III) ATPA2 and HRPA2, at pH 7.5, in bicine
buffer at room temperature. The region between 450 and 700 nm has been expanded eight
fold. (B) Corresponding RR spectra obtained with Soret excitation (406.7 nm excitation).
(C) Electronic absorption spectra of Fe(III) ATPA2, at pH 7.5, in bicine buffer at 180, 100 and
16 K. (Reprinted with permission from Nielsen, K. L.; Indiani, C.; Henriksen, A.; Feis, A.;
Becucci, M.; Gajhede, M.; Smulevich, G.; Welinder, K. G. Biochemistry 2001, 40, 11013–11021.
 2001 American Chemical Society.)
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modes of the vinyls in the RR spectra.100 The conjugation can induce an upshift of
the UV-vis maxima of up to 10 nm, as clearly observed in the electronic absorption
spectra of plant peroxidases. In fact, despite their largely invariant coordination and
spin state and the close similarity of their RR spectra, the Soret band wavelength
varies from 398 nm in BP173 to 408 nm in CCP101 as a consequence of the degree
of conjugation between the porphyrin macrocycle and the vinyl substituents.102

To rationalize this effect, the absorption and RR spectra of selected mutants and
fluoride complexes of various peroxidases have been analyzed in detail in relation
to their X-ray structures.99 The X-ray structures revealed that the vinyl orientation
among the various plant peroxidases differs mainly at position 2, as a consequence
of different steric hindrances imposed by the protein matrix. The v(C=C) vinyl
stretching frequency was found to be a sensitive probe of the degree of electronic
conjugation between vinyl and porphyrin and, hence, the RR vinyl stretching fre-
quencies can vary markedly. As the constraint on the 2-vinyl diminishes, the conju-
gation between the vinyl and the porphyrin decreases, the 2-vinyl v(C=C) stretching
frequency increases, and a large frequency separation is observed between the two
v(C=C) stretching modes in the RR spectra. When the protein matrix exerts weak or
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Figure 8. Schematic representations (top) of the different 2-vinyl conformations and struc-
tures (bottom) viewed along the z axis, perpendicular to the heme plane, of CCPMI, ARP/CIP
and HRPC. (Reprinted with permission from Smulevich, G.; Feis, A.; Howes, B. D. Acc. Chem.
Res. 2005, 38, 433.  2005 American Chemical Society.)
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no constraints on the 2-vinyl group, two distinct v(C=C) stretching modes are found
in the RR spectra. A relationship between the v(C=C) stretching frequency and the
torsion angle, τ, of the 2-vinyl group, involving the relative orientations of vinyl
(Cb–Ca) and pyrrole (Cβ –Cα) C=C double bond π planes, has been established.99 The
maximum and minimum conjugation between the vinyl group and the porphyrin
macrocycle is observed when the vinyl and pyrrole double bond π planes are mutu-
ally parallel (τ = 140°) and perpendicular (τ = 50°), respectively. Three limiting
vinyl conformations (trans, twist and cis) are sketched in Figure 8.18 The amino acid
that interacts with vinyl 2 is possibly that at position 172 (CCP numbering), which
is methionine in CCP, leucine in class II peroxidases and serine in ascorbate perox-
idase (APX) and class III peroxidases. The repulsive interaction between the vinyl
group and the amino acid is strongest in CCP (class I) and weakens on passing from
class II to class III peroxidases and APX (class I). On the basis of the spectroscopic
data, amino acid sequence alignment, and the distances between the vinyl Ca and Cb
atoms and the surrounding amino acids as determined by the X-ray structures, the
role of a variety of interactions, including van der Waals contacts, π–π electron inter-
actions, and C–H–––O H-bonds, has been inferred.99 The vinyl group orientations
appear to depend on the concerted orientations of the distal helix B and proximal
helix F axes, controlled by the H-bonds between the distal arginine, a heme propi-
onyl group, and an amino acid on the extended strand adjacent to proximal helix F.

4. Imidazolate Character of the Proximal Iron Ligand

The conserved H-bond between the Nδ atom of the imidazole ligand and the car-
boxylate group of the aspartic side chain, which acts as H-bond acceptor, imparts
an imidazolate character to the proximal heme ligand (Figure 9). This effect can be
detected by RR spectroscopy, since the imidazolate character induces an increase
in the frequency of the v(Fe–Im) stretching mode (between 230 and 250 cm−1) of
the 5c Fe(II) state. Moreover, the polarity of the H-bond results in a downshift of
the frequency of the v(Fe–Im) stretching mode at alkaline pH and upon buffer
deuteration due to a weakening of the H-bond interaction, as shown in early work
by Kitagawa and coworkers.103–105

This pH effect on the v(Fe–Im) frequency has been observed for all heme per-
oxidases so far studied (see Table 1). However, within the plant peroxidase super-
family, the RR spectral features of classes I and II noticeably differ from those of
class III. In fact, at neutral pH, the peroxidases belonging to the first two classes
(Table 1) show a broad band due to the coexistence of two bands at very different
frequencies. They have been assigned to two tautomers: in one tautomer the
proton resides on the imidazole, while in the other the proton is transferred to the
carboxylate (Figure 9). On the contrary, peroxidases of class III at neutral pH
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show only one tautomer, their RR spectra being characterized by a sharp band at
a relatively high frequency (Table 1). A possible explanation of this behavior might
derive from a different geometry of the H-bond between the proximal His and Asp
(contained in helix H) residues compared to the members of classes I and II, which
inhibits the formation of a double-well potential for the imidazole proton.

The replacement of the Asp carboxylate group with the amide group of an
asparagine in ARP/CIP64 and in CCP58,62 causes a dramatic frequency lowering
(about 40 cm−1) of the v(Fe–Im) stretch (Figure 9 and Table 1). In addition, the
rupture of the His–Asp H-bond interaction upon mutation causes a change in the
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Figure 9. Low-frequency RR spectra of Fe(II) recombinant CCP(MKT) and the Asp235Asn
mutant. The broad Fe-His stretching band observed in Fe(II) CCP is composed of two v (Fe-His)
modes, assigned to tautomers of the H-bond between the His175 Nδ proton and the Asp235
carboxylate chain. In one tautomer, the proton resides on the imidazole [v (Fe-His) = 233 cm−1],
while in the other, the proton is transferred to the carboxylate [v (Fe-His) = 246 cm−1].
Disruption of the H-bond in the mutant lowers the frequency of [v (Fe-His) to 205 cm−1.58,62

(Reprinted with permission from Smulevich, G.; Feis, A.; Howes, B. D. Acc. Chem. Res. 2005,
38, 433.  2005, American Chemical Society.)
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heme coordination and spin states from a 5cHS heme to a 6cLS bis–His heme.
Therefore, the His–Asp H-bond interaction not only modulates the Fe–His bond
strength but also restrains the Fe from moving into the heme plane and binding a
distal water or the distal His.

B. Heme Pocket in Catalase–Peroxidases

In this section we will treat separately catalase–peroxidases (KatGs), since in the last
few years they have aroused considerable interest. In fact, despite their striking
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Table 1. RR frequencies (cm−1) of the v (Fe–Im) stretching mode for various heme-containing
peroxidases and selected site-directed mutants of the key residues of the heme pocket.

Protein Acid pH Alk. PH Ref.

Class I

CCP 247–233 (sh) 233 58, 62, 202
D235N–CCP 205 205 58, 62
H52L–CCP 242–227 (sh) 205–229–248 59
R48L 242–227 206 58
H181G–CCP 241–229 (sh) 203 59
APX 234–207 (w) 232–204 (w) 96
Syn. KatG 253–205 (w) 251–203 (w) 110
Syn. D152S 250 (s) 237 (m) 250 (m) 237 (s) 108
Syn. I248F 250 (s) 237 (w) 250 (s) 237 (m) 108
Syn. D402E 251–202 112

237–213 
M. tub. KatG 244 241.228 (sh) 113
M. tub. KatG 244 114

Class II

ARP/CIP 230–211(w) 211 63
D245N–CIP 204 64
H51L–CIP 230–211 211 65
LIP 244–230 291
MNP 248–236 292

Class III

HRP–C 244 241 103
R38K 240 293
HRPA2 252 246 103
SBP 246 246 72
BP1 237 73
JRP isoenzymes Ranging from 246 to 252 Ranging from 241 to 248 105
TP-1 252 248 105
TP-3 251 246 105
TP-7 248 244 105

JRP: Japanese radish peroxidase; TP: turnip peroxidase.
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sequence homologies to CCP, they are the only members of the plant peroxidase
superfamily exhibiting both peroxidase and substantial catalase activities. Many
spectroscopic and functional studies have been published. Moreover, four crystal
structures of different KatGs have recently become available, namely those from
Haloarcula marismortui,53 Burkholderia pseudomallei,54 Mycobacterium tubercu-
losis56 and Synechococcus PCC 7942.106 They all revealed that the proximal and
distal heme pockets contain conserved amino acids at almost identical positions as
in other class I peroxidases, such as CCP and APX. In particular, both the proxi-
mal triads His/Trp/Asp (His290, Trp341 and Asp402) in Synechocystis numbering
(which is used here) and the distal His/Arg/Trp (His123, Arg119 and Trp122)
together with the H-bond interactions are conserved (Figure 10).
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Figure 10. Structural diagram of the extended hydrogen-bond network connecting the distal
and proximal sides of the heme pocket of H. marismortui KatG. The loop containing the prox-
imal Fe-ligand (His290) and the residues hydrogen-bonded to the heme propionyls is shown
in cyan. Residue numbers are for H. marismortui KatG (Synechocystis numbering in paren-
theses). (Reprinted from J. Inorg. Biochem. 2006, 100, 568–585. Smulevich, G.; Jakopitsch, C.;
Droghetti, E.; Obinger, C., Probing the structure and bifunctionality of catalase–peroxidase
(KatG).  2006, with permission from Elsevier.)
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However, the X-ray structures also revealed features unique to KatG. In the
vicinity of the active site, novel covalent bonds between chains of the three con-
sidered distal residues, (Trp122, Tyr249 and Met275) (Figure 11) were found.
Other specific KatG features are three large loops, two of them (indicated as LL1
and LL2) showing highly conserved sequence patterns.107 Both LL1 and LL2 con-
strict the access channel of H2O2 to the heme group on the distal side. The LL1
insertion, in particular, is positioned at one edge of the heme between helices D
and E, thereby connecting the distal and proximal catalytic domains and control-
ling the flexibility and character of the bond between the proximal histidine and
the Fe(III) iron (Figure 12). In addition to the covalently linked distal Tyr249, LL1
contains other residues highly conserved in all KatGs, namely Ile248, Asn251,
Pro252 and Glu253.108

Furthermore, Glu253 creates an acidic entrance to the channel characterized
by a pronounced funnel shape and a continuum of water molecules (Figure 13). At
the narrowest part of the funnel, the highly conserved residues Asp152 and Ser335
control the access to the distal side residues Arg119, His123 and Trp122. Ser335
is situated along the access channel, and probably H-bonded to the carbonyl oxy-
gen atom of the heme propionate group. The side chain carboxyl group of Asp152
points toward the heme pocket at 7.8 Å from the heme iron and is H-bonded to
two distal water molecules forming part of an extended H-bond network. The
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Figure 11. Zoom views of the distal side heme pocket of H. marismortui KatG. The amino
acid numbering is for H. marismortui KatG (Synechocystis numbering in parentheses).
(Reprinted from J. Inorg. Biochem. 2006, 100, 568–585. Smulevich, G.; Jakopitsch, C.;
Droghetti, E.; Obinger, C., Probing the structure and bifunctionality of catalase–peroxidase
(KatG).  2006, with permission from Elsevier.)
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presence of this novel Asp residue in the distal heme cavity provides some struc-
tural constraints in KatG. In fact, Asp152 is H-bonded to the LL1 residue Ile248
and is adjacent to Asn153, which is conserved in all plant-type peroxidases1 and
H-bonded to the distal His (Figure 11).

Extensive spectroscopic and kinetic studies (see Ref. 109 and references
therein) have been performed on WT and selected variants of KatGs from differ-
ent sources in order to understand how the structural features typical of KatG cor-
relate with its bifunctional activity. Mutagenesis of both proximal and distal side
residues of KatG affects selectively the function inhibiting mainly the catalase but
not the peroxidase activity. Moreover, marked differences in the structural role of
conserved amino acids and H-bond networks in KatG with respect to the other
plant peroxidases were found.

RR has been mainly applied to the study of the cyanobacterium Synechocystis
PCC 6803 (overexpressed in E. coli) KatG and selected mutants108,110–112 and
M. tuberculosis KatG and selected mutants.113–118
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Figure 12. LL1 connecting the distal heme side with helices E (yellow) and F (red).
Coordinates are from H. marismortui KatG but residue numbering is for Synechocystis. Typical
peroxidase residues are depicted in gray and the proximal histidine in red. The distal aspar-
tate is shown in green, residues forming the covalent adduct in blue, and residues belonging
to LL1 in cyan. Only selected waters (in red) are shown. Dashed lines indicate hydrogen
bonds, inferred on the basis of distance criteria. (Reprinted from J. Inorg. Biochem. 2006, 100,
568–585. Smulevich, G.; Jakopitsch, C.; Droghetti, E.; Obinger, C., Probing the structure and
bifunctionality of catalase–peroxidase (KatG).  2006, with permission from Elsevier.)
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1. KatG from Synechocystis

The electronic absorption and RR spectra of Fe(III) KatG from Synechocystis are
characterized by a predominant 5cHS heme with a small amount of both 6cHS and
6cLS hemes (Figure 14).108

Upon reduction the protein becomes predominantly 5cHS.110 At pH 5.7, two
v(Fe–Im) stretching modes have been assigned at 205 and 253 cm−1, the frequency
being correlated with the strength of the H-bond between the proximal His and the
Asp carboxylate side chain. As for CCP and APX (see Table 1), the band at
205 cm−1 corresponds to a species whose proton resides on the imidazole, while
the band at 253 cm−1 corresponds to a form where the proton is transferred to the
carboxylate (Figures 15 and 16). The absence of a decrease in the intensity ratio
between the two bands upon changing the pH suggested that the two species are
independent as in APX96 and not in equilibrium as in CCP58,62 or ARP/CIP.63

Based on the results obtained from the characterization of various site-directed
mutants, marked differences in the structural role of the conserved amino acids
and H-bond networks in KatG with respect to the other plant peroxidases were
found. Mutations affecting the proximal His–Asp or Asp–Trp H-bond interactions
dramatically alter not only the enzymatic activity119 but also the coordination and
spin states, as observed for other heme peroxidases.18 In fact, as for the other heme
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Figure 13. Slab view of the main access channel for H2O2 of H. marismortui KatG. The
2Fo_Fc electron density map of the water molecules in the channel modeled at 1σ is shown
in green and inferred hydrogen bonds are indicated in yellow. Asp125 (D152) and Glu222
(E253) are drawn as sticks and colored blue and magenta, respectively. (Reprinted from
J. Inorg. Biochem. 2006, 100, 568–585. Smulevich, G.; Jakopitsch, C.; Droghetti, E.; Obinger, C.,
Probing the structure and bifunctionality of catalase–peroxidase (KatG).  2006, with
permission from Elsevier.)
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Figure 14. (Left) Electronic absorption spectra of Fe(III) CCP, KatG and APX at neutral pH
in phosphate buffer. The region between 450 and 700 nm has been expanded eight fold.
(Right) Corresponding RR spectra obtained with 413.1 nm (CCP and APX) and 406.7 nm
(KatG) excitation wavelengths. (Reprinted with permission from Heering, H. A.; Indiani, C.;
Regelsberger, G.; Jakopitsch, C.; Obinger, C.; Smulevich, G. Biochemistry 2002, 41, 9237–9247.
 2002 American Chemical Society.)

Figure 15. RR spectra of Fe(II) KatG in the low-frequency region in H2O (pH 5.7 and 6.5)
and D2O (pD 5.9 and 7.3). (Reprinted with permission from Heering, H. A.; Indiani, C.;
Regelsberger, G.; Jakopitsch, C.; Obinger, C.; Smulevich, G. Biochemistry 2002, 41,
9237–9247.  2002 American Chemical Society.)
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peroxidases, KatG contains a H-bond network connecting the proximal and the
distal sides of the heme pocket (Figure 10). However, unlike the other plant per-
oxidases, mutation of the proximal key residues alters to differing degrees the
heme architecture, weakening the heme binding. Partial loss of the heme, accom-
panied by the concomitant presence of a 6cLS heme due to the binding of an inter-
nal ligand to the heme, was revealed by both RR and electronic absorption.112 The
major role played by the proximal His–Asp H-bond in the stability of the KatG
architecture was also directly confirmed by the Fe–Im bond strength, as measured
via the RR frequency of the Fe–Im stretching mode. The experiment highlighted
that the v(Fe–Im) stretching mode frequency is the result of a delicate equilibrium
of the H-bonds between the conserved proximal His (His290) and Asp residues
(Asp402) and between the Asp residue (Asp402) and the nitrogen atom of the
indole group of Trp341. The disruption of the NTrp–OAsp H-bond in the W341F
mutant strengthens the Fe–Im bond, resulting in a protein which maintains the
spectral and kinetic properties of the WT protein. On the contrary, the combined
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Figure 16. (Left) Low-frequency RR spectrum of Fe(II) WT KatG from Synechocystis and its
Asp402Glu (D402E), Asp152Ser (D152S) and Ile248Phe (I248F) mutants obtained by excita-
tion at 441.6 nm. (Right) Schematic representation of the different proximal H-bonds corre-
sponding to the various frequencies of the v (Fe–Im) stretching modes. The Fe–Im frequency
increases as the proton becomes progressively more distant from the imidazole. (Reprinted
from J. Inorg. Biochem. 2006, 100, 568–585. Smulevich, G.; Jakopitsch, C.; Droghetti, E.;
Obinger, C., Probing the structure and bifunctionality of catalase–peroxidase (KatG).  2006,
with permission from Elsevier.)
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effect of the disruption of the Trp–Asp H-bond and absence of the π–π interaction
between the His and the aromatic ring, as in the W341A mutant, completely desta-
bilized the protein architecture. Moreover, the RR spectrum of the Fe(II) D402E
mutant showed the presence of two different conformers, each characterized by
two Fe–Im stretching modes at 202 and 251 cm−1, as the WT enzyme, and at 213
and 237 cm−1. The new conformer is likely a consequence of the novel Glu–His
H-bond formed in the mutant (Figure 16), which, therefore, maintains its native
HS character and peroxidase activity.119

Contrary to expectations, mutation of three distal amino acid side chains,
Trp122, Tyr249 and Met275, involved in the two covalent bonds located on the
distal side of the heme (Figures 11 and 12) does not significantly affect the Fe–Im
bond strength [as judged by the RR v(Fe–Im) band frequency] or the coordination
state (as judged by the core size marker band frequencies), compared to the WT
protein. However, unlike the WT protein, the variants show a tendency to lose the
heme group. Interestingly, the Trp122Ala and Trp122Phe mutants showed a
decreased alkaline transition pKa and, as a consequence, the Fe(III) RR spectra
showed the presence of an aquo-6cHS heme and hydroxo-6cLS hemes coexisting
with the 5cHS state at neutral pH. Therefore, when the complete crosslink is
absent (Tyr249Phe and Trp122Phe or Trp122Ala) or only partially formed
(Met275Ile), the heme binding is weakened and the protein is destabilized.112

Mutation of the conserved Trp, Arg and His distal residues perturbs the distal
Fe coordination state and weakens the proximal Fe–Im bond. This is a conse-
quence of the H-bond network which, via the distal water molecules, Trp, His and
Arg residues, connects the distal and proximal sides of the heme pocket, as found
for other plant peroxidase members (Figure 10).18,110 As with the Arg51Asn CIP65

or Trp51Phe CCP mutants,58 substitution of the distal Arg with an Asn, or the distal
Trp with either Ala or Phe residues,110 facilitated binding of the distal water mol-
ecule to the iron. Similarly, a water molecule also binds the heme iron upon alter-
ation or disruption of the Asn–His H-bond, by replacing the hydrogen-acceptor
carboxamide group of the Asn153 residue with an aspartate carboxylate group
(N153D) or an aliphatic residue (N153A). In fact, alteration or disruption of the
Asn–His H-bond alters the distal His basicity, preventing the distal His from bind-
ing the distal water molecule. However, unlike plant peroxidases, distal mutation
alters also the stability of the heme architecture. The Arg119Ala mutant was found
to be particularly unstable, easily losing the prosthetic group even at neutral pH.
The His123Glu variant also loses the heme at neutral pH, probably as a conse-
quence of the nearby negatively charged Asp152 residue, a unique characteristic
of KatGs. The study of variants that disrupt the H-bonding between Asp152,
which resides in the distal cavity, and Ile248, located on the LL1 chain (Figures 11
and 12), gave important insight into the structural architecture characteristic of
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only KatGs. RR data and structural analysis demonstrate the existence of a very
rigid and ordered structure resulting from interactions of LL1 residues with both
distal and proximal residues and the heme itself. This distal H-bond represents a
novel link between the proximal and distal sides of the heme cavity and is impor-
tant for the stability of the heme pocket and for maintaining the proximal H-bond
strength. Substitution of Ile248 by Phe, or Asp152 with Ser, present in CCP, makes
KatG spectroscopically and structurally similar to CCP. Mutation increases the
5cHS form at the expense of the aquo-6c species and drastically alters the proxi-
mal His–Asp H-bond interaction. Two pH-sensitive bands were found in the RR
spectra of the Fe(II) forms at about 237 and 250 cm−1 (Figure 16 and Table 1),
reminiscent of the 233 and 247 cm−1 doublet found in CCP,62,120 corresponding to
tautomeric forms of the H-bond between the His290 and Asp402 carboxylate side
chain. These results confirm that perturbation of the Asp152–Ile248 H-bond leads
to changes at the proximal heme site which are mediated by LL1 and its connec-
tion with helices E and F, with helix F carrying the proximal histidine (Figure 12).
Moreover, since these mutations increase the peroxidase activity with a concomi-
tant dramatic reduction of the overall catalase activity, it was suggested that small
structural perturbations and disruption of the H-bond networks have only a small
impact for compound I formation (see Section II.F), which is common to catalatic
and peroxidatic activity, but a defined extended H-bond network is crucial for
selectively guiding and binding the (second) peroxide molecule necessary for the
catalatic activity.108

2. KatG from Mycobacterium tuberculosis

KatG from M. tuberculosis is important for the virulence of this pathogen because
of its role in the removal of peroxide in infected host macrophages.121–123

Moreover, M. tuberculosis KatG is of great interest in the field of tuberculosis
research, since it plays a direct role in activation of the prodrug isoniazid, a potent
antituberculosis drug which has been in use for more than half a century since its
discovery in 1952.124 The growing worldwide problem of resistance to this drug
due to mutations in the katG gene has been addressed in clinical and biochemical
studies often focused on the 315 position. The S315T variant has been produced
in the laboratory and studied in detail, since this mutation is that most commonly
found in isoniazid resistant bacteria.56,125 As mentioned above, the Ser residue is
situated along the substrate access channel, and is probably H-bonded to the car-
bonyl oxygen atom of the heme propionate group. Recently, an explanation for
isoniazid resistance in the S315T mutant was found in the loss of the high-affinity
drug-binding site, since the methyl group of the threonine residue restricts the
narrow opening at the bottom of a substrate access channel.125 Nevertheless, the
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S315T mutant preserves the enzyme functions, thereby preserving bacterial phys-
iology and virulence.126

Recombinant KatG and selected variants from M. tuberculosis have been
extensively studied by optical and RR spectroscopy, giving apparently discordant
results, characterized by variability of the heme spin and coordination states.
However, recently the RR examination of Fe(III) KatG from M. tuberculosis
under a variety of conditions, including the presence of fluoride, chloride or iso-
niazid, and isolated at different stages during purification in different buffers,
allowed the Fe(III) heme structural heterogeneity to be explained, and underlined
that it contains a heterogeneous population of heme species that present distinct
spectroscopic properties.115,118 The RR results reveal that a 5c heme form of KatG
could be isolated, but that coordination and spin state changes are unavoidable
during handling of the enzyme under a variety of conditions, as reported earlier
for CCP.127 Therefore, while the 5c form (HS and QS) predominates in the freshly
isolated enzymes, a 6c heme species accumulates in the resting enzyme after
purification. This form has been shown to have a unique structure containing
weakly associated water on the heme distal side and it is the favored reactant for
ligand binding. In particular, the use of resting enzyme samples with different pro-
portions of the 5c and 6c forms, as well as the use of the KatG mutants with
replacements at residue 315, which have different tendencies to create the 6c form,
allowed the authors to demonstrate that the 6cHS species binds cyanide more
rapidly and is the preferred heme state for peroxide binding. In particular, RR
provided direct evidence for favored binding of cyanide to the 6c S315T mutant.

Fe(II) KatG from M. tuberculosis also shows contrasting results. While two
pH-dependent v(Fe–Im) stretches at 244 and 228 cm−1 have been reported,113 in a
more recent report114 only the 244 cm−1 v(Fe–Im) stretching mode has been
observed. The Fe–Im stretching vibration is detected also at 244 cm−1 in the Fe(II)
forms of the S315T variant.116 Minimal, if any, perturbation of the distal heme
pocket in the S315T mutant has been observed. Instead, the S315T mutation
seems to induce small changes in the KatG conformation/dynamics of the ligand
access channel, as indicated by CO rebinding kinetics in flash photolysis experi-
ments. Therefore, as noted above, it is suggested that substitution of Ser315 with
Thr confers resistance to isoniazid by reducing accessibility to the KatG heme
pocket by steric hindrance in the access channel. However, since the actual bind-
ing site of isoniazid in KatG and its S315T mutant remains elusive, this model
may be relevant only when isoniazid binds inside the heme pocket, and modifica-
tion of an isoniazid binding site outside the heme pocket by the mutation cannot
be ruled out.116

The characterization of the M. tuberculosis Tyr229Phe and Met255Ile
mutants,115 in agreement with the slight differences noted between the WT protein
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from M. tuberculosis and that from Synechocystis PCC 6803, showed spectro-
scopic features slightly different from those of the corresponding mutants of
Synechocystis. The Met255Ile variant has a significantly greater relative popula-
tion of the 6cHS heme than either WT KatG or the Tyr229Phe mutant. Similar to
the corresponding mutants of Synechocystis KatG, this latter mutant of M. tuber-
colosis has decreased steady-state catalase activity and enhanced peroxidase activ-
ity. In addition, since it shows a significantly reduced affinity for isoniazid,128 it
has been proposed that the Trp–Tyr–Met linkage, absent in the Y229F variant,
may be required for establishing the proper geometry of the residues that con-
tribute to the formation of a small-molecule binding site.54 Moreover, although
disruption of the cross-linked adduct in the Y229F mutant does not seem to affect
H-bonding in the proximal heme pocket, since the Fe–Im stretching frequency is
the same for the Fe(II) Tyr229Phe variant and WT protein,117 the absence of the
covalent linkage perturbs the active site. RR spectra of the Fe(III) Y229F variant
are consistent with a significant amount of the 6cLS heme and a more planar heme
compared to WT KatG. Moreover, changes in the properties of the CO (see below)
and NO vibrations indicate that their binding geometry and their steric and elec-
trostatic interactions with distal residues are modified in the Y229F variant.117

These observations support the idea that loss of the cross-linked triad by the
Y229F mutation causes rearrangement of distal heme pocket residues and perturbs
their H-bonding interactions with ligands bound to the heme.114,116 The authors
proposed that the Met–Tyr–Trp cross-linked adduct stabilizes a distal H-bonding
network that is disrupted in the Y229F variant due to rearrangement of distal
residues. This network includes Ile228, which forms a H-bond with Asp137. In
Synechocystis KatG, the analogous Asp (Asp152) plays an important role in stabi-
lization of the LL1 loop which is anchored by Tyr229.53,54,56,107,111,129 Asp137 forms
a H-bond with Arg104 which interacts with a water molecule that is H-bonded to
the heme propionates.56 Perturbation of H-bonding to the heme propionates can
explain the difference in heme planarity and pH sensitivity between the Y229F
variant and WT KatG.114 Differences in the steric and electrostatic environment of
their distal heme pockets are most likely due to rearrangement of distal pocket
residues and, to a lesser extent, perturbation of the H-bonding network. Figure 17
shows the proposed H-bonding network. The integrity of the covalent adduct
seems crucial for the stability of the LL1 loop, the maintenance of the proposed
H-bonding network and, in general, of the heme pocket architecture.

C. Calcium Binding Sites

In addition to the conserved residues, the peroxidases of classes II and III have two
calcium binding sites, one distal and one proximal to the heme plane (as shown
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for HRPC in Figure 18), which are important for maintaining protein stability and
activity.1,39,44 These features are absent from class I peroxidases. However, APX
has a K+ binding site on the proximal site.45 As with the effect of Ca2+ ion removal
from peroxidases of classes II and III (see below), the electronic absorption and
MCD spectra of the engineered K-site APX mutant, which has had its potassium
cation binding site removed, gave rise to a bis-imidazole ligated heme system.
Therefore, it appears that upon removal of the proximal K+ ion the protein under-
goes a conformational change to yield a bis-histidine coordination structure in
both the Fe(III) and Fe(II) oxidation states at neutral pH.130

Figure 18 shows the local structure in the proximity of the distal and proximal
Ca2+ ion binding sites of native HRPC.47 Both Ca2+ ion sites are seven-coordinate,
with ligands composed of side chain oxygen atoms and carbonyl groups and one
water molecule in the case of the distal site. The distal and proximal Ca2+ ions are
structurally coupled to the active site (His42 and His170, respectively) through an
intermediate residue adjacent in sequence (Asp43 and Thr171, respectively). Each
of these intermediate residues provides two bonds to the corresponding Ca2+ ion;
therefore, the loss of either Ca2+ ion has considerable potential to perturb the active
site structural and catalytic properties.

Although peroxidases of the plant superfamily display primary structure
homology, the role of calcium in maintaining the function of the enzyme is dif-
ferent between classes II and III. The class II peroxidases MNP and LIP showed
complete loss of activity after calcium release, in contrast to the class III peroxidases
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Figure 17. H-bonding network between Tyr229 and heme propionate groups that may be
perturbed in the Y229F mutant of KatG from M. tuberculosis. The dotted lines indicate the H-
bonds with lengths shorter than 3 Å. (Reprinted from J. Inorg. Biochem. 2006, 101, 422–433.
Kapetanaki, S. M.; Zhao, X. B.; Yu, S. W.; Magliozzo, R. S.; Schelvis, J. P. M., Modification of
the active site of Mycobacterium tuberculosis KatG after disruption of the Met–Tyr–Trp cross-
linked adduct.  2006, with permission from Elsevier.)
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HRPC, HRPA1 and PNP, which retained 40–60% of their activity after calcium
release.131,132 This difference between the two classes of peroxidases was attributed
to different locations of intramolecular disulfide bridges.133 Moreover, spectro-
scopic and functional studies of many class III peroxidases indicate that one of the
two Ca2+ ions may play a more important role in maintaining the heme pocket
structural characteristics necessary for high catalytic activities.131,134 Loss of activity,
observed under thermal and alkaline inactivation for many classes II and III per-
oxidases, has been correlated with the loss of one or both calcium ions. Thermal135

and alkaline136 inactivation of LIP has been correlated with loss of calcium ions
and formation of an inactive bis-histidyl hexacoordinate low-spin (6cLS) heme state.
In apparent contrast with alkaline inactivation, which results in the loss of both
calcium ions, thermal inactivation causes the loss of only the more weakly bound
distal calcium ion. Likewise, thermal inactivation of MNP has been correlated
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Figure 18. The structural features of the heme pocket of HRPC, showing the distal and prox-
imal Ca2+ ion-binding sites, heme group and principal residues. Bonds with the Ca2+ ions are
shown as continuous lines and hydrogen bonds as dashed lines.

b867_Vol-06_Ch-31.qxd  6/10/2010  4:43 PM  Page 398



with loss of a distal calcium ion and formation of an inactive 6cLS state.133,137

Perturbation of the distal calcium binding site by construction of the site-directed
mutant, Asp47Ala, resulted in an enzyme that had properties identical to those of
thermally inactivated MNP.133 1H-NMR studies on class III peanut peroxidase
could not distinguish the structural contributions of each calcium ion. However, it
was evident that binding of the two Ca2+ ions was required in order not to com-
promise the structural properties and activity of the enzyme.138

Removal of the bound calcium ions from native HRPC results in a consider-
able decrease in activity and thermal stability.131,134,139–142 Calcium is required to
maintain the structural integrity of the heme in its optimal geometry for catalysis,
which is lost upon calcium depletion.143 Moreover, based on the spectroscopic
results obtained upon mutation of the amino acids involved in the H-bonding net-
work around the heme,144–147 it was concluded that the Ca2+ ion on the distal side
of the heme plays a determining role. Unlike the abovementioned studies, RR and
UV-vis spectra firmly favor the proximal Ca2+ ion as the first to be lost.148 In fact,
in the Fe(II) form, the v(Fe–Im) stretching mode downshifts 27 cm−1, revealing a
significant structural perturbation of the proximal cavity near the His ligand. Since
the Thr171 residue, adjacent to the proximal His, provides two coordination bonds
to the proximal Ca2+ ion (Figure 18), it is reasonable to expect that loss of only this
Ca2+ ion would cause a change in the disposition of the histidine leading to a weak-
ening of the His–Asp hydrogen bond and, therefore, of the heme iron–His170
interaction. The binding properties of the distal cavity are maintained since, as for
native HRPC, the Ca2+-depleted enzyme binds benzohydroxamic acid in its Fe(III)
state, and CO in its Fe(II) state, suggesting that modification of the distal cavity
by Ca2+ depletion is not particularly extensive and/or can be easily reversed.
However, unlike the native protein, observation of a bis-histidyl LS heme in
reduced Ca2+-depleted HRPC indicates that loss of calcium induces some confor-
mational change in the heme pocket. Alteration of the distal side heme structure
enables the imidazole group of the distal histidine to bind to the sixth coordination
position of the reduced heme iron. In agreement with the loss of the proximal
calcium ion is the finding that a similar LS heme is formed in Fe(II) HRPC69 upon
mutation of the proximal Phe221 residue, which is stacked approximately parallel
to the proximal histidine ligand. Clearly, alteration of the proximal heme side can
be transmitted to the distal cavity, inducing some flexibility in the position of the
distal histidine.

Interestingly, the mutation of F190 in MNP (equivalent to F221 of HRPC) by
either Ile or Ala has also a marked destabilizing effect on the enzyme,149 giving
rise to a 6cLS bis-histidyl complex.150 The formation of this complex requires dis-
placement of helix B to enable the distal His46 to coordinate with the heme iron
atom. Moreover, it has been suggested that this mutation also results in the loss of
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the distal calcium ion.151 However, the calcium ions of class II fungal peroxidases
such as LIP and MNP are more labile than those of class III plant peroxidases.136

The difference between the lability of the distal calcium in classes II and III per-
oxidases is due mainly to the disulphide bridge between Cys44 and Cys49, which
is unique to the latter.1 This restricts the flexibility of distal helix B and limits
movement of His42 in the distal heme cavity of HRPC.

The role of Ca2+ ions has also been addressed by computer simulations. A
500 ps143,152 and 2 ns153 molecular dynamics calculation on the native HRP structure
and those produced by computer simulation techniques after partial and total Ca2+

depletion have been performed. The NSD analysis of the heme group revealed that
the deformation of the heme group from D4h symmetry, significant in the native
form,154 upon total Ca2+ depletion changed both the in-plane and out-of-plane dis-
tortions with a decrease of nonplanarity.152,154 NSD analysis showed also a lack of
coupled dynamics of the heme and protein motion153 after Ca2+ removal. In addi-
tion, polarized RR spectroscopy on partially Ca2+-depleted samples155 suggested
more significant structural effects than those previously reported148 and somewhat
different changes in the spin state of the heme. These different results have been
attributed to differences in the sample preparation techniques, even if they appear
to be similar.

Recently, the native and totally Ca2+-depleted forms of HRPC have been com-
pared by using pH-, pressure-, viscosity- and temperature-dependent UV absorp-
tion, CD, H/D exchange-FTIR spectroscopy and by binding of the substrate
benzohydroxamic acid. It has been reported that Ca2+ depletion does not change
the alpha helical content of the protein, but strongly modifies the tertiary structure
and dynamics to yield a homogeneously loosened molten globule-like structure.
The observed tertiary changes in the heme pocket have been related to changes in
the dipole orientation and coordination of a distal water molecule. Deprotonation
of distal His42, linked to Asp43 which is coordinated with the distal Ca2+, perturbs
an H-bonding network connecting this Ca2+ to the heme crevice that involves the
distal water.156 Moreover, unlike the previously observed effects noted after one
Ca2+ ion depletion,148 the authors did not observe effects that required involvement
of a role for the proximal Ca2+. The significant structural effects on the overall
protein structure and also in the heme pocket reported in this study indicate that
the binding of the distal Ca2+ is of critical importance.

D. Binding Sites for Substrates: Benzohydroxamic
and Salicylhydroxamic Acids

The mechanism of substrate binding and catalysis in heme peroxidases has been
reviewed previously.2,157 The application of site-directed mutagenesis enabled
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significant progress to be made in understanding the roles of the amino acid
residues involved in substrate binding. The combination of X-ray crystallography
and Raman spectroscopy has been particularly informative, highlighting the
effects of hydroxamic acid binding to peroxidases. In particular, comparison of
detailed Raman spectra for complexes in crystal and solution forms provides a
means of bridging crystallographic and solution studies.17

The binding of nonphysiological substrates, such as aromatic hydroxamic
acids, to peroxidases has been extensively investigated with the aim of probing the
aromatic donor binding site. In particular, X-ray structures have been solved for
the complexes formed between HRPC and benzohydroxamic acid (BHA),158 and
ARP/CIP with both BHA159 and salicylhydroxamic acid (SHA).160 The compari-
son between these structures reveals that the location of the aromatic rings in the
active site is similar (Figure 19).

The aromatic ring is located in the distal cavity, nearly parallel to the heme
plane. The hydroxamic acid moiety forms H-bonds with the conserved distal His,
Arg and Pro55 residues. The additional hydroxyl group of SHA (compared to
BHA) does not form H-bonds with any amino acid residue in the heme cavity. In
addition, a hydrophobic pocket surrounding the aromatic ring of the substrate was
found in HRPC, which is not present in ARP/CIP.158 The aromatic molecule does
not bind directly to the heme iron, but the addition of SHA or BHA to HRPC and
ARP/CIP displaces water molecules from the distal cavity, leaving only one
molecule of water close to the heme iron. The iron–water distances in the
HRPC–BHA, ARP/CIP–BHA and ARP/CIP–SHA complexes were found to be
2.6,158 2.7159 and 2.8 Å,160 respectively. Considering the rather long Fe–H2O dis-
tance, there have been conflicting interpretations concerning the extent to which
BHA affects the binding of the water molecule to the Fe atom. While NMR proton
hyperfine shifts indicated that the HRPC–BHA complex was a five-coordinate
high-spin (5cHS) species,70 based on electronic absorption,161 resonance
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Figure 19. Comparison of the heme pocket of HRPC with BHA,158 and ARP/CIP with both
BHA159 and SHA.160
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Raman67,95,162,163 and EPR,164 it was concluded that binding of BHA to both HRPC
and ARP/CIP74,91 induces the formation of a six-coordinate high-spin (6cHS)
heme. Comparison of the RR spectra of single-crystal and solution samples of the
complex demonstrated that this form derives from a water molecule bound to the
heme iron.91,93 However, the solution spectra for HRPC and ARP/CIP complexed
with BHA differ in terms of the amount of the 6c form present. This difference was
correlated with the small variation observed by X-ray crystallography in the
iron–water distance between HRPC–BHA (2.6 Å), ARP/CIP–BHA (2.7 Å) and
ARP/CIP–SHA (2.8 Å), which is longer than the usual iron–ligand distance
(2.1 Å). The combined analysis of the spectroscopic data and X-ray crystal struc-
tures of the ARP/CIP–SHA complex indicates that the Fe–H2O distance measured
by X-ray diffraction is an average resulting from the 5c and 6c species in equilib-
rium which, however, are directly revealed by RR spectroscopy.93 Figure 20 com-
pares the RR spectra of solution and single-crystal samples of the ligand-free
ARP/CIP and its complexes with SHA and BHA at pH 5.5. It can be seen that there
are no substantial differences in the band frequencies between the solution and the
crystalline states. The Fe(III) protein at pH 5.5 is a pure 5cHS.63,93 Upon addition
of either BHA or SHA, changes in the frequency and relative intensities of the core
size marker bands are observed, clearly indicating the formation of a 6cHS (v11 at
1542, v19 at 1561 and v10 at 1616 cm−1) at the expense of the 5cHS species (v11 at
1551, v19 at 1568, and v10 at 1631 cm−1), which remains in a small amount, as
judged by the bands at 1631 cm−1 (v10) and the shoulder at 1551 cm−1 (v11). The
ARP/CIP–SHA complex gives rise to spectra characterized by features that are in
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Figure 20. Comparison between solution (left) and single-crystal (right) RR spectra of
ARP/CIP–BHA and ARP/CIP–SHA, obtained with the 514.5 nm line of an Ar+ laser. (Reprinted
with permission from Indiani, C.; Santoni, E.; Becucci, M.; Boffi, A.; Fukuyama, K.; Smulevich, G.
Biochemistry 2003, 42, 14066–14074.  2003 American Chemical Society.)
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between those typical of the free and BHA ligated protein, since it contains a
higher amount of the 5cHS heme. The RR spectra of the crystals are characterized
by a striking enhancement of the inverse-polarized v19 mode at 1568 cm−1

(ARP/CIP) 1567 cm−1 (ARP/CIP–SHA), and 1561 cm−1 (ARP/CIP–BHA), which
does not depend on the orientation of the crystal in the laser beam, but is likely the
result of a larger ruffled distortion of the heme for the crystalline form of ARP73

with respect to the protein in solution.

E. Ligand Binding

It is well known that heme pocket proximal and distal amino acid residues control
ligand binding in heme proteins. For example, the conserved distal histidine of
vertebrate globins has been shown to be important in fine-tuning the ligand affini-
ties via H-bond stabilization involving its Nε proton.165,166 In peroxidases, the H-
bond stabilization of the incoming ligand by the distal residues is of particular
importance, since they have a more polar distal cavity compared to globins. The
postulated mechanism of peroxide decomposition relies on the concerted roles
played by the proximal histidine together with the distal histidine and arginine
residues, through H-bonds and charge stabilization, as originally proposed by
Poulos and Kraut.167 Furthermore, the H-bond between the Nδ proton of the distal
His and a conserved Asn residue, and/or the presence of the positively charged
guanidinium group of the distal Arg in the proximity of the distal His, depresses
its pKa to values between 4 and 5,59 forcing the Nε of the imidazole ring to act as
an H-bond acceptor. Therefore, many studies on peroxidases have been devoted to
understanding whether the different cavity characteristics of the globins and per-
oxidases are also reflected in the binding of other exogenous ligands. Crystal
structures of the complexes formed between CCP and CN−, NO, CO and F−

revealed that significant changes are induced in the distal cavity upon adduct for-
mation. The disposition of the distal Arg and His residues is significantly
perturbed, and there is a rearrangement of the water molecules present in the active
site.168 In the case of the CCP–CN complex, all three distal residues, Arg48, Trp51
and His52, can potentially form H-bonds with the N atom of cyanide; the ligand
in the CCP–F complex is directly H-bonded to the Trp51 and Arg48 residues,
whereas the distal His appears H-bonded to a water molecule, which in turn inter-
acts strongly with the fluoride. The interaction between Arg48 and F− is possible
because the distal Arg undergoes a conformational change that places it within H-
bonding distance of F−. Clearly, the fact that the X-ray structures of both the CCP
fluoride complex and the CCP compound I (see Section II.F) show that the distal
Arg48 adopts an “in” position, which enables Arg48 to H-bond with the ferryl O
and the fluoride ligand,169 highlights the effectiveness of the fluoride ligand in
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probing the distal heme cavity of CCP, CIP and HRPC. The electronic absorption
and RR data on a carefully chosen selection of site-directed mutants for these per-
oxidases allowed diagnostic correlations to be established between spectroscopic
parameters, and the number and nature of H-bonding partners in the correspon-
ding fluoride complexes.65

Upon fluoride binding, despite the fact that all the peroxidases under investi-
gation showed almost identical RR spectra characteristic of six-coordinate high-
spin species, the position of the charge transfer band (CT1) in the electronic
absorption spectra varied between 610 and 620 nm. In general, the wavelength of
this band depends on the p and π donor capability of the axial ligands61,64,170 and,
therefore, it is a sensitive probe of axial ligand polarity and of its interaction with
the distal protein residues. The stronger the H-bond from the ligand to a distal
residue, the lower the CT1 wavelength. The opposite effect is observed when the
ligand acts as an H-bond acceptor. This trend is illustrated by the effect on the CT1
band of mutation of the distal Trp/Phe residue in CCP and CIP, respectively (Table 2
from Ref. 18). The CT1 wavelength of the fluoride complex of both CCP–F and
the Phe54Trp CIP variant is greater than that observed for CIP–F or the Trp51Phe
CCP variant. In fact, while in the first case the bound F− receives H-bonds from
the distal Arg, Trp, and a water molecule, in the CCP Trp51Phe mutant and in CIP,
the number of H-bonds is reduced from three to two. The loss of Trp, which acts
as an H-bond donor, blueshifts the CT1 band.

The combined analysis of the UV-vis and RR data on peroxidases has high-
lighted that the complex mechanism of stabilization of anionic ligands exerted by
the distal amino acids resembles that of compound I formation during peroxidase
catalysis, where ligand stabilization by the distal Arg is coupled to protonation of
the distal His. Clearly, the mechanism of stabilization of the fluoride ligand
exerted by the distal residues is different between myoglobin and peroxidases. In
peroxidases, the Arg is the determinant in controlling the ligand binding via a
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Table 2. Soret and CT1 bands (nm) of peroxidase–fluoride complexes.18

Proteins Soret CT1 H-bonds with fluoride

CCP 406 617 H2O Trp51 Arg48
His52Leu CCP 406 617 ? Trp51 Arg48
Trp51Phe CCP 406 613 H2O Arg48
ARP/CIP 406 615 H2O Arg51
Phe54Trp ARP/CIP 407 618 H2O Trp54 Arg51
Arg51Gln ARP/CIP 405 613 H2O Trp54 Gln51
HRPC 404 611 H2O Arg38
His42Leu HRPC 403 610 ? Arg38
Myoglobin 406 610 H2O His64
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strong H-bond between the positively charged guanidinium group and the anion.
Mutation of Arg to Leu decreases the stability of the complex 900-fold, suggest-
ing that this interaction stabilizes the complex by 4 kcal/mol. The distal His also
contributes to the stability of the fluoride complex, presumably by accepting a
proton from HF and H-bonding, through a water molecule, to the anion. Mutation
of His to Leu decreases the stability of the fluoride complex 30-fold, suggesting
that this interaction is much weaker than the interaction with the distal Arg. For
Mb, the distal His is solely responsible for stabilization of the exogenous ligand.

On the basis of RR studies, the involvement of the distal residues in the stabi-
lization of the CN−,171,172 and OH− ligands67,79 has also been proposed. In particular,
for the HRP–OH67 and CIP–OH complexes65 both the distal Arg and His interact,
in a concerted manner, via H-bonds with the ligand. The positive guanidinium
group of the distal Arg is strongly H-bonded to the ligand, since upon mutation of
the Arg the hydroxyl is not able to bind to the iron atom in both proteins. The dis-
tal His plays a secondary role, but is also H-bonded to the bound ligand, giving rise
to a 6cLS heme.65,67 Interestingly, WT CCP does not bind OH− at alkaline pH. In
fact, the alkaline transition induces a conformational change that permits the distal
His52 to bind the Fe atom, forming a bis-His 6cLS heme. When this residue is
replaced by Leu, the hydroxide ligand instead binds to the Fe atom.59

CO binds to the heme iron of peroxidases in the Fe(II) oxidation state. The
interactions between the oxygen of the CO and the distal residues are weaker than
in the case of fluoride complexes. Therefore, conformational transitions, such as
that induced by fluoride in CCP, have not been observed. X-ray structures are
available for the CCP–CO and HRPC–CO complexes.173,174 In the case of HRPC,
the angles and distances between the oxygen atom of CO and the side chains of
His and Arg indicate a strong H-bond with His42 and a weaker one with Arg38
(Figure 21).174 For CCP, the distance between the oxygen atom of CO and Arg48
is greater than 3.2 Å and it appears that the ligand interacts with the guanidinium
group via an H-bond with a water molecule. Whether or not His52 is H-bonded
with CO is less certain. However, His52 is close enough for H-bonding (within
2.8 Å) to CO.

The heme protein adducts with CO are the most frequently studied Fe(II)–
ligand complexes, since CO is a sensitive vibrational probe of heme binding sites
in proteins. In particular, polar interactions and the formation of H-bonds between
the bound CO and the distal residues increase the extent of back-donation from the
Fe dπ to the CO π* orbitals. As a consequence, the Fe–C bond strengthens while
the CO bond weakens, thereby increasing the v(FeC) vibrational frequencies and
decreasing the v(CO) frequencies.175,176 There is an inverse linear correlation
between the v(FeC) and v(CO) frequencies which depends on the extent of π back-
bonding (Figure 22).
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The CO adducts of many members of the plant peroxidase families have been
obtained. It is clear from Table 3 that the study of CO–peroxidase complexes has
benefited greatly from the availability of site-directed mutants. In fact, compari-
son between wild-type and mutated proteins has enabled clarification as to which
CO–amino-acid interactions are most important.

The main results obtained by vibrational spectroscopy for heme peroxidases
can be summarized as follows:

(i) The CO complexes of heme peroxidases differ markedly from those of steri-
cally hindered model CO–porphyrin complexes, being sensitively dependent
on interactions between the CO molecule and adjacent amino acids.

(ii) Multiple pH-dependent conformers may be present in the CO complexes of
peroxidases. On the basis of distal mutations, it has been demonstrated that
the conformers differ in terms of their H-bond interactions between the
oxygen of the bound CO and the distal His or Arg.127,170,177–179 In particular, at
neutral pH, while only one form has been found for the CCP–CO complex,
HRPC–CO has two different conformers deriving from different protein–CO
interactions. The RR and IR results on the CCP–CO complex in solution
revealed that the oxygen atom of the bound CO is H-bonded with a distal
residue,120 subsequently identified as the distal Arg.59 However, this H-bond
interaction is weaker than that observed for the HRP–CO form I, character-
ized by v(FeC) and v(CO) at 539 and 1906 cm−1, respectively (Figure 22 and
Table 3). This result agrees with the conclusions obtained from the comparative
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Figure 21. Refined crystal structures, showing the active site of the HRPC–CO complex.
(Reprinted with permission from Carlsson, G. H.; Nicholls, P.; Svistunenko, D.; Berglund, G. I.;
Hajdu, J. Biochem. 2005, 44, 635–642.  2005, American Chemical Society.)
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Figure 22. H-bonding interactions of bound CO in HRPC, CCP and ARP/CIP. The structure of
CCP–CO is adapted from Ref. 174. The other structures are pictorial representations based on
the RR results. The table and plot show the inverse linear vFeC/vCO frequency correlation for the
above proteins and for the extreme back-bonding cases of HRPC–CO at acid pH170 and the
CO complex of tea ascorbate peroxidase.290 (Reprinted with permission from Smulevich, G.;
Feis, A.; Howes, B. D. Acc. Chem. Res. 2005, 38, 433.  2005, American Chemical Society.)
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Table 3. Vibrational frequencies (cm−1) of the FeCO unit in the Fe(II)–CO complexes of ARP/
CIP, HRPC, CCP, KatG and selected mutants at different pH values. In parentheses is indicated
the 13CO isotopic shift.

νCO (cm−1) ∆ D2O νFeC (cm−1) δFeCO Ref.

Acid forms

Class I

CCP 1922 −2 530 (−5) 120
CCPMI 1922 503 ”
Arg48Leu CCPMI 1941 500 (−8) ”
Arg48Lys CCPMI 1936 510 (−6) ”
Trp51Phe CCPMI 1932 528 (−5) ”
Asp235Asn CCPMI 1933 531 (−5) ”
M. tub. KatG 1926 522 584 294
S315T M. tub. KatG 1926 520 585 ”
M. tub. KatG 1925 525 (−6) 586 116
Y229F M. tub. KatG 1930 523 586 117

Class II

ARP/CIP 1930.5 −1 519 (−5) 181
Asp245Asn 1939.5 517 (−6) ”
Arg51Lys 1934.5 514 ”
Arg51Gln 1933 518 ”
Arg51Asn 1932 519 (−3) ”

1942 506 (−3) ”
Arg51Leu 1925 (−43) 533 (−5) ”

1943 519 (−5) “
1938.5 (−44) 521 (−6) ”

Phe54Trp 1919 528 ”
1930 518 ”
1942 508 ”

Phe54Val 1944 508 ”

Class III

HRPC (form I) 1906 −2 539 (−4) 127, 170, 177–179
HRPC (form II) 1933 −1 516 (−5) ”
HRPC (pH 3) 1967 492 170
Arg38Leu 1941.5 −1 515 (−5) 295
Phe41Val (form a) 1912 −1 526 (−5) 68
Phe41Val (form b) 1919 −1 519 (−5) ”
TcAPXIIa 1892 (−44) 545 (−5) 290

1908 (−42) 537 (−6)

Alkaline forms

Class I

CCP 1948 503 127
CCPMI 1948 507 (−7) 120
Arg48Leu 1951 500 (−4) ”
Arg48Lys 1945 507 (−5) ”

(Continued )
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study of compound I formation upon mutation of the distal Arg and His in
CCP and HRPC. The removal of the positively charged guanidinium group of
Arg from the active site is more critical in HRPC than in CCP.180 In the other
conformer of HRPC–CO, form II (characterized by v(FeC) and v(CO) at 516
and 1934 cm−1), His42 is the interacting residue. The vibrational frequencies
of this latter conformer are very similar to those observed for the ARP/
CIP–CO complex181 (see point iv).

(iii) The H-bonding capability of the distal Arg residue influences the water mol-
ecule occupancy of the distal cavity, which orchestrates the H-bond network
of the distal cavity and the ability to form stable complexes between anionic
ligands and the heme Fe atom. However, it is not essential to stabilize the CO
ligand, as in the case of ARP/CIP–CO, demonstrating that Arg51 of ARP/
CIP does not interact with the CO molecule directly, but modulates the back-
bonding and the CO dissociation rate.181

(iv) The capability of CO to form H-bonds with the distal residues clearly depends
on their geometrical disposition and the size of the distal cavity. The Fe(II)
ARP/CIP–CO complex is characterized by a much more open cavity than the
other peroxidases. On the basis of the X-ray structure of the Fe(III) protein42

(Figure 23), it appears that only the His residue is able to interact with the CO
ligand, since the location of the Arg residue precludes its interaction with the CO.
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Table 3. (Continued )

νCO (cm−1) ∆ D2O νFeC (cm−1) δFeCO Ref.

Asp235Asn 1951 505 (−5) ”
M. tub. KatG 1965 499 294
S315T M. tub. KatG 1956 500 ”

Class II

ARP/CIP 1951 503 (−3) 181
Asp245Asn 1959 503 (−4) ”
Arg51Lys 1948 507 ”
Arg51Gln 1947 502 ”
Arg51Asn 1952 495 (−4) ”
Arg51Asn 1942 506 (−3) ”
Arg51Leu 1956 503 ”
Arg51Leu 1925 (−43) 533 (−5) ”
Phe54Trp 1956 503 ”

Class III

HRPC 1933 530 295, 296
TcAPXIIa 1930 (−47) 516 (−6) 290

1946 (−46) 503 (−5) ”

aCationic ascorbate peroxidase isoenzyme II from tea.
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By comparing the structures of Fe(III) CCP(MI)92 and HRPC,46,47 it can be
seen that the terminal nitrogen atom of the distal Arg is located at a shorter
distance (about 1 Å) from the heme iron in HRPC than in CCP. This charac-
teristic accounts for the stronger H-bond interaction with CO in HRPC com-
pared to CCP. Moreover, both the distal His and Arg residues in HRPC are
involved in H-bond interactions with the coordinated CO. The different
geometric dispositions and pKa’s of the distal residues in the two proteins are
considered to be responsible for the different stabilization mechanisms.

F. Catalytic Intermediates

Peroxidases catalyze the oxidation of a wide variety of organic and inorganic sub-
strates at the expense of hydrogen peroxide via the formation of two higher-
valence intermediates, commonly named compounds I and II.157,182 The initial step
in the catalytic mechanism is heterolysis of the O–O bond of hydrogen peroxide,
resulting in compound I and water. Compound I is two oxidation equivalents
higher than the resting form, containing an iron oxoferryl center [Fe(IV)=O] and
a porphyrin cation radical (Por•+). As will be discussed later, in some peroxidases the
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Figure 23. Comparison between the heme pocket of HRPC,46 CCPMI92 and ARP/CIP.42 The
table reports the relative distances between the Fe atom and the N atom of the distal Arg,
together with residues involved in the H-bonds with the bound CO, as inferred on the basis
of the RR spectra.
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radical can be formed on an amino acid residue (as in the case of CCP, in which
the long-lived intermediate known as compound ES consists of a ferryl porphyrin
with a radical localized on the Trp191 residue).30

Compound I is then reduced back to the resting state by two sequential one-
electron oxidations of two substrates, SH, via the intermediate compound II
[Fe(IV)=O].

The reaction can be summarized as follows:

Resting state Fe(III) + H2O2 → Compound I [Fe(IV)=O Por•+] + H2O

Compound I [Fe(IV)=O Por•+] + SH → Compound II [Fe(IV)=O] + S•

Compound II [Fe(IV)=O)] + SH → Resting state Fe(III) + S• + H2O

It is of note that, historically, the terms “compound I” and “compound II” have
been used to refer to the two reactive intermediates formed in the catalytic cycle
of HRP and for which the electronic structures are [Fe(IV)=O Por•+] and
[Fe(IV)=O], respectively, as shown in the above reaction scheme. They also
reflect the idea that only the heme is the catalytically active species. In order to
underline the differences observed in the case of CCP, in which the more stable
and detectable intermediate has a different electronic structure, [Fe(IV)=O Trp•+],
the term “compound ES” was given to it. As will be described in the following
section, a higher degree of complexity in the reactive intermediates has been
elucidated in the past few years, in particular for the bifunctional peroxidases. Hence,
the use of the nomenclature — compound I, compound II and compound ES —
for these more complex cases can be misleading, and it is preferable to use the
actual electronic structure to accurately define the reactive intermediates. In this
section, the terms “compound I” and “compound II” are used in the description of
the HRP case and ES in the case of CCP, since there is no ambiguity. Furthermore,
they reflect the commonly used terminology in the literature. For the more com-
plex and recently characterized cases, the electronic structure will be used.

The conserved distal His and Arg residues, which render the heme cavity of per-
oxidases much more polar than in the globins, are involved in acid-base catalysis
and cleavage of the peroxide O–O bond during the catalytic cycle. The postulated
mechanism of peroxide decomposition relies on the concerted roles played by the
proximal histidine, the distal histidine and arginine, through H-bonds and charge sta-
bilization, as originally proposed by Poulos and Kraut.167 In particular, the distal His
functions as an acid/base catalyst that assists in the deprotonation of hydrogen per-
oxide and facilitates its binding to the heme iron, and the distal Arg assists in charge
stabilization during the formation of compound I. The proximal His ligand of the
heme iron is H-bonded to a conserved Asp residue which imparts an imidazolate
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character. The imidazolate character of the proximal heme ligand has been proposed
to stabilize the ferryl intermediate due to its electron-donating properties.

On the distal side, the concerted interactions of His and Arg with hydroperox-
ide bound to the heme have been called “the pull effect”, and the increased elec-
tron donation of the proximal imidazole ligand is called “the push effect” since it
stabilizes the high oxidation state of the iron in compound I, leading to the rapid
reaction of peroxidases with hydrogen peroxide.38

1. X-Ray Structures of Intermediates

In a recent review, the novel high-resolution X-ray structures of resting state CCP169

and HRP47 together with those of their reactive intermediates,183 are compared and
extensively discussed.184 Figure 24 shows the distal (His and Arg) and proximal (His
and Asp) key residues in the heme cavities of HRPC and CCP, and the H-bond inter-
actions between these residues and water molecules. In addition, H-bonds between
the ferryl-ligated oxygen, the key residues and the closest water molecules are shown
for the high-valence intermediates. The proximal heme cavity of CCP contains a Trp
residue (Trp191, the site for the radical formation) and a Met residue (Met172), which
in HRP are substituted by Phe221 and Ser167, respectively (not shown in the figure).

The higher resolution of the recent crystal structures of Fe(III) CCP and com-
pound ES169 enables very accurate determination of the changes in heme parame-
ters which occur upon reaction with hydrogen peroxide. In particular:

(iii) In the resting state of CCP a distal water molecule is at 2.33 Å from the iron
and is H-bonded to the distal His52. This form corresponds to a predominant
5cHS heme state with a minor 6c aquo form, as observed in the single-crystal
RR spectra.89 Upon passing from the resting Fe(III) state to compound ES, the
His–Fe bond distance increases and the iron moves into the porphyrin plane,
leading to shorter pyrrole N–Fe bonds. The Fe(IV)–O bond distance is 1.87 Å,
more similar to HRP compound II (1.84 Å) than HRP compound I (1.71 Å). 

(iv) The distal Arg48 residue, a key residue for the formation of compound ES, in
resting state CCP occupies two positions: an “out” position close to the heme
propionate and an “in” position close to the heme iron. In compound ES, only
the “in” position exists, which enables Arg48 to H-bond with the ferryl O
ligand.169 The “in” position has also been observed in the CCP fluoride
complex.173

(v) In the resting state, the proximal Met172 residue is also best modeled in terms
of two conformations. In compound ES, Met172 occupies the position closer
to the proximal His175 ligand. The distance between the Met172 SG atom and
His175 varies from 6.4 Å in the resting state position to 4.4 Å in compound ES.
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Finally, a region between residues 193–195 also shows an ordering process
upon passing from the Fe(III) state to the compound ES intermediate. The
ordering of Met172 and the 193–195 residues region have been suggested to
provide electrostatic stabilization of the cationic Trp191 radical.185

The crystal structures of the HRP Fe(III) resting state and its compounds I and II
are shown in Figure 24A.47,183 The Fe(III) state has a water molecule in the active
site within H-bonding distance to His42, at 3.20 Å from the iron. This leads to a
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Figure 24. Crystal structure of the heme cavity with key residues of resting state HRP, and
CCP, together with their intermediate compounds. Hydrogen bonds based on distance crite-
ria are indicated by dashed lines. Distances are in Å. The following color coding is used:
carbon is light gray, oxygen red, nitrogen blue, sulfur dark yellow and iron orange. (A) Fe(III),
compounds I and II HRP (1ATJ, 1HCH, 1H55); (B) Fe(III) and compound I (ES) CCP (1ZBY,
1ZBZ).47,169,183 Since the Fe4+−O distance observed for HRP-II at neutral pH is quite close
to 1.87 Å, as found for CCP compound I (ES), this latter has been positioned below HRP
compound II, to underline their similarities. (Adapted from J. Inorg. Biochem. 2006, 100,
460–476. Hersleth, H. P.; Ryde, U.; Rydberg, P.; Gorbitz, C. H.; Andersson, K. K.,
Crystallographic and spectroscopic studies of peroxide-derived myoglobin compound II and
occurrence of protonated Fe-IV-O.  2006, with permission from Elsevier.)
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Table 4. Resonance Raman frequencies (cm−1) and assignments for resonance Raman bands
of resting state and intermediate compounds of HRP.74,148,197,198,293

Resting state [Fe(IV)=O [Fe(IV)=O] Predominant mode
Modea Pol. 6cQS 5cQS Por•+] 6cLS 6cLS ∆b composition

v10 (B1g) dp 1620 1636 1636 1639 −3 v (Cα–Cm)
Vinyl vC=C 1630 1630 Vinyl vC=C (2)
Vinyl vC=C 1624 1620 Vinyl vC=C (4)
v37 (Eu) p 1579 1584 1614 1602 +12 c
v2 (A1g) p 1566 1572 1606 1587 +19 v (Cβ–Cβ)
v11 (B1g) dp 1547 1553 1570 1560 +10 v (Cβ–Cβ)
v38 (Eu) dp 1552 c
v3 (A1g) p 1491 1499 1504 1509 −5 v (Cα–Cm)sym

v28 (B2g) 1458 1472 −14 v (Cα–Cm)sym

Vinyl dp 1427 1428 1427 +1 Vinyl δ (=CH2)s
v29 (B2g) 1404 1402 1398 +4 v (pyr quarter ring)
v4 (A1g) p 1373 1359 1379 −20 v (pyr half ring)sym

v21 (A2g) 1305 1322 δ (=CmH)
ap 1164

v14 (B1g) dp 1131 1135 v (Cβ–vinyl)
974

v46 (Bu) 946
927

γ4 (A1u) dp 828 831
809 808

vFe(IV)=O p 789 vFe(IV)=O alk. pH
vFe(IV)=O p 794 774 +20 vFe(IV)=O pH 7,

isoenzymes B, C
vFe(IV)=O p 786 vFe(IV)=O pH 4.4,

isoenzymes B, C
v15 (B1g) dp 758 756

746
715 718

2v8 (A1g) p 692
v7 (A1g) p 679

648

a Mode numbering and predominant mode compositions follow Refs. 297 and 298.
b Frequency differences in cm−1 between the [Fe(IV)=O Por•+] and [Fe(IV)=O] species.
c The predominant mode compositions, Cβ–Cβ vs. Cα–Cm for v37 and v38, are not yet certain.297,298

predominant pentacoordinate state, as confirmed by the RR spectra of the single crys-
tal91 (Table 4), with the iron being slightly shifted toward the proximal side of the heme
plane, giving rise to a saddle-shaped distortion. The same type of distortion is seen in
compounds I and II, even if the iron becomes six-coordinated and is positioned in the
heme plane. In compounds I and II, the oxygen ligated to the iron is H-bonded to the
Nε of Arg38 and to a (putative leaving) water molecule, which in turn is H-bonded
to the Nε2 of His42 and to NH1 of the distal Arg38. One-electron reduction from
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compound I to compound II does not change the Fe–His170 bond, giving rise only
to small changes in the two Arg38 and His42 H-bonding distances. However, com-
pound II differs from compound I as a consequence of the elongation of the Fe–O
bond, which is 1.70 Å in compound I and 1.84 Å in compound II. This can be
interpreted as a protonation of the oxygen, which would change the Fe–O interac-
tion from a double bond in compound I to a single bond in compound II.

The intermediates of the heme-containing enzymes have been extensively
studied for many years by different spectroscopic methods, such as UV/visible,
near-IR, CD, EPR, resonance Raman, Mossbauer, ENDOR and MCD (magnetic
circular dichroism). In this section the results obtained by multifrequency EPR
and RR spectroscopies will be discussed. To illustrate the electronic absorption
spectra of peroxidase intermediates, we show in Figure 25 the well-characterized
case of HRPC.186 Compound I (green trace) exhibits the characteristic electronic
absorption spectrum of an [Fe(IV)=O Por•+] species.187,188 Restoration of an elec-
tron to the porphyrin ring generates the [Fe(IV)=O] species (red trace).24,189

31/Structure–Function Relationships Among Heme Peroxidases 415

Figure 25. The UV-vis electronic absorption spectra of horseradish peroxidase C in the rest-
ing [Fe(III)] state and the catalytic intermediates. The first committed intermediate formed in
the catalytic cycle and upon the two-electron reaction of the Fe(III) enzyme (black trace) with
hydrogen peroxide is the [Fe(IV)=O Por•+] species (green trace), The corresponding 9 GHz EPR
spectrum is shown in Figure 27. The 60% hypochromicity of the Soret band (404 nm) and the
charge-transfer band at 649 nm are characteristics of the [Fe(IV)=O Por•+] species. A clear shift,
and narrowing of the Soret band together with the appearance of the α and β bands at 528
and 554 nm, are characteristic of the [Fe(IV)=O] species (red trace) and result from the one-
electron reaction of the [Fe(IV)=O Por•+] with the substrate.

b867_Vol-06_Ch-31.qxd  6/10/2010  4:43 PM  Page 415



2. Resonance Raman Characterization of Intermediates

In a previous edition of The Porphyrin Handbook, Kincaid extensively reported
the RR data obtained on the intermediate compounds of peroxidases.172 Moreover,
recently, in a special issue of the Journal of Inorganic Biochemistry devoted to
high-valent iron intermediates in biology, a number of articles reviewed the RR
results obtained on the intermediate compounds of peroxidases.184,186,190

In principle, RR spectroscopy is well suited for investigating the intermediates
of the peroxidase cycle since the vibrational frequencies of the [Fe(IV)=O] and
[Fe(IV)=O Por•+] intermediates are different (Figure 26, from Ref. 186). In fact, fol-
lowing the four-orbital model proposed by Gouterman,191 the formation of a por-
phyrin π cation radical results from the removal of an electron from either of the two
highest-occupied molecular orbitals, a1u and a2u, which are nearly degenerate. Hence,
the compound I species which is formed that is of either 2A1u or 2A2u symmetry, is
expected to give rise to vibrational frequencies different from those of the nonradi-
cal intermediate.187,188,192–194 Therefore, (i) the identification of the frequencies of the
in-plane heme skeletal modes enables the nature of the electronic ground states to be
characterized and (ii) the frequency of the v(Fe(IV)=O) stretching mode, which can
be identified via the solvent oxygen exchange since its frequency is 18O-sensitive,
should provide information on the characteristics of the intermediate compounds.
However, RR spectra for intermediates of the [Fe(IV)=O Por•+] type have some-
times been contradictory, due to the weakness of the RR signals from porphyrin
π cation radical species, the presence of strong signals due to impurities, and further
complications arising from the photolability, which causes the [Fe(IV)=O Por•+]
signals to appear similar to those of the [Fe(IV)=O] species or other forms.

Table 5 compares the absorption maxima of resting state and oxidized inter-
mediates of several heme-containing peroxidases. Table 6 compares the corre-
sponding RR frequencies for the v(Fe(IV)=O) stretching modes of the
intermediate compounds.

A comparison of these results, together with the structure of the resting states
and the intermediate compounds when available, allows a number of conclusions
to be drawn:

(i) The [Fe(IV)=O Por•+] species exhibits unique and characteristic vibrational
spectra, in agreement with the studies of synthetic systems which indicate
that its vibrational signatures are different from the nonradical forms. The
frequencies and band assignments are given in Table 6.

(ii) The vibrational spectra of the various ferryl intermediates so far detected in
peroxidases, namely LIP,195 ARP/CIP,196 HRPA and HRPC,197,198 CCP (com-
pound ES),199 KatG,200 are very similar.
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(iii) The v(Fe=O) mode gives rise to a polarized band (ρ = 1/8) characterized by
18O-sensitivity (see Table 4). The intensity of the metal–oxo vibration is
greatly enhanced using Soret excitation between 400 and 450 nm.186

However, recently a new Raman excitation profile maximum of an oxygen-
to-iron charge-transfer transition for the v(Fe=O) mode at 580 nm was found.201

31/Structure–Function Relationships Among Heme Peroxidases 417

Figure 26. Resonance Raman spectra of: (a) resting horseradish peroxidase; (b) compound I;
(c) compound II; (d) Fe(II) horseradish peroxidase; 356.4 nm excitation, pH 6.8. (Reprinted
from J. Inorg. Biochem. 2006, 100, 480–501. Terner, J.; Palaniappan, V.; Gold, A.; Weiss, R.;
Fitzgerald, M. M.; Sullivan, A. M.; Hosten, C. M. Resonance Raman spectroscopy of oxo-
iron(IV) porphyrin pi-cation radical and oxoiron(IV) hemes in peroxidase intermediates.
 2006, with permission from Elsevier.)
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The authors obtained RR spectra of the ferryl intermediates for both HRPC
and ARP/CIP excited at 580 and 590 nm, respectively, characterized by
spectra of remarkably high quality, similar to those typical of Soret excitation
(Tables 4 and 6).

(iv) Unlike the frequency reported for the [Fe(IV)=O Por•+] intermediate, the RR
frequencies of the v(Fe(IV)=O) stretching mode observed for the [Fe(IV)=O]
intermediate in HRPA, HRPC and ARP/CIP at similar pH values are very
similar. We will discuss hereafter the RR frequency in the context of the high-
resolution structures of the intermediate compounds of HRPC and CCP. The
RR frequencies of the v(Fe(IV)=O) stretching mode of HRPC and CCP inter-
mediates agree well with their expected structures. Comparing the two inter-
mediates for HRPC at neutral pH, the v(Fe=O) vibration occurs at 792 cm−1

418 Smulevich et al.

Table 5. Electronic absorption maxima (nm) of the Fe(III) resting state and the intermediate
compounds of HRPC, CCP and ARP/CIP.

[Fe(IV)=O] and 
Protein Resting state [Fe(IV)=O Por•+] [Fe(IV)=O Trp•+] CCPa Ref.

HRPC 403, 498, 643 400, 525(sh), 577, 420, 527, 555 299
622(sh), 651

CCP 408, 507, 647 418, 530, 560 300, 301

ARP/CIP 405, 504, 645 402, 658 419, 530, 554 302

a The Fe(IV)–O distance observed for [Fe(IV)=O] HRP at neutral pH is quite close to 1.87 Å, as
found for [Fe(IV)=O Trp•+] CCP. Moreover, the electronic absorption of this latter compound is
very similar to the [Fe(IV)=O] species of both HRP and ARP/CIP. Therefore, as for Table 6, these
compounds are placed in the same column to underline their similarities.

Table 6. Resonance Raman frequencies (cm−1) of the vFe(IV)=O stretching mode observed for
the intermediate compounds of HRPA, HRPC, CCP and ARP/CIP. The isotopic shift (in cm−1)
observed in H2

18O2 is reported in parentheses.

[Fe(IV)=O] and
Protein [Fe(IV)=O Por•+] [Fe(IV)=O Trp•+] CCPa Ref.

HRPA 789 (34), pH 11 211
778 (34), pH 5

HRPC 792 (38), pH 7.0 787 (30), pH 11 186, 189, 201, 208,
786 (29), pH 4.4 788 (31), pH 10.6 211, 303–305

775 (30), pH 7

ARP/CIP 781 (37, 50), pH 7.3 787 (38), pH 9.6 196, 201
788 (39)

CCP 753 (28) 199, 202
767
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for the [Fe(IV)=O Por•+] intermediate, and 17 cm−1 lower (775 cm−1) for the
[Fe(IV)=O] state. The crystal structures183 indicate that a water molecule in
the heme distal pocket moves 0.1 Å closer to the ferryl oxygen upon the for-
mation of the [Fe(IV)=O] intermediate. Moreover, the [Fe(IV)=O] intermedi-
ate differs from [Fe(IV)=O Por•+] due to the elongation of the Fe–O bond, i.e.
1.70 Å vs. 1.84 Å. This can be interpreted as a protonation of the oxygen,
which would change the Fe–O interaction from a double bond in the
[Fe(IV)=O Por•+] intermediate to a single bond in [Fe(IV)=O], in agreement
with the RR downshift observed for the v(Fe=O) band. Therefore, the RR 18
cm−1 downshift observed for the v(Fe(IV)=O) stretching mode of HRP upon
conversion to the ferryl species can be attributed to the formation of ferryl
oxygen by means of charge transfer and proton transfer, accompanied by an
increase in H-bonding strength with a nearby water molecule. The Fe(IV)–O
distance observed in the crystallographic structure of HRP in the [Fe(IV)=O]
intermediate state at neutral pH is quite close to 1.87 Å, as found for the
[Fe(IV)=O Trp•+] intermediate from CCP. In the latter case, Poulos and
coworkers suggested that this Fe4+–O distance corresponds to a single
Fe(IV)–O bond.169 It is noteworthy that the RR frequency of the v(Fe=O) band
in the CCP ferryl intermediate is even lower than that of the HRP ferryl inter-
mediate (775 cm−1), being observed at 753 cm−1 or 767 cm−1 in two different
reports.199,202 This is consistent with an increased H-bonding to the ferryl oxy-
gen in CCP, as the oxygen is H-bonded to Arg48 and Trp51, whereas the
homologous Phe41 of HRP is unable to form an H-bond. Moreover, the X-ray
structure of CCP shows that the guanidinium side chain of Arg48 swings in
to make close contact with the ferryl oxygen.

Prior to the determination of the X-ray structure, the Fe(IV)–O distance
of HRP compound II was determined by EXAFS. The EXAFS studies on
HRP in the 1980s showed two different bond lengths for compound II, 1.64 Å
and 1.93 Å, while only a short bond was observed for CCP (1.67 Å) and (Mb
1.69 Å).203–205 Clearly, the inconsistency between the reported HRP-II Fe–O
bond lengths has resulted in considerable confusion. However, a recent study
by Gray and coworkers gave only a short Fe–O distance for HRP.206

Moreover, the Fe–O bond length in HRP-II was found to be pH-sensitive,
being 1.90 Å at pH 7 and 1.72 Å at pH 10,207 suggesting a transition from sin-
gle bond to double bond. The Raman frequencies of the v(Fe(IV)=O) group
are also pH-sensitive, increasing from 775 cm−1 at neutral pH to 789 cm−1 at
alkaline pH. The pH effects on the v(Fe(IV)=O) frequency of HRP-II208–211

and the v(Fe2+–Im) stretching frequency103 have been attributed to ionization
of the same distal histidine, His42, with a perturbation of the distal H-bonding
network by the protonation status of Nε2 and orientation of a bridging distal
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water molecule, as suggested by Terner.186 This interpretation appears to be
confirmed by the effect of the mutation of His42 to glutamic acid or gluta-
mine. The v(Fe(IV)=O) stretch of compound II observed at 775 cm−1 in the
wild type at neutral pH shifts to 789 cm−1 in the mutant, a frequency that com-
pares well with that observed in the wild-type compound II at alkaline pH.
This was attributed to lack of an H-bond to the ferryl oxygen due to the
absence of the distal His.146 Therefore, the presence of H-bonding between the
oxoferryl iron and distal residues in peroxidases lowers this frequency rela-
tive to those of synthetic model compounds.

(v) The v(Fe(IV)=O) stretch of compound II is also sensitive to deuteration. An
upshift of 3 cm−1 upon deuteration was observed for the neutral/lower pH
v(Fe=O) frequencies, accompanied by dramatic increases in intensity.209,211,212

This change has been attributed to a deuterium-induced decrease in the
strength of the H-bond between the ferryl oxygen and the protonated Arg38.186

Several theoretical and experimental investigations have raised the question of
whether the protonated ferryl Fe(IV)–OH species might be a better description
than Fe(IV)=O for compounds I and II.184,190 The protonation status of the ferryl
group, as well as the presence of a distal-pocket proton delivery network linked to
the oxo ligand, can play an important role in proton-coupled electron transfer dur-
ing catalysis. In this regard, the presently available experimental data are not in
complete agreement. As noted in the foregoing discussion, high-resolution crystal
structures of the compound II intermediate of HRPC and the [Fe(IV)=O Trp•+]
intermediate of CCP indicate that the ferryl oxygen is protonated.169,183 In both cases
precautions were taken to ensure that reduction of the active centers induced by
the X-ray radiation did not occur. In the case of CCP compound ES, UV-vis of dis-
solved crystals and single-crystal EPR at low temperature before and after X-ray
exposure were used to characterize the heme state. No reduction was observed.

Particularly elaborate procedures were utilized for the intermediate of HRP,
which is more suseptible to photoreduction than CCP, including the use of a
multicrystal data collection strategy and monitoring of the electronic absorption
spectum of the crystals at 100 K before and after X-ray exposure with a
microspectrophotometer. This procedure enabled nearly pure compounds I and II
to be studied. An analysis of the available RR data by Terner and coworkers is in
accord with a protonated status for the ferryl oxygen. On the basis of a compari-
son of the v(Fe(IV)=O) stretching frequencies and oxygen atom solvent exchange-
ability of many heme proteins at various pHs, they noted that oxygen atom solvent
exchangeability is more pronounced at lower pH and the corresponding
v(Fe(IV)=O) stretching frequencies are lower. The authors concluded that this
implies that compound II has at least a partial Fe(IV)–OH character, conferred by
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strong H-bonding from within the distal pocket, which contributes to the substan-
tial lowering of the v(Fe(IV)=O) stretching frequencies of compounds II relative
to those of model compounds.186 As pointed out by Babcock and coworkers,
though,213 it is important to recall in such a discussion that the pH-dependent shift
of v(Fe(IV)=O) to lower frequency upon protonation of the distal histidine cannot
be unambiguously assigned to the H-bond formed with the Fe=O group.
Protonation of the distal histidine also strengthens the proximal Fe–N(His) bond
through the H-bonding network linking the distal and proximal sides of the heme,
which would lead to a lower v(Fe(IV)=O) frequency. RR studies of distal-site-
directed mutants of HRP have clearly demonstrated that disruption of the H-bonds
between distal residues leads to a downshift of the proximal Fe–N(His) stretching
frequency.67 However, it is noteworthy that, at least in the case of HRP, no varia-
tion in the proximal Fe-His170 bond is detected upon conversion from com-
pound I to compound II.183 Behan and Green suggest that the available RR and
Mossbauer data are not consistent with a protonated ferryl oxygen.190 In particu-
lar, application of Badger’s rule shows good agreement between RR data of Fe–O
stretching frequencies and Fe-oxo distances determined by EXAFS measure-
ments. The contrast of these conclusions with respect to that resulting from the
crystal structures is proposed to depend on the possibility that, since some reduc-
tion of high-valent hemes might occur in the X-ray beam during data collection,214

the observed Fe–O distance determined by the X-ray structure might be affected
by such a reduction. This suggestion appears to be contradicted by a recent work
where high-resolution crystal structures of myoglobin in the pH range 5.2–8.7
have been used as models for the peroxide-derived compound II intermediates in
heme peroxidases.215 In this work a combination of X-ray crystallography,
microspectrophotometry, RR on both solution and single crystals, and Mössbauer
spectroscopy were used to elucidate the structure of Mb compound II. The com-
pound II state of myoglobin in crystals was controlled by single-crystal micro-
spectrophotometry before and after synchrotron data collection. Radiation-induced
changes were observed resulting in an unknown unstable intermediate H, which
by heating regenerates compound II. Based on the crystallographic and spectro-
scopic data, the authors suggest that for Mb compound II the observed Fe–O bond
length (1.86–1.90 Å) is consistent with that of a single bond, the presence of an
Fe(IV) center being indicated by Mössbauer spectroscopy. Since this long Fe–O
bond for compound II is also consistent with those measured for compound II of
HRP, catalases, and the isoelectric compound ES in CCP, the authors concluded
that this finding is probably a general feature of the compound II states and the
isoelectric compound ES states in heme proteins. However, recent EPR and
ENDOR studies of cryoreduced compound II of various peroxidases and myoglo-
bin216 suggest that the high-valent iron center of globin and HRP compounds II, as
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well as that of CCP compound I (CCP-ES), is [Fe(IV)=O]2+ and that its cryore-
duction produces [Fe(IV)–OH]+. This product is formed presumably because the
heme is linked to a distal-pocket hydrogen bonding/proton delivery network
through an H-bond to the “oxide” ligand. The data also indicate that Mb and HRP
compounds II exist as two major conformational substates.

3. Multifrequency EPR Spectroscopy: Identification and Reactivity
of Intermediates

EPR spectroscopy has been widely used for elucidating the electronic structure of
active sites in heme-containing proteins.21,217 As mentioned before, specific infor-
mation on the iron oxidation, spin state and coordination number can be obtained
from the low-temperature (4 K) EPR spectrum of the heme iron. Moreover, the
intermediates resulting from changes in the oxidation state of the heme iron and
formation of radical species can be monitored by EPR spectroscopy. RR and
EPR spectroscopies are fairly complementary techniques for the characterization
of hemes (see for example Ref. 218). The information inferred from the low-
temperature 9 GHz EPR spectrum of peroxidases in their resting (Fe(III)) state is less
detailed than that obtained from the RR spectrum (see previous section), although
EPR spectroscopy has proven to be important in elucidating long-range interac-
tions of amino acid residues with the heme iron.26 In the case of reactive interme-
diates, the distinct EPR spectra (g-tensors) and magnetic properties of the heme
iron and radicals involved, as well as the possibility of characterizing the radicals
formed as substrate products of the reaction, render the EPR technique particularly
advantageous.219 Heme peroxidases, in particular HRP and CCP, have been exten-
sively and thoroughly characterized by EPR spectroscopy. Comprehensive
reviews on the topic are available, and hence only selected aspects will be dis-
cussed in this section with the aim of highlighting putative new research direc-
tions. A very complete description of the full body of work on HRP and CCP can
be found in the book Heme Peroxidases, by Dunford.15

The 9 GHz EPR spectrum, recorded at 4 K, of the first committed intermedi-
ate in the catalytic cycle of HRP that is formed upon reaction of the Fe(III) enzyme
with hydrogen peroxide, shows a very broad EPR signal extending over about
2500 G (Figure 27). Such a broad spectrum is hardly detected at temperatures
higher than 30 K, due to relaxation broadening.220 It was necessary to combine
9 GHz EPR and Mössbauer spectroscopies to assign such an abnormal EPR spec-
trum to that of a porphyrin cation radical magnetically coupled to the ferryl iron,
the [Fe(IV)=O Por•+] species.221 The model proposed by Schulz and coworkers to
explain the unusually broad EPR spectrum considers that the effective g values of
the EPR spectrum depend on the interaction parameter (J), the zero-field splitting
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(D) of the oxoferryl iron, and the g values of the interacting species. To a first
approximation, when the Zeeman energy is small compared to the zero-field split-
ting, the effective g-values are given by

g||
eff = grad,

g⊥
eff = grad + 2 g⊥

Fe (J/D),

where grad is the g value of the isolated porphyrinyl radical (taken as isotropic
and approximately equal to 2.0, if considering the resolution of the 9 GHz EPR
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Figure 27. The 9 GHz EPR spectra, recorded at 4 K, of the [Fe(IV)=O Por•+] species formed
during the reaction of hydrogen peroxide with horseradish peroxidase (HRP), isoforms 1 and
3 of turnip peroxidase (TP1 and TP3), and ascorbate peroxidase (APX). In the case of the
W321F variant of M. tuberculosis catalase–peroxidase (W321F KatG), it was possible to trap
the otherwise short-lived [Fe(IV)=O Por•+] intermediate, when incubating the enzyme with
five-fold excess of isoniazid prior to the 2s mixing with 15-fold excess of peroxyacetic acid.31

The [Fe(IV)=O (tmtmp)•+] species was obtained upon addition of 10-fold excess of
m-cholorobenzoic acid in deuterated methanol to solutions of Fe(III) triflate [Fe(III)Tf(tmtmp)]
in methylene chloride or butyronitrile at −78° C.225 The experimental conditions used for the
spectra of HRP, TP1, TP3 and APX are the same as in Ref. 25.
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spectrum), g⊥
Fe represents the g component of the oxoferryl iron (g⊥

Fe = 2.28 and g||
Fe = 1.94),222 and D is the zero-field splitting parameter of the oxoferryl iron. The
EPR spectrum of the exchange-coupled species arises from the lowest of the three
Kramers doublets, which is well separated in energy from the other two, and can be
represented as an effective spin Seff = 1/2. A thorough description of the model and
its implications was provided by Hoffman and coworkers.223,224 It is of note that dif-
ferences in the strength of the exchange-coupling interaction (J) are reflected in the
different shapes of the EPR spectra of the [Fe(IV)=O Por•+] intermediates in perox-
idases, as illustrated in Figure 27. However, in all cases the overall width and tem-
perature dependence of the signals are very similar. Moreover, the estimated values
of J/D = 0.4, obtained by using the above-mentioned model and the observed effec-
tive g values (Figure 27) of the different peroxidases, agree well with a weak ferro-
magnetic interaction similar to that of the oxoferryl triflate π cation radical obtained
from the [Fe(III)Tf(tmtmp)] model complex.225 The EPR signal observed for the
[Fe(IV)=O Por•+] intermediate formed upon addition of hydrogen peroxide to the
isoforms of turnip peroxidase at basic pH shows a sharp central resonance at g = 2.0
with broad asymmetric wings, as in the case of HRP (Figure 27, top). In the cases of
ascorbate peroxidase226 and the turnip isoforms at acidic pHs,25 the [Fe(IV)=O Por•+]
intermediate shows an axial signal with the observed g⊥

eff between 2.56 and 3.4, and
g||

eff = 2.0 (Figure 27, bottom). The possible correlation of the sign (negative for anti-
ferromagnetic and positive for ferromagnetic) and strength of the exchange interac-
tion with the reactivity of the [Fe(IV)=O Por•+] intermediate remains to be explored.
In particular, this open question becomes relevant in the light of the remarkable dif-
ferences observed for the lifetimes of the [Fe(IV)=O Por•+] intermediates among dif-
ferent peroxidases, and the possibly correlated propensity to form subsequent
protein-based radical intermediates by intramolecular electron transfer, as in the case
of isoform 7 of turnip peroxidase at basic pH.25

CCP is an interesting example of such a case. The [Fe(IV)=O Por•+] interme-
diate is extremely short-lived, and readily converts to the [Fe(IV)=O Trp191

•+]
species (for a review, see Ref. 15). The electronic absorption spectrum character-
istic of the [Fe(IV)=O Por•+] species can be detected only when the site for the
formation of the Trp radical is removed, i.e. the W191F variant.227 Even in this
case, the transition from the [Fe(IV)=O Por•+] to the ferryl species is observed
within 8 ms.227 The mechanism for the selective stabilization of the porphyrin or
tryptophanyl radicals is not well understood. As shown in Figure 27, APX forms
a relatively stable [Fe(IV)=O Por•+] intermediate even though the proximal side
Trp, equivalent to Trp191 in CCP (see Figure 2), is conserved. From a compara-
tive study of the active site structure of APX and CCP, including mutations169 and
theoretical calculations,169,228 it was proposed that the electrostatic environment
and redox potentials of the porphyrin or the protein redox cofactors are responsible
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for the differences in the stabilities of the radicals. The 9 GHz EPR spectrum of
CCP upon reaction with hydrogen peroxide (Figure 28) is different from that of
HRP, APX and turnip peroxidase isoforms. The axial EPR signal (about 400 G
wide) observed at 9 and 35 GHz could be modeled by a weak exchange coupling
interaction between a tryptophanyl radical and the oxoferryl moiety,30 including a
distribution in J values, with ferro- and antiferromagnetic coupling.224,229 EPR and
ENDOR spectroscopies combined with site-directed mutagenesis studies unequiv-
ocally identified the site of the radical formation as Trp 191 (located on the proxi-
mal side of the heme cavity of CCP; see Figure 2). In a more recent study,
multifrequency (9–285 GHz) EPR spectroscopy and spectral simulations were used
to further characterize the [(Fe(IV)=O) Trp•+] intermediate in CCP.27 The trypto-
phanyl radical, having an exchange coupling interaction with the oxoferryl moiety,
could be modeled by a powder pattern spectrum with effective g values that depend
on the interaction parameters, the zero-field splitting (D) of the oxoferryl iron, and
the g values of the interacting species. The use of multiple frequencies (9, 95, 190
and 285 GHz) to record the EPR spectrum provided more strict constraints on the
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Figure 28. The 9 GHz EPR spectra, recorded at 4 K, of the [Fe(IV)=O Trp•+] intermediates
formed in M. tuberculosis catalase–peroxidase (MtKatG, radical site Trp321) upon reaction
with peroxyacetic acid31 and in cytochrome c peroxidase (CCP, radical site Trp191) upon reac-
tion with hydrogen peroxide.27 The 400 G-broad spectra of the Trp radicals reflect the
exchanged-coupling interaction with the ferryl iron. The two narrower (isolated) protein-based
radicals (shown in Figure 29) centered at g ≈ 2, which contributed to the central part of the
[Fe(IV)=O Trp321

•+] spectrum (top, black trace), were not formed when the enzyme was prein-
cubated with the isoniazid substrate prior to the reaction with peroxyacetic acid (top, gray
trace).
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spectral simulations. Moreover, by modeling the spin coupling as an anisotropic
interaction, instead of as a sum of isotropic exchange terms,224 it was possible to
obtain a representation which was consistent both with the frozen solution and the
single-crystal data. In addition, the inherently superior resolution of high-field EPR
spectroscopy permitted unequivocal identification of a transient tyrosyl radical
formed 60 s after the addition of one equivalent of hydrogen peroxide to the wild-
type CCP at 0 °C. The Tyr radical disappeared after 1 h incubation at 0 °C, unlike
the long-lived [Fe(IV)=O Trp191•+] intermediate. Accordingly, the ambiguities
about the “narrow” signal reported previously for CCP224,230,231 could be clarified by
the higher resolution of the g values at higher frequencies/higher fields.27

Other cases of peroxidases that form a short-lived [Fe(IV)=O Por•+] intermediate
are LIP232 and versatile peroxidases.233 These peroxidases together with MNP are the
fungal enzymes playing a key role in the ligninolytic cycle (for a review, see Ref. 15).
As in the case of CCP, multifrequency EPR and ENDOR studies have unequivocally
identified a Trp radical intermediate in versatile peroxidases,234 although the site for
the radical formation differs from that of CCP. In lignin peroxidase, structural
data235,236 and site-directed mutagenesis studies232 led to the proposal of a surface Trp
residue (Trp171) surrounded by negatively charged residues, as the oxidation site for
the substrate veratryl alcohol (VA). No direct evidence from EPR spectroscopy on the
formation of Trp171• species, or its reactivity with VA, has been reported to date, a
fact tentatively explained by the short-lived nature of the radical.237 No major differ-
ences are observed in the crystal structures of lignin235 and versatile238 peroxidases
that could explain the remarkably different stability of the Trp• in these two enzymes.
Hence, as in the case of CCP and APX, understanding the physicochemical proper-
ties that determine the stability and reactivity of the Trp radical intermediate remained
an open issue. Recently, an EPR characterization of LIP variants that were designed
to modify the microenvironment of the putative Trp• radical site, inequivocally
showed that the radical is formed on Trp171 and it is the reactive species with VA.239

Catalase–peroxidases constitute yet another case of enzymes in which porphyrin-
and protein-based radical intermediates with different stability have been detected.
These bifunctional enzymes are homodimeric, each monomer containing two
sequence-related domains but only the N-terminal domain binds the heme cofac-
tor.53,54,56,106 The overall structure of the N-terminal domain has similar topology
to that of CCP,53 yet these enzymes have a catalase-like activity comparable to
that of monofunctional catalases, in contrast to monofunctional peroxidases.
These unique features of KatGs, together with the fact that KatGs are considered
as ancestors of monofunctional peroxidases, render this family of heme enzymes
an appealing system in which to investigate the role of alternative electron trans-
fer pathways involving Trp and Tyr as alternative cofactors in the catalytic cycle
of peroxidases and catalases. A powerful combination of multifrequency EPR
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spectroscopy, isotopic labeling of tryptophan and tyrosine residues, and site-
directed mutagenesis has been applied to characterize the chemical nature of the
intermediates formed in the peroxidase-like reaction of KatGs from Synechocystis
PCC680326,240 and Mycobacterium tuberculosis.31,241–243 The formation of the
[Fe(IV)=O Por•+] species and two subsequent protein-based radical intermediates,
Trp• and Tyr•, was discerned by their distinct EPR spectra.240 Moreover, Trp106
was shown to be the unique site for the formation of the Trp• despite the high num-
ber of Trp residues in Synechocystis KatG.26 Trp106 belongs to a KatG-specific
short stretch of residues on the enzyme surface that results in the heme propionates
of KatGs being less surface-exposed compared to those of monofunctional perox-
idases. Kinetic studies on Synechocystis KatG using stopped-flow absorption
spectrophotometry showed that an [Fe(IV)=O Por•+] intermediate is formed upon
reaction with peroxyacetic acid (for a review, see Ref. 109). In the case of
M. tuberculosis KatG, comparative kinetic studies using stopped-flow electronic
absorption spectrophotometry showed that the [Fe(IV)=O Por•+] intermediate is
shorter-lived than that of Synechocystis KatG.244 Accordingly, the broad EPR spec-
trum of the [Fe(IV)=O Por•+] species in M. tuberculosis KatG could not be
detected,31 even when the rapid-mix freeze-quench technique was applied to pre-
pare the EPR samples.241 Interestingly, the short-lived [Fe(IV)=O Por•+] interme-
diate could be detected when M. tuberculosis KatG was incubated with isoniazid
prior to the reaction with peroxyacetic acid (see Figure 27, blue trace).31 The
assignment of the chemical nature of the radical intermediates formed in M. tuber-
culosis KatG based on EPR studies is controversial. Magliozzo and coworkers
assigned their 9 GHz EPR spectra of MtKatG to a tyrosyl radical species formed
on Tyr353, a residue which is not conserved in other KatG enzymes.242 Later, a
revised interpretation of the same 9 GHz EPR data together with the 130 GHz
EPR spectrum of the radicals led the same authors to propose the formation of a
Trp•, as a minority species to Tyr•.243 More recent studies by Ivancich and cowork-
ers, in which multifrequency (9–285 GHz) EPR spectroscopy combined with
selective deuterium labeling of Trp and Tyr residues was applied to investigate the
intermediates of the wild-type MtKatG and selected Trp variants, concluded that
two Trp• radicals are formed.31 Trp321, the same site as in cytochrome c peroxi-
dase, was identified as one of the radical sites in MtKatG.31 Accordingly, a broad
EPR signal was clearly detected in the 9 GHz EPR spectrum of M. tuberculosis
KatG (Figure 28). Comparison of the exchange-coupled Trp• spectra of M. tuber-
culosis KatG and CCP shows that they have a different line shape (see Figure 28),
an effect that is most probably explained by a different distribution of the ferro-
and antiferromagnetic components of the exchange coupling of the Trp radical
(see above). The narrow signal contributing to the central part of such a spectrum
(see Figure 28) was shown to arise from the other, not exchange-coupled Trp•
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species by using selective deuteration of Trp and Tyr residues and the higher res-
olution of g tensors at higher fields/higher frequencies (Figure 29). However, the
site for the formation of this (isolated) Trp• is not the same as in Synechocystis
KatG (see above). The differences observed between the two KatGs with regard
to the radical sites reveal that catalase–peroxidases are similar to the monofunc-
tional peroxidases in the stabilization of different radical intermediates.

For a long time, it has been considered that CCP was the exception among
heme peroxidases because the stable [Fe(IV)=O Trp•+] species is the oxidizing
intermediate in the reaction with the substrate cytochrome c. Such a reaction was
shown to require a well-defined electron transfer pathway245 between the unique
radical site, Trp191, and the binding site for cytochrome c on the surface.185

Nonetheless, CCP uses the short-lived [Fe(IV)=O Por•+] intermediate for the oxi-
dation of small molecules such as guaiacol, pyrogallol, aniline and mesidine that
can access the δ-meso heme edge through the solvent channel,246 like in all other
peroxidases. A recent crystal structure of CCP that was crystallized with bound
isoniazid showed that this aromatic molecule also binds close to the δ-meso heme
edge.247 Recent findings on the specific role of Trp radicals as oxidizing species in
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Figure 29. The high-field/high-frequency (10 T, 285 GHz) EPR spectra of the Trp• and Tyr•

formed in the wild-type (top, black trace) and W106A variant (top, gray trace) of Synechocystis
PCC6803 catalase–peroxidase, and wild-type M. tuberculosis catalase–peroxidase (bottom,
black trace) upon reaction with peroxyacetic acid. The spectra were recorded at 10 K, using
a frequency modulation of 30 kHz and a field modulation of 10 G. The (initial) sample con-
centration was 1 mM and 40 µL volume; a 15-fold excess of peroxyacetic acid was used for
the 10 s reaction performed in ice. The site for the radical in Synechocystis KatG is Trp106,26

so only the signal of the Tyr• with g values of gx = 2.0064(4), gy = 2.0040(5) and gz = 2.0020(8)
was detected in the W106A variant (top, gray trace).
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the reaction with substrates in other peroxidases and catalase–peroxidases31,232,236,248

support the hypothesis that, in heme enzymes, specific Trp (or Tyr) residues
can either play a role in facilitating electron transfer between redox cofactors249,250

or act as true intermediates in the peroxidase cycle.31 The reactivity of M. tuber-
culosis and Synechocystis KatGs with isoniazid was also carefully monitored
by using EPR spectroscopy in order to identify the intermediate responsible for
the oxidation of isoniazid.31,251 The results show that in Synechocystis KatG, the
isoniazid substrate can react readily with the [Fe(IV)=O Por•+] species.251 In con-
trast, in M. tuberculosis KatG the reactive species was shown to be the [Fe(IV)=O
Trp•] (Figure 30) formed subsequently to the [Fe(IV)=O Trp321

•+] intermediate.31

These findings indicate that, in both KatGs and monofunctional peroxidases,
the observed variability of Trp sites where the subsequent intermediates to the
[Fe(IV)=O Por•+] can be stabilized, appears to be correlated with differences in
substrate binding sites.

III. Superfamily of Animal Peroxidases

Animal peroxidases are classified in a separate superfamily, which is often
indicated as the superfamily of mammalian peroxidases for historical reasons.
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Figure 30. Scheme of the intermediates, detected by multifrequency EPR spectroscopy, in
M. tuberculosis KatG upon reaction with peroxyacetic acid (PAA). The electronic structure of
the intermediates included in the scheme is based on the direct detection and characteriza-
tion of the corresponding EPR spectra, with the exception of the [Fe(IV)=O] species, which
is EPR-silent (integer spin). Yet, it is possible to infer the formation of the missing signal
when comparing the Fe(III) conversion and the yield of the detected intermediates. The Trp•

not exchange-coupled (circled in blue) was concluded to be the reactive species for the
peroxidase-like reaction of MtKatG with isoniazid as a substrate.31
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The superfamily includes myeloperoxidase (MPO), eosinophil peroxidase (EPO),
lactoperoxidase (LPO) and thyroid peroxidase (TPO). Both MPO and EPO are
involved in the immune system response. MPO is produced by neutrophil cells
and released during phagocytosis, whereas EPO is secreted by eosinophil cells.
LPO can be found in milk and other fluids. All of these proteins react with H2O2

and form intermediate compounds, which are related to those already discussed in
the section describing plant peroxidases. The specific electron donors are small
inorganic anions, and particularly chloride, bromide and thiocyanate. The result-
ing acids, HOCl, HOBr and HOSCN, have a strong antimicrobial activity. The
production of these reactive species is considered to be the biological function of
MPO, EPO and LPO. Thyroid peroxidase has a different function, being involved
in the synthesis of thyroid hormones. Both the chemical properties and the bio-
medical aspects of animal peroxidases have been reviewed in recent articles.252–254

A. Covalent Links and Heme Structure

From the chemical point of view, the most noteworthy structural property of
animal peroxidases is the presence of covalently linked heme cofactors. The Fe-
protoporhyrin IX tetrapyrrole ring is bound to the protein matrix by chemical
bonds at rings A and C. The protein–heme link is the result of posttranslational
modifications, the mechanisms of which are currently being clarified.255

MPO is a unique case, bearing three covalent bonds (Figure 31): an ester bond
at ring C, resulting from oxidation of methyl 5 and esterification to an aspartate
side chain (Asp94); a similar ester bond at ring A between methyl 1 and a gluta-
mate residue (Glu242); an unusual sulfonium bond (also at ring A) between the
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Figure 31. (A) Heme structure and porphyrin–protein linkages in human glycosilated
myeloperoxidase according to the coordinate file 3F9P.261 H-bonding between the NH2 group
of Asn 421 and anionic His336 has been proposed. Covalent bonding between heme and
Glu242 is limited to 20% of the molecules. (B) Heme structure and porphyrin–protein link-
ages in human myeloperoxidase according to the coordinate file 1CXP.259 In this structure,
Asn421 is H-bonded to neutral His336 through its amide carbonyl.259,269 (C) Structure of the
active site259 of bovine LPO (2GJM).263 The numbering of the residues follows that of MPO.
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b-carbon atom of vinyl 2 and a methionine residue (Met243). Both LPO256 and
EPO257 have two covalent bonds, namely, ester bonds between methyl 1 and
Glu242 (MPO alignment number) and between methyl 5 and Asp 94 (Figure 31).

There are several effects of the covalent links on the heme structure that
can be clearly seen by spectroscopy and X-ray crystallography: distortion from
planarity, symmetry lowering, and changes in the electronic structure.

B. X-Ray Structures: An Overall View

X-ray structures of MPO have been published for one glycoform of canine258 and
human origin.259,260 In the X-ray structure of human MPO obtained at −180 °C
with 1.8 Å resolution (Figure 31B),259 the heme tetrapyrrole ring appears to be
considerably distorted from planarity, since rings A and C are tilted toward the
protein distal side. The iron atom is slightly displaced toward the proximal side
(0.2 Å below the line connecting the N atoms of rings B and D), and is coordi-
nated with the proximal His residue (His336) with a bond length Fe–N = 2.19 Å.
The imidazole ring of His336 is H-bonded with Asn421, at variance with plant
peroxidases where the proximal His is H-bonded with the carboxylate group of an
Asp residue (see Figure 2). In all the MPO structures, the distal heme cavity con-
tains not only the His/Arg couple (His95, Arg239), which is common to plant
peroxidases, but also a glutamine residue (Gln91). Moreover, a network of water
molecules has been localized in the distal cavity. The water molecules are H-
bonded with the distal residues, a heme propionate on ring C, and between them-
selves. One of them lies at 2.9 Å from both His95 nitrogen and the heme iron,
which suggests H-bonding to the histidine and weak coordination to the iron.

The very recent crystal structure of a mixture of MPO glycoforms (hMPOm),
obtained directly by purification from human leukocytes, exhibits several signifi-
cant differences compared to previous MPO structures reported in the literature.261

The variations include heme-to-protein linkages, sites and extent of glycosylation.
First of all, X-ray modeling, cross-checked by molecular dynamics simulations,
gave new insights into the interaction between proximal His336 and Asn421,
strongly suggesting that the imidazole of His336 could be present as imidazolate.
Moreover, it was underlined that the His–Asn–Arg interaction is important in the
maintenance of both the proximal and the distal heme cavity architecture as well
as the catalytic properties of MPO. Upon replacing Asn421 by Asp, a 10 nm blue
shift of the Soret band was observed in the UV-vis spectrum, as well as complete
loss of the chlorination activity. Another difference with published MPO struc-
tures concerns the heme-to-protein bonds in hMPOm. On the basis of the electron
density maps, two alternative conformations of the side chain of Glu242 are sug-
gested. In hMPOm the majority of the ester bond with Glu242 is broken, whereas
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both the sulfonium ion linkage and the second ester bond are fully present.
Therefore, the heme is still considerably distorted, but flatter compared to the
other published structures (Figure 31A).

Structures of bovine LPO, both in the resting state and as a complex with
SCNO,262 goat LPO,256 buffalo LPO (2GJM)263 and its complex with SCN−,264 have
recently become available. The heme cofactor in LPO is less distorted than in
MPO (Figure 31C), mainly because of the absence of the covalent link with Met
at ring A. The Fe–His bond length and the Fe–distal water distance are 2.14 Å and
2.65 Å, respectively.256 The proximal His is H-bonded with the Asn437 residue,
which corresponds to the Asn421 of MPO. A comparison between the structure of
the SCN− complex of (bovine and buffalo) LPO and that of the SCN− complex of
(human) MPO260 has led to the suggestion that the structural determinant for the
substrate specificity of LPO, i.e. preference for the oxidation of SCN− rather than
halides, is the conformation of the loop which extends from Arg418 to Phe431.

C. Resonance Raman and Electronic Absorption Spectroscopies

In a previous edition of The Porphyrin Handbook, Kincaid extensively reported
the RR data obtained on the various mammalian peroxidases, including the Fe(III)
and Fe(II) states, their exogenous ligand adducts and catalytic intermediates.172

Therefore, in this chapter we focus on the new results obtained in the last decade.
The electronic absorption spectrum of MPO has been known to be anomalous

since the first protein preparations became available.265 The Soret band maximum
lies at 428 nm, the α and β bands at 570 and 622 nm, respectively, and the CT1
band at 690 nm. All these maxima are markedly redshifted compared with the
wavelengths of both high- and low-spin Fe(III) heme-containing proteins.
Clarification of the origin of the red shift could be obtained with the aid of site-
directed mutagenesis combined with electronic and RR spectroscopies. This is
best illustrated (Figure 32) by the spectral properties of the MPO mutant, where
Met243 is substituted with Thr. Mutation of the Met243 residue prevents the for-
mation of the sulfonium heme–protein link.266–268 In particular, the absorption and
magnetic circular dichroism spectra of the M243T mutant and of its CN com-
plexes become similar to those of other heme proteins. Recently, the comparison
between the RR spectra of wt MPO and M243T269 showed that the iron coordina-
tion is the same in the two proteins, since the v3 core-size marker band frequency
indicates a 6cHS heme (the v2 marker band frequency is not coincident with that
expected for such a spin state, since it is coupled to the stretching mode of the
vinyl groups, which are quite different in the two proteins). In spite of the com-
mon coordination, the RR intensities are quite different, and in particular: (i) the
RR spectrum of MPO shows intense bands due to nontotally symmetric modes,

432 Smulevich et al.

b867_Vol-06_Ch-31.qxd  6/10/2010  4:44 PM  Page 432



31/Structure–Function R
elationships A

m
ong H

em
e Peroxidases

433

Figure 32. (Left) Electronic absorption and RR spectra of Fe(III) LPO and MPO. The intensity in the visible region is expanded four-fold. The
spectra in the Soret region have been shifted along the coordinate axis to allow better visualization. (Right) Electronic absorption and RR spec-
tra in the high-frequency region of Fe(III) MPO and its Asp94Val, Glu242Gln and Met243Thr mutants. (Adapted from: Zederbauer, M.;
Furtmueller, P. G.; Brogioni, S.; Jakopitsch, C.; Smulevich, G.; Obinger, C. Nat. Prod. Rep. 2007, 24, 571–584. Reproduced by permission of The
Royal Society of Chemistry.)
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e.g. v12, v11, v19 and v10, which suggest that the heme macrocycle symmetry is low-
ered to C2, with the C2 axis perpendicular to the heme plane; (ii) the spectrum of
M243T is dominated by totally symmetric modes, indicating a heme with D4h pseu-
dosymmetry. However, the combined analysis of the RR spectra of M243T,
Glu242Gln and Asp94Val mutants demonstrates that the heme is distorted to some
extent even in the absence of the sulfonium linkage, possibly owing to the residual
covalent linkages with Asp and Glu which contribute to the distortion from the pla-
nar conformation and the lowered symmetry. In fact, despite the absence of the sul-
fonium linkage in the Met243 variant, its RR spectra retain some unusual features
compared to other heme proteins, such as a remarkable enhancement of several out-
of-plane low-frequency modes. Fe(II) MPO maintains the spectroscopic complexity
observed for the Fe(III) form. In fact, the electronic absorption spectrum is rather
unique, being red-shifted with respect to other heme proteins, with a Soret maximum
at 472 nm. Concomitantly, its vibrational spectrum is very complex. Moreover, as
for the Fe(III) form, mutation of the D94, E242 and M243 alters the spectroscopic
features of the corresponding Fe(II) species, causing a blue-shift of the Soret band
with a concomitant reduction in the complexity of the Raman spectra.266–268,270,271

Both the absorption spectra253 and the RR spectra272 of the resting state of LPO
are similar to those of “regular” hexacoordinated heme proteins, e.g. Fe(III)
myoglobin (Figure 32).

In contrast with Fe(II)MPO, the Fe(II) state of LPO displays a time-depend-
ent equilibrium between multiple species. The presence of multiple Fe(II)LPO
species has been demonstrated by magnetic circular dichroism,273 and by elec-
tronic absorption spectroscopy and ligand-binding kinetics.274,275 A recent RR
spectroscopy study276 has allowed the characterization of three different forms of
Fe(II)LPO on the basis of their v(Fe–His) stretching frequencies. In particular, the
species with absorption maxima at 444, 432 and 425 nm display a v(Fe–His) band
at 254, 221 and 227 cm−1, respectively (Table 7 and Figure 33). The species with
the weakest Fe–Im bond [v(Fe–His) at 221 cm−1] does not appear immediately, but
develops with time. An interesting finding is that the M243T and M243V MPO
mutants exhibit a similar behaviour, whereas mutations at D94 and E243 yield a
single, stable Fe(II) form with a v(Fe–His) at 243 cm−1,276 similar to the band
observed in wt MPO at 246 cm−1 (Figure 34).277 Therefore, only the presence of
the sulfonium linkage in MPO prevents the slow conformational change observed
for Fe(II)LPO; when it is absent Fe(II) MPO is less stable.

In the low-frequency region both MPO and LPO are characterized by v(Fe–His)
stretching frequencies at markedly high frequencies (248–255 cm−1), with the
v(Fe–His) of LPO being slightly higher than the v(Fe–His) of MPO.163,271 This fairly
high RR frequency suggests a substantial imidazolate character of the proximal his-
tidine which could not be justified by the X-ray structures since the H-bond acceptor
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in animal peroxidases was found to be the amide oxygen of a conserved Asn.253 At
present, the crystal structure of hMPOm together with molecular dynamics simula-
tions support the RR findings which suggest that a neutral proximal histidyl imida-
zole would have unfavorable H-bonding interactions, whereas a deprotonated
His336 would strengthen the Fe–imidazole bond.261 The authors suggest that in ani-
mal peroxidases the NH2 group of the Asn421 (MPO numbering) is oriented toward
the unprotonated Nδ of the proximal His, while its carbonyl group interacts with the
(positively charged) guanidinium group of Arg333 (Figure 31A).

RR spectroscopy of the CO complex of MPO has not been performed, since
MPO is one of the very few examples of heme proteins which cannot bind CO,*
contrasting with EPO274 and LPO.278

RR spectroscopy of EPO has been performed both on the isolated enzyme and
on eosinophil granulocytes.279 The analysis of the spectra, which were obtained
using a micro-Raman spectrophotometer with excitation wavelengths at 413.1,
514.5 and 660 nm, has demonstrated that the coordination of Fe(III)EPO is the
same as that of Fe(III)LPO.
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Table 7. Electronic absorption maxima (nm) and resonance Raman frequencies (cm−1) of the
different Fe(II) forms observed for LPO, MPO, and its Met243Thr, Met243Val, Asp94Val and
Glu242Gln mutants. From Ref. 276.

Species I Species II Species III

UV-vis RR UV-vis RR UV-vis RR
Soret v(Fe–Im) Soret v(Fe–Im) Soret v(Fe–Im)

LPO 444 nm 254 cm−1 432 nm 221 cm−1 425 nm 227 cm−1

pH = 8.5 pH = 8.5 pH = 8.5
t = 0 t = 60 min. t = 0

pH = 5.0 pH = 6.0

M243T MPO 445 nm 248 cm−1 433 nm 232 cm−1

t = 0 t = 10 min.

M243V MPO 450 nm 248 cm−1 434 nm 232 cm−1

pH = 9.0 pH = 9.0
t = 0 t = 15 min.

pH = 7.0

D94V MPO 474 nm 243 cm−1

E242Q MPO 458 nm 243 cm−1

MPO 474 nm 246 cm−1

*Very weak CO binding to MPO has been recently demonstrated by differential Fourier transform
infrared spectroscopy. (Murphy, E. J.; Marechal, A.; Segal, A. W.; Rich, P. R. Biochemistry 2010, 49,
2150–2158.)
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D. Catalytic Intermediates

1. Resonance Raman and Electronic Absorption Studies

The reactive intermediates of animal peroxidases have only been partially charac-
terized by means of RR spectroscopy, due to their instability. No new experiments
have been performed recently and the complete set of available data has been
already reported in the previous Handbook series.172 The rapid-scan electronic
absorption spectra of the reaction of MPO with hydrogen peroxide are shown in
Figure 35.252 The Fe(III) spectrum (bands at 430, 570 and 690 nm) displays sig-
nificant spectral changes upon addition of a 10-fold excess hydrogen peroxide
(hypochromicity of the Soret band and appearance of a charge-transfer band at
625 nm). These variations, observed within 100 ms, were assigned to the
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Figure 33. From left to right: Absorption, second derivative absorption, and resonance
Raman spectra of Fe(II) lactoperoxidase at pH 8.5, 6 and 5. The set of spectra at pH 8.5
demonstrates the slow conformational change occurring in the first hour after sample reduc-
tion. The absorption maxima/shoulders for the different species, and the corresponding
frequency of the v (Fe–Im) stretching bands, are marked.
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[Fe(IV)=O Por•+] intermediate (compound I). Further spectral changes (shift of the
Soret band to 456 nm and increase in intensity of the band at 625 nm) were
assigned to the ferryl intermediate (compound II). The spectrum characterized
by a Soret band at 453 nm and a CT band at 625 nm was assigned to the oxygen
complex, often termed “compound III.”

Optical spectroscopy has been performed for MPO in the ferryl oxidation state
(compound II)280 at pH 7.0 and 10.7, giving evidence of two distinct ferryl species
at neutral and alkaline pH with a pKa of about 9. The two species are character-
ized by different electronic absorption spectra. However, the corresponding
features in the RR spectra could not be detected. In fact, an isotopic 16O/18O shift
was present only in the spectra at pH 10.7, which allowed assignment of a band at
782 cm−1 to the Fe=O stretching mode.

The RR spectra of the ferryl intermediate (compound II) was reported for LPO
at pH 6.8; the intermediate was stable for 2–3 min under laser irradiation. A note-
worthy feature is the very low frequency (745 cm−1) of the Fe=O stretching
band.199 Furthermore, the frequency of the Fe–O2 stretching band (531 cm−1) in
compound III is particularly low in LPO.281
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Figure 34. Resonance Raman spectra of Fe(II) myeloperoxidase and of its mutants D94V,
E242Q and M243T. In this last mutant, a slow conformational change — similar to the
lactoperoxidase case — occurs in the first hour after sample reduction. The frequency of the
v (Fe–Im) stretching band is marked.
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2. Multifrequency EPR Spectroscopy Combined with Stopped-Flow
Electronic Absorption Spectrophotometry

The recently available X-ray crystal structures of bovine (PDB entry 2GJ1) and
caprine256 LPO obtained at 2.34 Å and 2.4 Å resolution, respectively, confirmed
the previous proposal of a deeply buried heme site.282 The channel allowing the
access of substrates from the enzyme surface to the distal side of the heme in
caprine LPO is cylindrical in shape, with a diameter of approximately 6 Å.256 The
structures of the enzyme complexed with thiocyanate (PDB entry 2IPS), 2-
hydroxybenzohydroxamic acid (also known as salicylhydroxamic acid) (PDB
entry 2QPK) and acetylsalicylic acid (PDB entry 2QQT) have also been deposited
and reveal a substrate binding site on the heme distal side, in close contact with the
iron and the distal histidine. Such a binding site is favorable for a heme-edge type of
reaction with aromatic (or small) substrates, typical of peroxidases.158,159 Kinetic
studies on the reaction of LPO with hydrogen peroxide283 and hypochlorous acid119

led to the conclusion that the [Fe(IV)=O Por•+] species was the reactive interme-
diate. Indirect evidence for the formation of protein-based radical species as iso-
mers of the [Fe(IV)=O Por•+] intermediate was reported. In one case, spin-trapping
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Figure 35. Absorption spectra of redox intermediates of myeloperoxidase at pH 7.0: Fe(III)
protein (black and bold), compound I (gray), compound II (black and thin) and compound III
(gray dashed line). In addition, Fe(II) MPO is shown (black dashed line). (Reprinted from Arch.
Biochem. Biophys. 2005, 445, 199–213. Furtmüller, M.; Zederbauer, M.; Jantschko, W.;
Helm, J.; Bogner, M.; Jakopitsch, C.; Obinger, C. Active site structure and catalytic mecha-
nisms of human peroxidases.  2005, with permission from Elsevier.)
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experiments indicated the formation of one protein radical, and Mass Spectrometry
analysis showed that a surface residue, Tyr289, was the cause of the enzyme
dimerization, via a dityrosine crosslink.284 Kinetic studies of the LPO reaction
with p-substituted phenols showed that the enzyme reactivity was correlated with
the redox potential of these substrates.285 These authors invoked a tyrosyl radical
intermediate to explain the very low enzyme reactivity, measured at pH 5 for p-
substituted phenols containing an amino group.285 More recently, multifrequency
(9–285 GHz) EPR spectroscopy combined with stopped-flow electronic absorp-
tion spectrophotometry was applied in order to directly detect the radical(s) and
unequivocally determine their electronic nature and microenvironment, as well as
their putative catalytic competence in the reaction of milk LPO with hydrogen per-
oxide as a function of pH.219 The use of high frequency/high field (285 GHz/10 T)
to record the EPR spectrum provides enhanced resolution of the g tensor compo-
nents (g values) of organic radicals, which are unresolved in the EPR spectrum
recorded at conventional (9 GHz) frequencies. In particular, Tyr• and Trp• can be
clearly discerned from their 285 GHz EPR spectrum, based on the higher g
anisotropy (defined as ∆g = gZ – gX) of Tyr radicals (as illustrated in Figure 29).
Further information about the microenvironment of the protein-based radical can
also be obtained from the 285 GHz EPR spectrum, since the gx value of tyrosyl
radicals is sensitive to the presence of H-bonds or positively charged residues.218

The high-field EPR spectrum of LPO upon reaction with five-fold excess hydro-
gen peroxide showed the predominant signal of a Tyr•, with g values of gx =
2.0077(0), gy = 2.0039(5) and gz = 2.0020(8) at pH = 8.0, and of gx = 2.0066(2),
gy = 2.0039(5) and gz = 2.0020(8) at pH ≤ 7.5 (Figure 36, left panel). The corre-
sponding EPR spectra recorded at 9 GHz showed differences in the (unresolved)
proton hyperfine couplings of Tyr• (Figure 36, central panel) that were consistent
with the changes observed at the higher frequency. Taken together, the differences
in gx values (detected in the 285 GHz EPR spectra) and the proton hyperfine cou-
plings (detected in the 9 GHz EPR spectra) were indicative of two chemically dif-
ferent Tyr radicals as a function of pH. Accordingly, a single Tyr with a
pH-dependent microenvironment or, alternatively, two Tyr with different microen-
vironments are consistent with the EPR spectra. Interestingly, the different
microenvironment of Tyr• could be related to the reactivity of the radical (see
below), as has been shown in the case of the TyrD and TyrZ radicals in photosys-
tem II.286 Another feature revealed by the 285 GHz EPR spectrum of LPO upon
reaction with hydrogen peroxide was the additional intensity contributing to the
gy–gz spectral region of the Tyr• signal. The narrower signal agreed well with that
expected for Trp•, as observed in the cases of Synechocystis and M. tuberculosis
KatGs (see Figure 29). Such a less anisotropic signal was better observed in the
HF EPR spectrum of a commercial LPO sample at pH 6.8 (Figure 36, left panel,
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bottom spectrum), for which the 9 GHz EPR spectrum (Figure 36 central panel,
bottom spectrum) showed an overall broader signal and different shape, both spec-
tra indicating a higher yield of the Trp• signal (relative to the Tyr• signal) in this
sample. The difference in relative yields of the Tyr and Trp radicals may be related
to variations in purification steps reflecting different contents of the enzyme iso-
forms. The absence of the broad signal (2500 G overall width) consistent with the
[Fe(IV)=O Por•+] intermediate (see Section II.F.3) in the 9 GHz EPR spectrum of
lactoperoxidase was clearly explained by the complementary kinetic information
obtained from the rapid-scan electronic absorption spectra of the reaction of LPO
with hydrogen peroxide, in conditions (pH and mixing temperature) comparable
to those of the EPR experiments (Figure 36, right panel). Accordingly, the
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Figure 36. The 285 GHz (left panel) and 9 GHz (central panel) EPR spectra of the Trp• and
Tyr• intermediates formed by the reaction of lactoperoxidase with five-fold excess hydrogen
peroxide at 0 °C and as a function of pH (4 = pH = 10). For both frequencies, the spectra
obtained at pH 8 (left and central panels, top; gray trace) are representative of all spectra
obtained for samples at basic pH values (pH = 8), and the spectra at pH 5 (left and central
panels, middle; black trace) are representative of those obtained at neutral and acidic pH val-
ues (4 = pH = 7.5). The signal with smaller g anisotropy (∆g = gz − gx = 0.0014) and con-
tributing to the gy–gz region of the Tyr• spectrum (∆g = gz − gx = 0.0044) recorded at 285 GHz
(left panel, top; black trace) was totally consistent with the expected g values of a Trp•, as
shown in the case of Synechocystis KatG (Figure 29). Such a signal was clearly observed in
the commercial lactoperoxidase sample (left panel, bottom; black thin trace) due to the dif-
ferent relative yield of Trp• and Tyr• species. The right panel shows rapid-scan electronic
absorption spectra of the reaction of lactoperoxidase with five-fold excess hydrogen peroxide
at 5 °C and monitored up to 5 s. The experiments were carried out at pH 8 (top) and pH 5
(bottom). Selected representative spectra are shown. The resting (Fe(III)) enzyme is shown in
black, the [Fe(IV)=O Por•+] in green, the transition to the ferryl species in blue and the ferryl
intermediate in red. Experimental conditions are described in Ref. 219.
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[Fe(IV)=O Por•+] intermediate (hypochromicity of the Soret band and shift of the
CT band to 660 nm) was shown to be formed within 35 ms at pH 8 and 100 ms at
pH 6 (Figure 36, right panel, thick green trace) and the transition to the ferryl-like
spectrum (shift of the Soret band to 433 nm and two distinct new CT bands at
536 nm and 566 nm) was achieved within 2 s, which is the mixing time used in the
EPR experiments. It is important to note that the electronic absorption spectrum
of an [Fe(IV)=O] intermediate as observed in the case of HRP (see Figure 25) is
indistinguishable from that of an [Fe(IV)=O Tyr•] or [Fe(IV)=O Trp•] species,
because the bands corresponding to Tyr• (405–410 nm) and Trp• (510–560 nm) are
completely masked by the heme bands.287,288 Information obtained from the EPR
spectra and the rapid-scan electronic absorption spectra of the reaction of LPO
with hydrogen peroxide unequivocally allowed one to clearly identify the short-
lived [Fe(IV)=O Por•+], [Fe(IV)=O Trp•] and [Fe(IV)=O Tyr•] intermediates, and
a final [Fe(IV)=O] species (Figure 37).

The combination of EPR and stopped-flow measurements was also used to char-
acterize the reaction of LPO with two types of substrates (small aromatic vs. bulkier
organic molecules). Two different mechanisms for substrate oxidation were distin-
guished in LPO.219 The [Fe(IV)=O Por•+] intermediate was shown to be responsible
for the oxidation of o-dianisidine, o-anisidine, and benzohydroxamic acid via a
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Figure 37. Scheme of the catalytic intermediates, detected by combining multifrequency
EPR spectroscopy and stopped-flow electronic absorption spectrophotometry in lactoperoxi-
dase. The global view of the crystal structure of lactoperoxidase, highlighting the five tyrosine
residues identified as candidates for the radical site based on the high-field EPR spectroscopy
studies, is also shown. Tyr433 and Tyr468 are close to the surface, and Tyr7 and Tyr71 are
directly exposed on it; Tyr177 is located deeper in the protein, adjacent to a putative second-
ary access channel. The deeply buried heme site is partially visible at the end of the narrow
access channel. The figure was prepared using the coordinates deposited in the Protein Data
Bank (accession code 2GJ1). The [Fe(IV)=O Por•+] intermediate was shown to be the reactive
species with bezohydroxamic acid (BHA) and small substrates, while the oxidation of ABTS
by the [Fe(IV)=O Tyr•] intermediate was favored at pH 5.
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heme-edge reaction, and of mitoxantrone (1,4-dihydroxy-5,8-bis[2-(2-hydroxyethy-
lamino)ethylamino]-anthracene-9,10-dione) via long-range electron transfer (favored
at pH 8), but not involving the [Fe(IV)=O Tyr•] intermediate. It is important to note
that a very recent paper discussing the crystal structures of milk lactoperoxidase com-
plexes with benzohydroxamic acid concluded that the proximity of the oxygen atom
of the hydroxyl group of this substrate to the heme iron (a distance of 3.3 Å) and
apparent displacement of water molecules of the heme distal side would block the
peroxide binding site and prevent enzymatic action.289 Such a conclusion is at odds
with the stopped-flow measurements, since these experiments clearly demonstrated
that the [Fe(IV)=O Por•+] intermediate readily reacted with benzohydroxamic
acid.219 Accordingly, care must be taken when concluding about enzymatic reactions
based on a static view of the enzyme and the substrates. Interestingly, it was shown
that at pH 5 the formation of the [Fe(IV)=O Tyr•] intermediate was in competition
with the oxidation of mitoxantrone, and that this intermediate was responsible for
the efficient reaction with ABTS (2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid).219 In conclusion, lactoperoxidase showed similarities to cytochrome c peroxi-
dase, lignin peroxidase and catalase–peroxidases with regard to the formation of
protein-based radical intermediates as alternative oxidation species for substrates
that cannot access the heme site (Figure 37).
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Preface

Although the porphyrin and tetrapyrrole research area was regarded as “fully
matured” during the 20th century, as evidenced for example by the awarding of
numerous Nobel Prizes to its principal researchers, new advances and accom-
plishments in the field still amaze us as editors. The area continues to blossom and
to expand into new areas of science and applications that would probably never
have occurred to our 20th century heroes. An earlier Porphyrin Handbook assem-
bled the large amount of factual data that had been accumulated during the 20th

century. Our new venture, the Handbook of Porphyrin Science takes a completely
new look at our research area and comprehensively details the contemporary sci-
ence now appearing in the scientific literature that would indeed have been hard
to predict even 10 years ago. In particular, fundamentally new methodologies and
potential commercial applications of the beautiful compounds that we all love are
exemplified, fully recognizing the subtitle of the series — “with applications to
chemistry, physics, materials science, engineering, biology and medicine”.

The three of us have complementary expertise in physical chemistry, synthetic
and bioorganic chemistry, and in synthetic and mechanistic organometallic chem-
istry; this has enabled us to cover the whole field of porphyrin science and appli-
cations, and to devise comprehensive volume and author content. As of the date of
writing, between the three of us, we have published more than 1600 tetrapyrrole
research articles, and hold 31 patents related to commercial applications of por-
phyrin science. So we do know our field, and this has enabled us to assemble a first-
rate group of experts who have written comprehensive up-to-date chapters with
accuracy and authority; we thank our authors for their cooperation and willingness
to go along with our highly ambitious schedule for production of these volumes.

We look forward to comments from our readers, and to suggestions that might
enable us to expand our basic interests and scientific coverage even further.
Meanwhile, we hope that porphyrin researchers, old, new and of the future, will
enjoy reading these volumes just as much as we enjoyed planning and, with the
help of World Scientific Publishing Company, producing them from manuscript to
published article, in a timely manner.

Karl M. Kadish (Houston, Texas, USA)
Kevin M. Smith (Baton Rouge, Louisiana, USA)

Roger Guilard (Dijon, Bourgogne, France)
January, 2010
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I. Introduction

Heme proteins play important roles in various aspects of biological processes,
which include oxygen transport in hemoglobin, oxygen storage in myoglobin,
electron transfers in various cytochromes, disproportionation of hydrogen perox-
ide in catalase, and oxidation of organic substrates in cytochrome P450.1–3 Figure 1
shows an example of enzymatic reactions, i.e. oxidation of organic substrates cat-
alyzed by cytochrome P450.4–9 The active site of cytochrome P450 contains a heme,
the iron of which is connected to the protein via a thiolate linkage of a cysteinate
residue. In the resting state of cytochrome P450, the iron adopts a six-coordinate
ferric low-spin state (A), FeIII(S = 1/2), with water as a sixth axial ligand.
However, once organic substrate is incorporated into the substrate binding pocket,
all the water molecules in the pocket are excluded and consequently the iron adopts
the five-coordinate ferric high-spin state (B), FeIII(S = 5/2), with cysteinate as the
sole axial ligand. The redox potential increases on going from the six-coordinate
low-spin state to the five-coordinate high-spin state, which makes the reduction of
iron(III) much easier. As a result, the five-coordinate ferric high-spin state is con-
verted to the five-coordinate ferrous high-spin state (C), FeII(S = 2), having cys-
teinate as an axial ligand. Next follows the oxygen-binding step. Thus, the
addition of dioxygen to the high-spin ferrous heme leads to the formation of an
oxygen-bound diamagnetic species, which is considered to adopt either a six-
coordinate ferrous low-spin state with dioxygen (O2) as the sixth axial ligand (D),
FeII(S = 0), or a six-coordinate ferric low-spin state with superoxide anion radical
(O2

•−) as the sixth ligand (D′), FeIII(S = 1/2); O2
•− (S = 1/2). In the latter case, the

observed diamagnetism could be explained in terms of the strong antiferromag-
netic coupling between FeIII(S = 1/2) and S = 1/2 superoxide anion radical. After
the second one-electron reduction, the heme adopts a very labile six-coordinate
ferric low-spin state, FeIII(S = 1/2), with peroxide (O2

2−)(E) or hydroperoxide(F) as
the sixth ligand. The latter complex receives a proton and releases a water molecule

32/Electronic and Magnetic Structures of Iron Porphyrin Complexes 3
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to form what is called compound I, a reactive intermediate which is believed to
be a six-coordinate low-spin FeIV = O species with porphyrin cation radical(G),
[(FeIV = O)(Por.)]+.10–17 The oxygen is then transferred from the reactive interme-
diate to the organic substrate to form an alcohol.

As this example shows, the iron porphyrin complexes change their electronic
and coordination structures during the enzymatic reaction. Each of the iron por-
phyrin complexes plays a crucial role in each step of the catalytic cycle by utiliz-
ing the physicochemical properties specific to the heme. Thus, it is very important
to reveal the detailed physicochemical properties of various iron porphyrin com-
plexes with different electronic and coordination structures. For these purposes,
the use of model complexes is quite important because one can characterize them
by means of a number of techniques such as UV–vis, IR, CV, NMR, EPR,
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resonance Raman, CD, MCD, Mössbauer, SQUID, EXAFS, and X-ray crystallog-
raphy.18,19 In addition, these measurements, which are sometimes difficult to
perform in proteins, can be done even under extreme conditions Among the tech-
niques mentioned above, 1H and 13C NMR spectroscopy are particularly useful,
since they provide detailed information on the electronic structures of the com-
plexes in solution at various temperatures.20–31 This is because the half-occupied
iron 3d orbital interacts with the specific σ and π molecular orbitals of the por-
phyrin and increases the spin density at the specific carbon and nitrogen atoms of
the complex. Consequently, the 13C NMR signals of the carbon atoms with large
spin density appear at extremely upfield or downfield positions. Similarly, the 1H
NMR signals of the hydrogen atoms directly attached to the carbon atoms with
large spin density are observed outside of the so-called diamagnetic region, i.e.
0–10 ppm. Thus, one can determine which 3d orbitals of the iron have unpaired
electrons by an analysis of the observed 1H and 13C NMR chemical shifts. In other
words, the chemical shift can be an excellent probe for revealing the electronic
structure of paramagnetic iron porphyrin complexes.

Through extensive studies using various spectroscopic, magnetic, and struc-
tural analyses, it is now clear that the spin states of iron porphyrins are controlled
by the nature and number of axial ligands, electronic effects of peripheral sub-
stituents, deformation of the porphyrin ring, etc.25,26,28–35 In the case of low-spin
iron(III) porphyrins, while the six-coordinate complexes carrying axial ligands
with strong field strength (such as imidazole and cyanide) exhibit a low-spin (S =
1/2) state, the five-coordinate complexes carrying an anionic ligand such as halide
and acetate show a high-spin (S = 5/2) state. If the field strengths of anionic
ligands are extremely weak, the complexes adopt a rare intermediate-spin (S =
3/2) state.36 Figure 2 shows three kinds of spin states in iron(III) porphyrins.30

Furthermore, each spin state could have a different electron configuration.
This is most explicitly exemplified in the low-spin complexes which exhibit
either the (dxy)

2(dxz, dyz)
3 or the (dxz, dyz)

4(dxy)
1 electronic ground state, as shown in
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Figure 2. Spin states of iron(III) porphyrins. (Adapted with permission from Ref. 30.
Copyright 2006, Elsevier Science.)
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Figure 325,26,28–31; they are abbreviated as S = 1/2(dπ) type and S = 1/2(dxy) type,
respectively. Similarly, at least two electronic ground states, (dxy)

2(dxz, dyz)
2(dz2)1

and (dxz, dyz)
3(dxy)

1(dz2)1, exist even in the intermediate-spin complexes37; they are
abbreviated as S = 1/2(dπ) type and S = 1/2(dxy) type, respectively. The assign-
ment of the electronic ground states of the specific intermediate-spin complexes
such as [Fe(TiPrP)(THF)2]

+ and [Fe(OETPP)(THF)2]
+ is still a controversial

issue.37–39

The one-electron oxidation of iron(III) porphyrins should form either an
iron(III) porphyrin cation radical or an iron(IV) porphyrin.26,40 Actually, however,
most of the papers reported previously have shown the formation of iron(III) por-
phyrin cation radicals. These radical species give characteristic 1H NMR spectra,
where some of the signals appear at extraordinary upfield or downfield positions
due to the presence of an unpaired electron in the porphyrin orbitals.26,40 The
unpaired electron cannot be independent of the paramagnetic iron center. It could
interact with the paired and/or unpaired electrons in the iron 3d orbitals.
Consequently, the 1H NMR spectra should be affected by the spin states and elec-
tron configurations of the iron(III) ions. In other words, the electronic and
magnetic structures of iron(III) porphyrin cation radicals could be completely dif-
ferent, depending on the electron configuration of the iron(III) ions. In the case of
iron(IV) porphyrins, the iron could adopt the S = 0 and S = 2 spin states, though
all the complexes reported to date show the S = 1 spin state.

The two-electron oxidation of iron(III) porphyrins should give either one of
the four possible electronic structures, i.e. iron(V) porphyrin, iron(IV) porphyrin
cation radical, iron(III) porphyrin dication, or iron(III) porphyrin N-oxide.11,12 The
iron porphyrins with this oxidation state are quite important, since the reactive
intermediates that appear transiently in the catalytic cycle of heme proteins such

6 Nakamura et al.
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as catalase, peroxidase, and cytochrome P450 are supposed to adopt these oxida-
tion states.4–9

In this review, we will describe the formation and spectroscopic properties of
synthetic iron porphyrins with various oxidation states, spin states, electron con-
figurations, and coordination structures. Special emphasis will be placed on the
iron porphyrin complexes with unusual electronic and magnetic properties. The
synthetic iron porphyrin complexes described in this review are summarized in
Scheme 1 together with their abbreviations.

II. NMR and EPR Methods to Determine
the Electronic Structures

A. Orbital Interactions

It is very important to understand the iron−porphyrin orbital interactions to reveal
the electronic structures of the complexes. Thus, before discussing the electronic
structures of various iron porphyrin complexes, the iron–porphyrin orbital inter-
actions will be surveyed. Figure 4 shows the frontier orbitals of a zinc porphyrin
with D4h symmetry, calculated by the DFT method.41 The symmetry presentation
of metal and porphyrin orbitals in six-coordinate planar D4h complexes is given in
Table 1.42,43 Among these orbitals, the occupied 3eg and vacant 4eg* orbitals can
interact with the iron dπ(dxz and dyz) orbitals. If the complex in question has half-
occupied dπ orbitals as in the case of low-spin iron(III) complexes with the
(dxy)

2(dxz, dyz)
3 ground state, the unpaired electron can delocalize to the porphyrin

ring by the dπ−3eg interactions especially to the pyrrole Cβ atoms because the 3eg

orbitals have a relatively large coefficient at these carbon atoms, as shown in
Figure 4.20,23,26,28–31 In principle, all the frontier orbitals of the porphyrin except for
the eg orbitals are orthogonal to any of the iron 3d orbitals and thus there should
be no interaction other than the dπ–3eg and dπ–4eg* interactions. However, por-
phyrin rings are flexible and are easily deformed by steric and electronic effects
of the peripheral substituents and the axial ligands.44–51 Typical deformation modes
frequently encountered both in synthetic iron porphyrins and in naturally occur-
ring heme proteins are ruffling, saddling, and doming, as given in Figure 5.50 The
ruffling indicates that the meso carbon atoms deviate from the mean plane up and
down alternately, while the saddling indicates that the β carbon atoms deviate sim-
ilarly. Doming is typical of five-coordinate iron porphyrin complexes where iron
is placed out of the plane defined by the four nitrogen atoms of the pyrrole rings.
If the porphyrin ring deforms in a ruffled or saddled fashion in six-coordinate iron
porphyrins, some iron–porphyrin orbital interactions can be symmetry allowed,
which are originally forbidden in a planar D4h complex. For example, although the
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Figure 4. Frontier orbitals of a D4h zinc porphyrin calculated by the DFT method. (Ikezaki, A.
Unpublished results.41)
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porphyrin a2u orbital is orthogonal to any of the metal 3d orbitals in a planar D4h

complex, it can interact with the iron dxy and dx2–y2 orbitals if the porphyrin ring
deforms in a ruffled or saddled fashion, respectively, as shown in Table 1.42,43

Similarly, although the a1u orbital is orthogonal to any of the iron 3d orbitals in the
planar D4h complex, it can interact with the dx2–y2 orbital in the ruffled complex and
with the dxy orbital in the saddled complex. The symmetry presentation given in
Table 1 also indicates that the dπ–3eg and dπ–4eg* interactions in planar D4h com-
plexes can be maintained even in the deformed complexes since the dπ and eg

orbitals in D4h complexes are signified as e symmetry in ruffled and saddled D2d

complexes as well as in domed C4v complexes. Thus, the energy levels of iron 3d
orbitals are finely modulated by the degree and mode of porphyrin deformation.

32/Electronic and Magnetic Structures of Iron Porphyrin Complexes 11

Table 1. Correlation table for the molecular orbitals of metal porphyrin complexes.a

D4h Planar D2d Ruffled D2d Saddled C4v Domed

Metal
dx2–y2 b1g b1 b2 b1

dz2 a1g a1 a1 a1

dxz,yz eg e e e
dxy b2g b2 b1 b2

Porphyrin
4eg* 4eg* e e e
a1u a1u b1 b1 a2

a2u a2u b2 b2 a1

3eg 3eg e e e

aSource: Refs. 42 and 43.
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Figure 5. Major deformation modes of porphyrin: (a) ruffled, (b) saddled, and (c) domed
deformation. Only the most significant displacements are shown. + indicates displacements
above the mean plane and — indicates displacements below the mean plane. (Modified with
permission from Senge, M. O. The Porphyrin Handbook; Kadish, K. M.; Smith, K. M.; Guilard, R.;
Eds.; Academic Press: San Diego, CA, 2000; Vol. 1, Chapter 6, p. 241.50)
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B. NMR Spectroscopy

As mentioned above, a number of techniques have been used to elucidate the elec-
tronic structures of iron porphyrin complexes. Among them, 1H and 13C NMR are
particularly useful because they provide detailed information on the electronic
structures of the complexes in solution at various temperatures.20,31 In this section,
discussion will be confined to the low-spin iron(III) porphyrins and to a descrip-
tion of how NMR spectra are useful for characterization of the two types of elec-
tronic ground state, (dxy)

2(dxz, dyz)
3 and (dxz, dyz)

4(dxy)
1, that the low-spin complexes

adopt.25,26,28–31 The NMR characteristics of the complexes with other spin states
and oxidation states will be mentioned later.

1. 1H NMR Spectroscopy

Figure 6 shows the 1H NMR spectra of low-spin [Fe(TnPrP)(DMAP)2]
+(a) and

[Fe(TiPrP)(4-CNPy)2]
+(b) taken in CD2Cl2 solution at 213 K.52 Extensive studies
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Figure 6. 1H NMR spectra of (a) [Fe(TnPrP)(DMAP)2]+ and (b) [Fe(TiPrP)(4-CNPy)2]+ taken
in CD2Cl2 solution at 213 K. Signal assignments: pyr shows the pyrrole-H signal; α, β, and γ
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have revealed that the former adopts the (dxy)
2(dxz, dyz)

3 ground state while the lat-
ter adopts the (dxz, dyz)

4(dxy)
1 ground state.52 Thus, the large upfield shift of the

pyrrole-H signal, δ = −18.5 ppm, in [Fe(TnPrP)(DMAP)2]
+ can be explained in

terms of the interaction between the half-occupied dπ orbital and the filled 3eg

orbital. As mentioned in the previous section, the unpaired electron in the dπ orbital
is delocalized to the porphyrin ring especially on the pyrrole Cβ atoms since the
3eg orbital has a relatively large coefficient on these carbon atoms (see Figure 4
for the 3eg orbitals). Consequently, the pyrrole-H signal shows a large upfield shift
due to the spin polarization mechanism. Figure 7a shows the spin polarization of
the pyrrole C–H σ bond caused by the π spin density on the Cβ atoms.28,53 In con-
trast, the meso-CH(α) signal appears at δ = 8.0 ppm, which is rather close to the
corresponding signal in the diamagnetic complex. The result is understandable,
because the 3eg orbital has zero coefficient on the meso-C atoms. Thus, the large
upfield shift of the pyrrole-H signal together with the small isotropic shift of the
meso-CH(α) signal are the characteristic features of the 1H NMR spectra of low-
spin [Fe(TRP)L2]

+ with the (dxy)
2(dxz, dyz)

3 ground state, where R is the alkyl
groups attached to the meso-C atoms.

In the case of [Fe(TiPrP)(4-CNPy)2]
+, the unpaired electron is in the iron dxy

orbital, which is delocalized to the porphyrin ring by the dxy–a2u interaction in the
ruffled porphyrin framework. It is understandable that the pyrrole-H signal of this
complex appears at δ = 16 ppm, rather close to the pyrrole-H signal, δ = 9.4 ppm,
of diamagnetic [Co(TEtP)(2-MeIm)2]

+,54 since the a2u orbital has a fairly small
coefficient at the Cβ atoms. A small downfield shift should be ascribed to the
dipolar contribution of the low-spin iron(III) with the (dxz, dyz)

4(dxy)
1 ground state.

In contrast, the meso-CH(α) signal appears at an extremely downfield position,
δ = 43 ppm. The large downfield shift is also understandable since the a2u orbital
has a large coefficient at the meso-C atoms, which induces the large downfield
shift to the meso-CH(α) signal by the spin polarization mechanism, as shown in
Figure 7b. Thus, the large downfield shift of the meso-CH(α) signal together with
the small isotropic shift of the pyrrole-H signal are the characteristic features of

32/Electronic and Magnetic Structures of Iron Porphyrin Complexes 13
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Figure 7. Spin polarization from the π spin on the pyrrole Cβ atoms. The effect of π spin den-
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atom through two σ-bonds. (Modified from Refs. 28 and 53.)
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the 1H NMR spectra of low-spin[Fe(TRP)L2]
±-with the (dxz, dyz)

4(dxy)
1 ground

state.
In low-spin iron(III) porphyrins having aryl groups at the meso positions,

[Fe(TArP)L2]
+, the meta-H chemical shift can be a good probe of the electronic

ground state. The theoretical background is as follows55–59: the observed chemical
shift (δobs) of the meta-H signal can be given by Eq. 1, where δiso is the isotropic
shift and δdia is the chemical shift of the meta-H signal in a suitable diamagnetic
complex such as [Co(TArP)L2]

+.60,61 The δiso value, which is the sum of the con-
tact and dipolar shift, δcon and δdip, respectively, can be expressed by Eq. 2 in the
case of the complexes with axial symmetry, where Kcon and Kdip are positive
constants, ρC

meta is the spin density at 

(1)

(2)

the meta-C atom, θ is the angle between the nucleus(m-H)–metal(Fe) vector and
the z axis, and r is the length of this vector. The term (3cos2θ – 1)/r 3 is referred
to as the axial geometric factor. As mentioned previously, the spin density at the
meso-C atoms in low-spin (dxy)

2 (dxz, dyz)
3 type complexes is supposed to be zero.

Therefore, both the isotropic shift and the slope of the Curie plots for the meta-H
should be negative. This is because the ρC

meta value is nearly zero and the (g||
2 −

g∞
2) (3cos2θ − 1)/r 3 is negative; the latter term is negative because g||

2 − g∞
2 is

positive in the (dxy)
2 (dxz, dyz)

3 type complexes,25 while (3cos2θ − 1)/r 3 is negative
for the meta-H. In contrast, the low-spin (dxz, dyz)

4(dxy)
1 type complexes have a

sizable amount of spin density on the meso-C atoms due to the interaction
between the half-occupied dxy and filled a2u orbitals. The positive spin at the
meso-C atoms is delocalized to the attached phenyl rings and induces a positive
π spin density at the ortho- and para-C and a negative π spin density at the meta-
C atoms.28 Thus, the slope for the contact shift, −KconρC

meta, should be positive.
In addition, the slope for the dipolar shift, (g||

2−g∞
2) (3cos2θ − 1)/r 3, should also

be positive because the g||
2 − g∞

2 value is negative in the (dxz, dyz)
4(dxy)

1 type com-
plexes.25,53 Consequently, it is expected that the meta-H signal appears more
downfield than the corresponding signal of the diamagnetic complex and that
the slope of its Curie plots is positive. This tendency is clearly seen in the Curie
plots of the meta-H signals of [Fe(OMTPP)L2]

±. As shown in Figure 8,62 the
Curie slope is negative if L is HIm, CN−, and DMAP, and positive if L is tBuNC.
Thus, we can conclude that the HIm, CN−, and DMAP complexes adopt the
(dxy)

2(dxz, dyz)
3 ground state while the tBuNC complex adopts the (dxz, dyz)

4(dxy)
1

d d d
r c c q

iso con dip
con C

meta
dip= + =

- + - -^K K r

T

( )( cos )
,� 3 12 3

d d dobs iso dia= + ,
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ground state. Therefore, Curie plots of the meta-H signal can predict the elec-
tronic ground state of low-spin [Fe(TArP)L2]

±.
Walker and coworkers28 have proposed that the electronic ground state of low-

spin iron(III) porphyrins having meso-aryl groups such as [Fe(TPP)L2]
+,

[Fe(OETPP)L2]
+, and [Fe(TPC)L2]

+ can be determined by the δm – δp and δm – δo

values; δo, δm, and δp are the chemical shifts of the ortho-, meta-, and para-phenyl
signals, respectively. If δm – δp and δm – δo are both large and positive, then the
complex has large amounts of positive spin at the meso-C atoms, which in turn
indicates that the complex adopts the (dxz, dyz)

4(dxy)
1 ground state. In contrast, if

δm – δp and δm – δo are small with δm – δp positive and δm – δo usually negative,
then the complex adopts the (dxy)

2(dxz, dyz)
3 ground state since the meso-C atoms

have little or no spin density.

2. 13C NMR Spectroscopy

Figure 9 shows the 13C NMR spectra of (a) [Fe(TnPrP)(DMAP)2]
+, (b) [Fe(TcPrP)

(2-MeIm)2]
+, and (c) [Fe(TiPrP)(4-CNPy)2]

+ taken in CD2Cl2 solution at 298 K.52

The chemical shifts of the three kinds of carbon atoms constituting the porphyrin
core, i.e. Cmeso, Cα, and Cβ, are quite different among these complexes. In the case
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Figure 9. 13C NMR spectra of (a) [Fe(TnPrP)(DMAP)2]+, (b) [Fe(TcPrP)(2-MeIm)2]+, and
(c) [Fe(TiPrP)(4-CNPy)2]+ taken in CD2Cl2 solution at 298 K. Signal assignment: Cα, Cβ, and
meso are the α-, β-, and meso-carbon atoms, respectively; α, β, and γ are the α-, β-, and γ-
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in (b) and (c) at this temperature. (Adapted with permission from Ref. 52. Copyright 2000,
American Chemical Society.)
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of [Fe(TnPrP)(DMAP)2]
+, the chemical shifts of these carbon signals are 157.7,

24.3, and 92.6 ppm, respectively, while they are 707, −176, and 92.5 ppm, respec-
tively, in the case of [Fe(TiPrP)(4-CNPy)2]

+. The large downfield shift of the Cmeso

signal together with the large upfield shift of the meso-Cα signal in [Fe(TiPrP)(4-
CNPy)2]

+ is understandable since the meso-C atoms have large spin density due to
the dxy–a2u interaction in a highly ruffled porphyrin framework. However, a
slightly upfield-shifted Cβ signal, δ = 73.6 ppm, in the (dxy)

2(dxz, dyz)
3 type

[Fe(TnPrP)(HIm)2]
+ needs to be explained, as the Cβ atoms also have relatively

large spin density due to the interaction between the half-occupied dπ and fully
occupied 3eg orbital. In fact, the large upfield shift of the pyrrole-H signal, δ =
−21.5 ppm at 223 K, is a direct indication that the Cβ atoms certainly have a
considerable amount of spin density.

In the case of 13C NMR spectroscopy, the chemical shift of the specific carbon
atom is determined not only by the spin density of the carbon in question but also
by the spin density on the neighboring carbon atoms. Thus, the isotropic shift of
the carbon signal (δiso), which is obtained by the subtraction of the corresponding
chemical shift of a diamagnetic complex (δdia) from the observed chemical shift
(dobs), is given by Eq. 3,

δiso = δobs – δdia = δcon + δdip
MC + δdip

LC, (3)

where δcon, δdip
MC, and δdip

LC represent the metal-centered dipolar shift, ligand-
centered dipolar shift, and contact shift, respectively.21,31,55–59 The metal-centered
dipolar shift in the complexes with axial symmetry is defined by Eq. 4, 

(4)

where χ’s are molecular susceptibilities, θ is the angle between the nucleus–metal
vector and the z axis, r is the length of this vector, and the term (3cos2θ – 1)/r 3 is
the axial geometric factor. δdip

LC is assumed to be proportional to the π-spin density
ρπ-at the observed carbon atom and is given by Eq. 5,55–59,63

δdip
LC = −( χ|| − χ⊥)Kρπ, (5)

where K is a positive constant. Thus, δdip
LC is negative in the (dxy)

2(dxz, dyz)
3 type

complexes while it is positive in the (dxz, dyz)
4(dxy)

1 type complexes, provided that
ρπ is positive.

Carbon contact shifts originate from unpairing of carbon 1s electrons and
unpairing of the three carbon sp2 bonding pairs. Thus, the isotropic shift of

d
p c c q

dip
MC =

- -^( )( )( cos )
,

1 2 3 12

3
58�

r
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Cmeso, Cα, Cβ, and meso-Cα signals can be given by Eqs. 6−9, respectively,63–66

where the SC term indicates polarization of the 1s orbital, the QC
CC′ term reflects

polarization of the three sp2 bonds by the π-spin density at the observed carbon
atom, and the QC

C′C term represents polarization of the C–C bond by the π spin den-
sities centered on the neighboring carbon atoms; the SC, QC

CC′, Q
C

CH, and QC
C′C val-

ues are estimated to be −35.5, +40.3, +54.6, and −39.0 MHz, respectively.63,64 The
FC value is defined as FC = 2πgµBS(S + 1)/3γCkT,65 where γC is the magnetogyric
ratio of carbon, k is the Boltzmann constant, and µB is the electron Bohr magneton.

For the Cmeso signal,

δiso(Cmeso) = δobs – δdia = δcon + δdip
LC + δdip

MC(Cmeso)
= [(SC + 3QC

CC′)ρπ
meso + (2QC

C′C)ρπ
α]FC + (χ⊥ − χ||)Kρπ

meso

+ δdip
MC(Cmeso). (6)

For the Cα signal, 

δiso(Cα) = [(SC + 2QC
CC′ + QC

CN)ρπ
α + (QC

C′Cρπ
β + QC

C′Cρπ
meso + QC

N′Cρπ
N)]FC

+ (χ⊥ − χ||)Kρπ
α + δdip

MC(Cα). (7)

For the Cβ signal, 

δiso(Cβ) = [(SC + 2QC
CC′ + QC

CH)ρπ
β + (QC

C′Cρπ
β + QC

C′Cρπ
α)]FC

+ (χ⊥ − χ||)Kρπ
β + δdip

MC(Cβ). (8)

For the meso-Cα((alkyl) signal,

δiso(meso-Cα) = QC
C′Cρπ

mesoF
C + δdip

MC(meso-Cα). (9)

Let us consider the isotropic shifts of the Cmeso signal in [Fe(TnPrP)(HIm)2]
+

adopting the (dxy)
2(dxz, dyz)

3 ground state. The major interactions should occur
between the dπ and 3eg orbitals. Since the 3eg orbital has zero coefficient at the
Cmeso atoms, we can simplify the isotropic shift of the Cmeso signal given in Eq. 6
by assuming that ρmeso = 0. Thus, Eq. 6 is converted into Eq. 6′:

δiso(Cmeso) = (2QC
C′C)ρπ

αFC + δdip
MC(Cmeso). (6′)

The δiso(Cmeso) value must be negative in the (dxy)
2(dxz, dyz)

3 type complexes
because both QC

C′C and δdip
MC(Cmeso) are negative; δdip

MC(Cmeso) given in Eq. 4 is
negative because χ|| – χ⊥ is positive in the (dxy)

2(dxz, dyz)
3 type complexes while the

axial geometric factor (3cos2θ –1)/r 3 is negative for the Cmeso atoms. In fact, the

18 Nakamura et al.
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Cmeso signal of this complex is observed at 84.9 ppm at 298 K, which is more
upfield by 36.1 ppm than the corresponding signal of diamagnetic Zn(TPP).67

As for the isotropic shift of the Cβ signal given in Eq. 8, this can be rewritten
into Eq. 8′ by using the QC and SC values:

δiso(Cβ) = [(60.7ρπ
β − 39.0ρπ

α)]FC + (χ⊥ − χ||)Kρπ
β + δdip

MC(Cβ). (8′)

Since the (χ⊥ − χ||)Kρπ
β and δdip

MC(Cβ) values are negative for the (dxy)
2(dxz, dyz)

3

type complexes, the δiso(Cβ) is not always positive although the (dxy)
2(dxz, dyz)

3 type
complexes have relatively large ρπ

β values. This is the reason why the Cβ signal in
[Fe(TnPrP)(HIm)2]

+ is observed at δ = 87.0 ppm at 298 K, which is 45.0 ppm
further upfield than the corresponding signal of diamagnetic Zn(TPP).67

For the low-spin complexes with the (dxz, dyz)
4(dxy)

1 ground state, such as
[Fe(TiPrP)(4-CNPy)2]

+, the unpaired electron in the dxy orbital is delocalized to the
porphyrin ring by the dxy–a2u interaction in a ruffled porphyrin framework. Since
the a2u orbital has a negligibly small coefficient at the Cα and Cβ atoms, the
isotropic shift of the Cmeso signal can be approximated as Eq. 6′′ by assuming that
ρα = 0 and ρβ = 0:

δiso(Cmeso) = (SC + 3QC
CC′)F

Cρπ
meso + (χ⊥ − χ||)Κ ρπ

meso + δdip
MC(Cmeso). (6′′)

Since the (SC + 3QC
CC′), (χ⊥ − χ||)K, and δdip

MC values are all positive for the (dxz,
dyz)

4(dxy)
1 type complexes, the Cmeso signal should appear at a fairly downfield posi-

tion. If the complex adopts a quite pure (dxz, dyz)
4(dxy)

1 ground state, the dxy orbital
is located far above the dπ orbital. In such a case, the ρπ

meso value should be quite
large, due to the strong dxy–a2u interaction. Consequently, the Cmeso signal appears
at a more downfield position. In fact, the Cmeso signal is observed at δ = 707 ppm
at 298 K in the case of [Fe(TnPrP)(4-CNPy)2]

+, which is more downfield by 586 ppm
than the corresponding signal of the diamagnetic complex.52 Therefore, the chem-
ical shift of the Cmeso signal is an excellent probe not only for determineing the
electronic ground state of low-spin iron(III) porphyrins but also for evaluating the
purity of the (dxz, dyz)

4(dxy)
1 ground state. Figure 10 shows the correlation of chem-

ical shifts between pyrrole-H and meso-C signals in a number of low-spin iron(III)
porphyrins taken at 223 K.68 As revealed in the figure the downfield shift of the
meso-C signal is proportional to that of the pyrrole-H signal if the chemical shift
of the pyrrole-H signal is less than 10 ppm; the correlation coefficient reaches
as much as 0.9863. However, once the chemical shift of the pyrrole-H exceeds
δ = 10 ppm, the chemical shift of the meso-C signal exhibits a steep increase. As
a result, there seems to be no correlation in the chemical shifts of these two sig-
nals in the complexes where the pyrrole-H signals exceed 10 ppm. In fact, while
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the pyrrole-H chemical shifts of [Fe(TPP)(tBuNC)2]
+(1), [Fe(TnPrP)(4-CNPy)2]

+(2),
and [Fe(TiPrP)(4-CNPy)2]

+(3) are 11.7, 13.0, and 15.6 ppm, the meso-C chemical
shifts for these complexes are 997, 820, and 918 ppm, respectively. It should be
interesting to determine the meso-C chemical shifts of [Fe(TnPrP)(tBuNC)2]

+ and
[Fe(TiPrP)(tBuNC)2]

+. However, no reports have been published concerning the
observation of the meso-C signals in [Fe(TRP)(tBuNC)2]

+, where R is an alkyl
group attached to the meso-C atoms. Probably, these signals should appear
extremely downfield with very broad bandwidths due to the large spin density on
the meso-C atoms.

C. EPR Spectroscopy

EPR spectroscopy is also a powerful tool for determining the electronic structure
of iron porphyrins.25,26,28–30,69–71 High-spin complexes exhibit their g⊥ and g|| signals
at ca. 6.0 and 2.0, while the intermediate-spin complexes show them at ca. 4.0 and
2.0. In the case of low-spin complexes, there are three types of EPR spectra.
Complexes that adopt the (dxy)

2(dxz, dyz)
3 ground state exhibit either rhombic or
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Figure 10. Relation of chemical shifts between pyrrole-H and meso-13C nuclei at 223 K
obtained from 18 [Fe(TRP)L2]± (*), 3 [Fe(TPP)L2]± (•), and 8 [Fe(TArP)L2]±(�). dxy and dπ indicate
the (dxz, dyz)4(dxy)1 and the (dxy)2(dxz, dyz)3 ground state, respectively. Numbers in the graph, 1,
2, and 3, indicate the meso-C chemical shifts of [Fe(TPP)(tBuNC)2]+, [Fe(TnPrP)(4-CNPy)2]+, and
[Fe(TiPrP)(4-CNPy)2]+, respectively. (Adapted with permission from Ref. 68. Copyright 2003,
Royal Society of Chemistry.)
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large gmax type spectra, depending on the orientation of planar axial ligands such
as imidazole and pyridine. The complexes with parallel-aligned axial ligands show
rhombic type spectra, while those with perpendicularly aligned axial ligands show
large gmax type spectra.72–74 Complexes with linear ligands such as cyanide also
exhibit large gmax type spectra.75 According to the work of Yatsunyk and cowork-
ers,76 the spectral type changes from rhombic to large gmax type if the dihedral
angle between the axial ligand planes exceeds ca. 57°. In contrast, the complexes
that adopt the (dxz, dyz)

4(dxy)
1 ground state always exhibit axial type spectra where

g⊥ values are smaller than 2.6.26,28–30,77–79 In Figure 11 are shown the EPR spectra
of (a) Fe(TEtPrP)F,80 (b) [Fe(TcPrP)(THF)2]

+,81 (c) [Fe(OETPP)(2-MeIm)2]
+,82

(d) [Fe(OEP)(DMAP)2]
+,83 and (e) [Fe(TcPrP)(4-CNPy)2]

+ taken in frozen CH2Cl2

solution at 4 K.52 These complexes are examples that adopt the (a) high-spin state,
(b) intermediate-spin state, (c) low-spin (dxy)

2(dxz, dyz)
3 ground state with perpen-

dicularly aligned axial ligands, (d) low-spin (dxy)
2(dxz, dyz)

3 ground state with
parallel aligned axial ligands, and (e) low-spin (dxz, dyz)

4(dxy)
1 ground state.
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Figure 11. EPR spectra of iron(III) porphyrins with various electronic structure: (a) Fe(TiPrP)F,
(b) [Fe(TcPrP)(THF)2]+, (c) [Fe(OETPP)(2-MeIm)2]+, (d) [Fe(OEP)(DMAP)2]+, and (e) [Fe(TnPrP)
(tBuNC)2]+ taken in frozen CH2Cl2 solution at 4 K. (Adapted from Refs. 81, 82, 83, 84 and 52,
respectively.)
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Once the three g values are obtained from the EPR spectra in low-spin
iron(III) porphyrins, it is possible to calculate the relative energy levels of the 3d
orbitals using Eqs. 10 and 11 developed by Taylor,71 where V is the energy differ-
ence between the dxz and dyz orbitals, ∆ is the energy difference between the dxy and
the average of the dxz and dyz orbitals, as shown in Figure 12, and λ is the spin–orbit
coupling constant. This constant has the value of 460 cm−1 for the free ferric ion
and a much smaller value in iron(III) porphyrins. 

(10)

(11)

III. Low-Spin Iron(III) Porphyrins

A. General Considerations

As shown in Figure 3, there are two types of electronic ground state in low-spin
iron(III) porphyrin complexes. One is a commonly observed (dxy)

2(dxz, dyz)
3 ground

state and the other is a less common (dxz, dyz)
4(dxy)

1 ground state.26,28–30 Studies have
revealed that complexes carrying axial ligands with strong σ-donating and weak
π-accepting ability, such as imidazole and dimethylaminopyridine (DMAP), adopt
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the common (dxy)
2(dxz, dyz)

3 state. In contrast, complexes carrying axial ligands
with strong π-accepting ability, such as tert-BuNC and 4-CNPy, prefer the less
common (dxz, dyz)

4(dxy)
1 state. Walker, Scheidt and others have explained that the

dπ orbitals in the latter complexes are stabilized by interaction with the low-lying
π∗ orbital of the ligand to the points which are lower than the dxy orbital.78,79 As a
result, the unpaired electron occupies the dxy orbital to form the (dxz, dyz)

4(dxy)
1

ground state. Generally speaking, low-spin complexes should exist as an equilib-
rium mixture of two spin isomers, i.e. electron configurational isomers, as given
by Eq. 12.

(12)

If the energy difference between two isomers is rather small, two isomers should
exist in a comparable ratio. In contrast, if the dxy orbital is located far above the
dπ orbitals in the energy diagram, then the isomer with the (dxy)

2(dxz, dyz)
3 ground

state should exist exclusively. The spectroscopic properties of the complex,
therefore, change depending on the energy difference between the dxy and dπ

orbitals.
The rate for interconversion between two electron configurational isomers is

generally very fast on the NMR time scale. Therefore, the observed chemical shift
for the 1H and 13C signal is the average of the chemical shifts of two isomers,
which is expressed by Eq. 13,

(13)

Figure 13 shows the Curie plots of the pyrrole-H signals of a series of low-
spin iron(III) porphyrins, [Fe(TcPrP)L2]

±, where axial ligands are 4-CNPy, Py, 3-
MePy, CN−, DMAP, and HIm.52 As shown in the figure, all the complexes except
[Fe(TcPrP)(CN)2]

− exhibit good linearity although the slopes of the lines are dif-
ferent depending on the axial ligands. The low-spin complexes with the positive
slope have the spin isomer with the (dxz, dyz)

4(dxy)
1 ground state as the major

component, while those with the negative slope have the spin isomer with the
(dxy)

2(dxz, dyz)
3ground state as the major component. The curvature in Curie plots

of the pyrrole-H signal in [Fe(TcPrP)(CN)2]
− can be explained in terms of the

temperature dependence of the equilibrium constant K shown in Eq. 12.
In contrast to the case of the NMR spectra, both of the spin isomers could be

directly observed by EPR spectroscopy since the rate for interconversion between
two isomers shown in Eq. 12 should be slow enough on the EPR time scale at
4.2 K. Figure 14 displays the EPR spectrum of [Fe(Et-TPP)(CN)2]

− taken in frozen
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acetonitrile solution at 4.2 K, which clearly shows two types of EPR signals: one
is a large gmax type signal with g = 3.65 and the other is an axial signal with g =
2.50.84 Thus, the complex exists as a mixture of two electron configurational iso-
mers at 4.2 K; one adopts the (dxy)

2(dxz, dyz)
3 ground state while the other adopts the

(dxz, dyz)
4(dxy)

1 ground state. If we assume that the equilibrium constant between
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Figure 13. Curie plots of the pyrrole-H signals of a series of [Fe(TcPrP)L2]+. (Adapted with
permission from Ref. 52. Copyright 2000, American Chemical Society.)
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Figure 14. EPR spectrum of [Fe(Et-TPP)(CN)2]− taken in frozen CH3CN solution at 4.2 K.
(Adapted with permission from Ref. 84. Copyright 2002, American Chemical Society.)
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two isomers is ca. 10 in favor of the (dxz, dyz)
4(dxy)

1 isomer, the ∆G° is calculated
to be 80 J/mol at 4.2 K. Thus, this phenomenon is observable when the difference
in thermodynamic stability of the isomers is fairly small.

The EPR spectrum can differentiate the conformational isomers as well.
Figure 15 shows the EPR spectra of (a) [Fe(TMTMP)(DMAP)2]ClO4, (b) [Fe(OEP)
(DMAP)2]

+, and (c) [Fe(OETPP)(DMAP)2]ClO4 taken in frozen CH2Cl2 solution
at 4.2 K.83 As shown in Figure 15(a), [Fe(TMTMP)(DMAP)2]

+ gives two sets of
signals, i.e. rhombic type signals at g = 2.86, 2.28, and 1.62 and a large gmax type
signal at g = 3.58. The EPR spectrum of the former isomer resembles that of
[Fe(OEP)(DMAP)2]

+ shown in Figure 15b, indicating that the axial ligands are
aligned parallel above and below the porphyrin ring. In contrast, the EPR spec-
trum of the other isomer resembles that of [Fe(OETPP)(DMAP)2]

+ shown in
Figure 15c, suggesting that the axial ligands are aligned perpendicularly. It is clear
from Figure 15a that the perpendicular isomer predominates over the parallel iso-
mer. EPR measurement at various temperatures could yield the thermodynamic
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Figure 15. EPR spectra of (a) [Fe(TMTMP)(DMAP)2]ClO4, (b) [Fe(OEP)(DMAP)2]+, and
(c) [Fe(OETPP)(DMAP)2]ClO4 taken in frozen CH2Cl2 solution at 4.2 K. (Reprinted with
permission from Ref. 83. Copyright 2000, Chemical Society of Japan.)
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parameters, ∆H° and ∆S°, which would help us understand the properties of these
biologically relevant complexes.

B. Factors Affecting the Electronic Ground States

There are several factors that affect the electronic ground states of low-spin
iron(III) porphyrins.26,30,31 Four major factors that should be considered are
(i) number and nature of axial ligands, (ii) electronic effects of peripheral sub-
stituents, (iii) deformation of porphyrin rings, and (iv) solvent effects. Among
them, the number and nature of axial ligands are the most important factor that
affects the electronic ground state of low-spin iron(III) porphyrins. In this section
will be described in detail how these factors affect the electronic structure by using
various model complexes given in Scheme 1.

1. Axial Ligands

Axial ligands can directly affect the energy level of the iron dz2 orbital by σ
donation. If the coordination atom of the axial ligand is a part of an aromatic
ring such as imidazole or pyridine, then the ligand can also affect the energy lev-
els of the iron dπ orbitals by donating or accepting π electrons. Axial ligands
with strong σ-donating and weak π-accepting ability, such as HIm and CN−, lead
to the formation of low-spin complexes with the common (dxy)

2(dxz, dyz)
3 ground

state, while those with low-lying π* orbitals, such as 4-CNPy and tBuNC, stabi-
lize complexes with the less common (dxz, dyz)

4(dxy)
1 ground state.26,30,31 Safo and

coworkers78 have measured the 1H NMR chemical shifts of [Fe(TMP)L2]
+ and

correlated them with the pKa(BH+) values of a wide variety of nitrogen bases
(Ls) ranging from pKa 9.7 (DMAP) to 1.1 (4-CNPy). Table 2 lists the chemical
shifts (δobs) and isotropic shifts (δiso) of meso-H and pyrrole-H signals together
with the pKa values of the conjugate acids; the isotropic shift is defined by Eq. 1.
The data in the table indicate that the magnitude of the meso-H isotropic shift
increases while that of the pyrrole-H decreases as the axial ligand becomes less
basic.78 The result is interpreted in terms of a smooth change in the electronic
ground state from largely (dxy)

2(dxz, dyz)
3 to at least 50% (dxz, dyz)

4(dxy)
1 as the

energy level of the ligand π* orbital decreases. It should be noted that low-spin
complexes with the (dxy)

2(dxz, dyz)
3 ground state such as [Fe(TMP)(DMAP)2]

+,
have relatively large π spin density on the pyrrole Cβ atoms, which induces a
large upfield shift of the pyrrole-H signal. In contrast, the low-spin complexes
with the (dxz, dyz)

4(dxy)
1 ground state, such as [Fe(TMP)(4-CNPy)2]

+, have fairly
small π spin density on the pyrrole Cβ atoms, inducing a fairly small upfield shift
of the pyrrole-H signal.

26 Nakamura et al.
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Simonneaux and coworkers85 have reported that iron(III) porphyrins with
phosphonite derivatives, such as P(OMe)2Ph and P(OEt)2Ph, also exhibit the (dxz,
dyz)

4(dxy)
1 ground state, as revealed from the 1H NMR and EPR data. The pyrrole-

H signal appears at +2.6 ppm at 293 K for [Fe(TPP)(P(OEt)2Ph)]+. The EPR spec-
trum is axial with g⊥ = 2.36 and g|| = 1.91 for [Fe(4-Me-TPP)(P(OEt)2Ph)]+.86 In
contrast, the corresponding bis-phosphine complex [Fe(TPP)(PMe3)2]

+ adopts the
(dxy)

2(dxz, dyz)
3 ground state, as indicated by the upfield shift of the pyrrole-H sig-

nal, i.e. −19.6 ppm at 303 K.87 Since the pKa values of the conjugate acids of phos-
phorus ligands decrease in the order PMe3 > PMe2Ph > P(OMe)2Ph > P(OMe)3,

88

the result can be ascribed to the presence of a low-lying π* orbital in phosphonite
ligands. The δm – δp and δm – δo values for [Fe(TPP)(PPh(OEt)2)]

+ are 6.34 and
4.64 ppm, respectively, while those for [Fe(TPP)(PMe3)2]

+ are 0.42 and 1.78 ppm,
respectively, supporting the above-mentioned assignment of the ground state.

Latos-Grazynski, Marchon, and coworkers89 have reported the 1H NMR spec-
tra of a series of low-spin iron(III) chiroporphyrins [Fe(TMCP)L2]

±. Because of
the presence of bulky chiral cyclopropyl groups at the meso positions, the com-
plexes are projected to be highly ruffled. Thus, the bis-CN complex gives two
pyrrole-H signals even at ambient temperature; one is due to the 2-, 3-, 12-, and
13-H and the other is due to the 7-, 8-, 17-, and 18-H. In the case of complexes
carrying hindered axial ligands, such as 2-MeIm or 1,2-Me2Im, two atropisomers,
I and II, exist due to hindered rotation about the imidazole-N and iron(III)
bond.90–93 Each isomer gives four pyrrole-H signals and two cyclopropyl CH(1′)
signals. In Table 3, the axial ligands are arranged in the descending order of the
pyrrole-H chemical shifts, which exactly corresponds to the descending order of
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Table 2. 1H NMR Chemical Shifts of a Series of [Fe(TMP)L2]+ at 193 K in CD2Cl2.

δobs δiso

Ligand pKa(BH+) m-H Pyrrole-H m-H Pyrrole-H

DMAP 9.70 4.85 −30.9 −2.42 −39.5
2-MeIm 7.56 7.77 −20.4 0.5 −29.0
1-MeIm 7.33 5.01 −31.3 −2.26 −39.9
3,4-Me2Py 6.46 7.48 −21.2 0.21 −29.7
3,5-Me2Py 6.15 7.12 −23.0 −0.15 −31.6
4-MePy 6.02 8.22 −18.2 0.95 −26.8
3-MePy 5.68 8.36 −17.8 1.09 −26.4
Py 5.22 9.47 −13.3 2.20 −21.9
3-ClPy 2.84 10.85 −10.3 3.58 −18.9
3-CNPy 1.45 13.07 −4.4 5.80 −13.0
4-CNPy 1.1 14.59 2.1 7.32 −6.5

Source: Ref. 78.
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the isopropyl-CH(1′) chemical shifts. Thus, it is clear that the electronic ground
state changes from (dxz, dyz)

4(dxy)
1 to (dxy)

2(dxz, dyz)
3 as the axial ligand varies from

CN− (in CD3OD) to HIm. The data in Table 3 indicate that the population of the
(dxz, dyz)

4(dxy)
1 isomer increases (i) if the CD2Cl2 solvent is replaced by CD3OD in

the bis-CN complex and (ii) if a methyl group is introduced into the 2-position of
the imidazole. These two aspects will be discussed in Section III.B.3.

The effect of axial ligands on the electronic ground states of low-spin iron(III)
porphyrins is most explicitly seen in the meso-alkyl-substituted complexes, i.e.
[Fe(TRP)L2]

±.52 Table 4 lists the 1H and 13C NMR chemical shifts (CD2Cl2, 223 K)
of a series of [Fe(TnPrP)L2]

±, [Fe(TcPrP)L2]
±, and [Fe(TiPrP)L2]

±. The EPR g val-
ues taken in frozen CH2Cl2 solution at 4.2 K are also listed. The ligands are
arranged in ascending order of the pyrrole-H chemical shifts except for 4-CNPy
and tBuNC; the pyrrole-H signal of the 4-CNPy complex in each series appears
slightly more downfield than that of the tBuNC complex. The ligand arrangement
in Table 4 corresponds to the ascending order of the CH(α)-H and meso-C and the
descending order of the CH(α)-C and Cα chemical shifts. The large downfield
shift of the pyrrole-H and meso-C signals, which is observed when the axial ligand
changes from HIm to tBuNC, indicates that the electronic ground state changes
from nearly pure (dxy)

2(dxz, dyz)
3 in the HIm complex to nearly pure (dxz, dyz)

4(dxy)
1

in the tBuNC complex in [Fe(TnPrP)L2]
± and [Fe(TcPrP)L2]

±.
The situation is a little different, however, in the case of [Fe(TiPrP)L2]

±. Even
the pyrrole-H signal of the HIm complex is observed considerably downfield, at
0.11 ppm, as compared with the corresponding signals in [Fe(TnPrP)(HIm)2]

+ and
[Fe(TcPrP)(HIm)2]

+; these are observed at −21.45, and −18.70 ppm, respectively.
Similarly, the meso-C signal appears considerably downfield, at 331.6 ppm, in
[Fe(TiPrP)(HIm)2]

+ as compared with 73.1 and 97.1 ppm in [Fe(TnPrP)(HIm)2]
+

28 Nakamura et al.

Table 3. 1H NMR chemical shifts (CD2Cl2, 293 K) of a series of [Fe(TMCP)L2]±.

Pyrrole- Meso-
Ligand (L) Solvent Pyrrole-H H(ave) Meso-CH CH(ave)

CN− CD3OD 11.12, 10.56 10.84 101.87 101.87
CN− CDCl3 3.57, 3.23 3.40 69.12 69.12

1,2-Me2Ima CD2Cl2 I −4.93, −4.08, −0.99, −0.66 −2.67 55.73, 41.12 48.44
II −4.95, −2.44, −1.79, −0.20 −2.35 57.49, 43.37 50.43

2-MeIma CD2Cl2 I −7.83, −7.22, −4.11, −4.11 −5.81 41.12, 28.1 34.61
II −7.83, −5.94, −5.08, −3.72 −5.64 41.77, 29.95 35.86

1-MeIm CD2Cl2 −8.31, −8.18 −8.25 23.96 23.96
Him CD2Cl2 −10.16, −9.97 −10.07 15.83 15.83

aThe complex has two atropisomers, I and II, due to the slow rotation of axial ligands around
the N–Fe bond. (Source: Ref. 89.)
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Table 4. 1H and 13C NMR chemical shifts (CD2Cl2, 223 K) and EPR g values (CH2Cl2, 4.2 K) of a series of (a) [Fe(TnPrP)L2]±, (b) [Fe(TcPrP)L2]±,
and (c) [Fe(TiPrP)L2]±.

1H NMR 13C NMR EPR

Ligand (L) Pyrrole-H CH(a) CH(β ) meso-C CH(α) CH(β ) CH(γ ) Cα Cβ g1 g2 g3 Ground Statec

(a) [Fe(TnPrP)L2]±

HIm −21.45 1.72 −1.47 73.1 14.5 64.5 12.4 0.0 73.6 2.90 2.35 (1.45)b dπ

DMAP −16.68 9.73 −0.92 130.5 −7.3 108.6 12.6 −2.2 84.3 3.10 2.10 dπ

2-MeIm −8.20 21.3 0.79 a a a a a a 2.85 2.10 dπ

CN− −3.48 30.9 0.09 336.1 −56.6 249.7 17.9 −72.7 61.2 2.51 2.51 dxy

3-MePy 4.49 51.4 1.77 470.0 −120.6 348.8 16.9 −88.5 77.0 (dxy)
Py 7.07 57.9 1.65 526.5 −140.6 385.7 17.6 −108.2 74.3 2.55 2.55 dxy

4-CNPy 13.03 88.5 0.68 814.7 −245.1 574.2 23.0 −262.7 66.0 2.46 2.46 1.68 dxy
tBuNC 12.65 118.5 −4.16 d d d d d 84.7e 2.16 2.16 1.95 dxy

(b) [Fe(TcPrP)L2]±

HIm −18.70 10.88 −1.52 −2.26 97.1 −6.2 17.5 11.8 79.6 2.87 2.42 dπ

DMAP −14.31 26.37 −1.21 −2.81 127.4 −25.4 29.7 8.5 88.0 3.10 2.00 dπ

2-MeIm −12.27 35.48 −9.29 d 149.1 d d −62.0 d 2.90 2.10 dπ

−9.98 51.32 −6.50 231.6 −36.1
−7.25 −3.28 37.7
−4.46 −2.06 39.8

CN− 4.28 91.87 −0.15 −1.82 386.7 −98.9 91.4 −84.2 61.2 2.49 2.49 dxy

3-MeIm 7.25 115.25 −0.27 −3.35 431.6 −133.0 102.8 −71.1 79.6 (dxy)
Py 8.39 121.35 −0.35 −3.93 448.9 −141.5 106.8 −81.3 78.7 2.56 2.56 dxy

4-CNPy 14.89 189.49 −1.56 −4.16 680.1 −240.8 155.9 −211.9 71.7 2.49 2.49 1.58 dxy
tBuNC 14.70 d −4.23 d d d d 91.0 2.16 2.16 1.95 dxy

(Continued )
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Table 4. (Continued )

1H NMR 13C NMR EPR

Ligand (L) Pyrrole-H CH(a) CH(β ) meso-C CH(α) CH(β ) CH(γ ) Cα Cβ g1 g2 g3 Ground Statec

(c) [Fe(TiPrP)L2]±

HIm 0.11 16.14 3.91 331.6 −55.3 172.5 −28.3 76.5 2.55 2.55 dxy

DMAP 4.00 19.79 4.78 402.2 −76.6 207.3 −47.2 81.1 2.54 2.54 dxy

2-MeIm 2.76 19.26 4.10 379.2 −65.4 d −28.1 65.6 2.58 2.58 dxy

4.12 23.09 3.47 488.7 −104.2 −34.3 67.6
7.50 6.51 −93.4 80.4
8.15 7.51 −123.7 85.4

CN− 12.26 28.68 6.67 639.6 −134.5 309.4 −186.0 54.7 2.42 2.42 1.74 dxy

3-MePy 14.66 33.20 7.76 702.5 −170.6 339.2 −165.2 71.6 (dxy)
Py 14.94 33.95 7.83 728.6 −179.3 349.3 −179.3 71.4 2.52 2.52 1.60 dxy

4-CNPy 15.62 41.63 8.87 917.5 −242.9 425.1 −293.5 74.8 2.41 2.41 1.79 dxy
tBuNC 12.93 50.82 10.03 d d d d 98.8e 2.16 2.16 1.96 dxy

aMeasurement was difficult due to the low solubility. bCalculated from gx
2 + gy

2 + gz
2 = 16. cThe electronic ground state was determined at 4.2 K

from the EPR spectra. The dπ and dxy represent the (dxy)2(dxz, dyz)3 and (dxz, dyz)4(dxy)1 ground state, respectively. dSignals were too broad to detect.
eData at 298 K. (Source: Refs. 52 and 82.)
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and [Fe(TcPrP)(HIm)2]
+, respectively. The EPR spectrum of [Fe(TiPrP)(HIm)2]

+

taken at 4.2 K shows a broad signal at g = 2.55, which should be classified as
axial-type.

These results strongly indicate that [Fe(TiPrP)(HIm)2]
+ is a unique example

that adopts the (dxz, dyz)
4(dxy)

1 ground state in spite of the coordination of HIm; all
of the bis-HIm complexes reported previously adopt the (dxy)

2(dxz, dyz)
3 ground

state. The anomaly observed in [Fe(TiPrP)(HIm)2]
+ can be ascribed to the defor-

mation of the porphyrin ring, which will be discussed in the next section. On the
basis of the data listed in Tables 2–4, it is concluded that the population of the (dxz

dyz)
4(dxy)

1 type isomer increases as the axial ligand changes from HIm to tBuNC in
the order given by Eq. 14:

HIm < DMAP, 1-MeIm < 2-MeIm < 1,2-Me2Im < CN−

< 3-MePy < Py < 3-CNPy, 4-CNPy < tBuNC. (14)

2. Electronic Effects of Peripheral Substituents

In addition to the field strengths of axial ligands, the electronic ground state of
low-spin iron(III) porphyrins can be influenced by the electronic effect of periph-
eral substituents. Table 5 lists the 1H and 13C NMR chemical shifts of a series of
[Fe(p-X-TPP)(CN)2]

−.94 Figure 16a shows the Hammett plots for the meso-C
isotropic shifts, where the isotropic shifts are determined in CD2Cl2 and CD3OD
solutions separately.94 In both solvents, the Hammett plot yields a good straight
line. While the isotropic shifts are positive, +18.7 to +85.2 ppm, in all the com-
plexes examined in CD3OD solution they are negative, −24.3 to −43.5 ppm, in
CD2Cl2 solution. Furthermore, the slope of the line is −69.5 ppm in CD3OD solu-
tion which is more than three times as much as that in CD2Cl2 solution. The posi-
tive isotropic shifts in CD3OD solution indicate that the meso-C atoms have
positive spin density, which in turn indicates that all the complexes given by
[Fe(T(p-X)PP)(CN)2]

− adopt the (dxz, dyz)
4(dxy)

1 ground state in CD3OD solution
regardless of the kind of p-substituents. The large negative slope observed in
CD3OD solution then indicates that the (dxz, dyz)

4(dxy)
1 ground state is stabilized as

the electron-donating ability of the p-substituent increases. In contrast, the nega-
tive isotropic shifts together with the insensitive substituent effect suggest that all
the complexes adopt the (dxy)

2(dxz, dyz)
3 ground state in CD2Cl2 solution. The

isotropic shifts of the Cα signals obtained in CD2Cl2 and CD3OD at 298 K are also
plotted against the Hammett σp values, and they are shown in Figure 16b.
Although the Hammett plots show good linearity in both CD2Cl2 and CD3OD, the
slopes are rather small, 7.5 (CD2Cl2) and 22.6 (CD3OD) ppm, as compared with
those of the meso-C Curie plots. Thus, the isotropic shifts of the Cα signals are less
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Figure 16. Plots of the carbon isotropic shifts of [Fe(p-X-TPP)(CN)2]− against Hammett σp val-
ues in CD2Cl2 and CD3OD at 298 K: (a) meso-C and (b) Cα. The symbols � and � are isotropic
shifts obtained in CD2Cl2 and CD3OD solutions, respectively. (Adapted with permission from
Ref. 94. Copyright 2002, Elsevier Science.)
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Table 5. NMR chemical shifts of [Fe(4-X-TPP)(CN)2]− determined in CD2Cl2 and CD3OD
solutions at 298 K: (a) 1H NMR, (b)13C NMR chemical shifts.

CD2Cl2 CD3OD

X Pyrrole-H o m Pyrrole-H o m

–OCH3 −16.09 4.48 5.97 −6.31 5.47 7.80
–CH3 −16.12 4.47 6.26 −6.78 5.46 8.06
–H −16.55 4.55 6.36 −7.69 5.61 8.04
–F −16.82 4.50 6.00 −8.32 5.65 7.62
–Cl −16.97 4.44 6.27 −8.98 5.57 7.82
–CF3 −17.62 4.56 6.45 −10.46 5.73 7.86
–CN −17.62 4.51 6.46 −11.11 5.66 7.80

CD2Cl2 CD3OD

X Meso Cα Cβ Ipso Meso Cα Cβ Ipso

–OCH3 94.4 40.2 89.8 118.0 203.9 21 88.3 89.5
–CH3 93.5 40.3 89.9 123.1 195.8 22.4 88.6 96.6
–H 89.0 41.3 90.3 127.2 183.8 26.6 89.4 103.8
–F 84.2 42.4 90.6 124.1 173.2 30.7 90.2 102.7
–Cl 81.1 42.9 90.9 127.3 163.7 33.3 90.8 107.9
–CF3 74.8 43.9 91.6 134.1 145.8 38.5 92.4 119.0
–CN 74.3 47.3 92.9 135.8 136.5 41.3 93.3 122.5

Source: Ref. 94.
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sensitive to the p-substituents than those of the meso-C signals. As the population
of the (dxy)

2(dxz, dyz)
3 type isomer increases, the spin density at the meso-C

decreases and that at the Cα increases. Thus, the positive and negative slopes in
Hammett plots observed for the meso-C and pyrrole Cα signals, respectively, indi-
cate that the electron-withdrawing substituents stabilize the (dxy)

2(dxz, dyz)
3 state.

The electronic ground state determined by the NMR spectra is supported by the
EPR spectra taken in frozen CH2Cl2 solution at 4.2 K. These complexes com-
monly exhibit a strong signal at g = 3.6 in CH2Cl2 solution, while they commonly
exhibit a strong signal at g = 2.5 in CH3OH solution regardless of the kind of p-
substituents. The results clearly indicate that these complexes adopt the (dxy)

2(dxz,
dyz)

3 and (dxz, dyz)
4(dxy)

1 ground states in frozen CH2Cl2 and CH3OH solutions,
respectively, at 4.2 K. It should be noted here that the EPR spectra are less sensi-
tive to subtle changes in the electronic ground state as compared with the NMR
spectra.

There is another good example showing that the electron-withdrawing meso
substituents stabilize the (dxy)

2(dxz, dyz)
3 ground state. Compare the spectroscopic

data of [Fe(TPP)(tBuNC)2]
+ with those of [Fe(F20–TPP)(tBuNC)2]

+.82 The por-
phyrin ring in the latter complex should be electron-deficient because of the pres-
ence of a strong electron-withdrawing pentafluorophenyl (C6F5) group at each
meso position. In accordance with the general tendency of bis-tBuNC complexes,
both [Fe(TPP)(tBuNC)2]

+ and [Fe(F20-TPP)(tBuNC)2]
+ adopt the less common (dxz,

dyz)
4(dxy)

1 ground state, as revealed by the axial type EPR spectra. However, the g⊥

and g|| values are quite different; they are 2.18 and 1.93 in the former complex, and
2.31 and 1.86 in the latter. Similarly, the pyrrole-H signals of [Fe(TPP)(tBuNC)2]

+

and [Fe(F20-TPP)(tBuNC)2]
+ appear at 11.7 and 5.48 ppm at 223 K, respectively.

The results clearly indicate that the dxy orbitals of both complexes are located
above the dπ orbitals. However, the energy gaps between the dxy and dπ orbitals are
very different; they are calculated to be 9.16 and 5.55λ for [Fe(TPP)(tBuNC)2]

+

and [Fe(F20-TPP)(tBuNC)2]
+, respectively, according to Eqs. 10 and 11.

The examples given above indicate that electron-donating groups at the meso
positions stabilize the (dxz, dyz)

4(dxy)
1 ground state while electron-withdrawing groups

stabilize the (dxy)
2(dxz, dyz)

3 ground state. The electronic effects of the peripheral
substituents are most explicitly observed in saddle-shaped [Fe(OETArP)L2]

±

where Ar represents various substituted phenyl groups, such as 4-CH3O, H, 4-CF3,
and 3,5-(CF3)2, and the axial ligand (L) is either HIm or tBuNC.95 Tables 6 and 7
list the 1H and 13C NMR chemical shifts of these complexes taken in CD2Cl2 solu-
tion at 298 K together with those of the corresponding diamagnetic zinc com-
plexes, Zn(OETArP).95 In the 1H NMR spectra of [Fe(OETArP)(HIm)2]

+, most of
the signals exhibit no drastic change depending on the meso phenyl substituents.
In contrast, the 1H and 13C signals in [Fe(OETArP)(tBuNC)2]

+ exhibit considerable
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Table 6. 1H NMR chemical shifts of [Fe(OETArP)(HIm)2]+, [Fe(OETArP)(tBuNC)2]+, and [Zn(OETArP)] taken in CD2Cl2 solutions at 298 K.

Complexes Aryl Substituent ∑σ CH2 CH2(ave) CH3 o m P tBu

[Fe(OETArP)(Him)2]++

4-MeO −0.27 4.74, 10.98a 7.86 a 0.74 5.64 5.49 3.35b

H 0.00 4.37, 10.34a 7.34 0.86 4.97 5.80 6.73
4-CF3 0.54 4.32, 10.69 7.51 0.92 4.90 6.00 —
2,6-Cl2 — 5.54, 9.71a 7.63 1.18 — 5.42 6.32
3,5-(CF3)2 0.86 3.56, 10.91a 7.24 1.05 5.23 1.17

[Fe(OETArP)(tBuNC)2]++

4-MeO −0.27 7.10 7.10 1.14 5.10 10.55 — −1.55a

H 0.00 7.46 7.46 1.32 5.54 11.05 6.31 −1.53a

4-CF3 0.54 9.93 9.93 1.27 7.00 10.14 — −1.03a

2,6-Cl2 — 12.39 12.39 1.73 — 9.35 7.53 −1.03a

3,5-(CF3)2 0.86 10.83 10.83 1.36 7.96 7.96 −0.95a

Zn(OETArP)

4-MeO −0.27 2.10, 2.65 2.38 0.45 8.19 7.24 4.07 b —
H 0.00 2.01, 2.61 2.31 0.46 8.31 7.67 7.79 —
4-CF3 0.54 1.97, 2.63 2.30 0.49 8.52 8.03 — —
2,6-Cl2 — 2.45 2.45 0.71 — 7.76 7.65 —
3,5-(CF3)2 0.86 1.52 1.52 1.26 8.87 — 8.36 —

aExtrapolated values; signals are too broad at ambient temperature. bMethoxy signal. (Source: Ref. 95.)
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Table 7. 13C NMR chemical shifts of [Fe(OETArP)(HIm)2]+, [Fe(OETArP)(tBuNC)2]+, and Zn(OETArP) taken in CD2Cl2 solutions at 298 K.

Complex Aryl Substituent ∑σ Meso Cα Cβ o m p Ipso CH2(α) CH3(β)

[Fe(OETArP)(HIm)2]++

4-MeO −0.27 −2 182a 179a 102 111 156 163 −23 91
H 0.00 7 162a 167a 107 124 125 162 −24 87
4-CF3 0.54 5 157a 166a 108 122 — 166 −24 86
2,6-Cl2 — −7 149a 161a 113 128 128 154 −27 92
3,5-(CF3)2 0.86 6 144a 164a 109 128 119 161 −25 85

[Fe(OETArP)(tBuNC)2]++

4-MeO −0.27 430 −11 143 317 126 171 n.d. 0 58
H 0.00 417 −5 143 310 144 138 37 −2 59
4-CF3 0.54 280 79 152 244 135 n.d. 98 −10 75
2,6-Cl2 — 166 136 157 205 133 133 125 −21 93
3,5-(CF3)2 0.86 194 117 161 207 139 126 128 −18 87

[Zn(OETArP)]

4-MeO −0.27 119 148a 144a 135 113 160 135 19.9 17.5
H 0.00 119 147a 144a 136 127 128 142 19.8 17.5
4-CF3 0.54 118 147a 144a 136 124 131 145 20.0 17.4
2,6-Cl2 — 113 147a 144a 141 129 131 139 20.0 16.1
3,5-(CF3)2 0.86 too broad to detect

aThe assignments of the α and β signals could be reversed. (Source: Ref. 95.)
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substituent dependence. Figure 17 shows the Hammett plots of some 1H and 13C
signals of [Fe(OETArP)(HIm)2]

+ and [Fe(OETArP)(tBuNC)2]
+.95 For each signal,

the substituent effect on the chemical shifts is considerably larger in
[Fe(OETArP)(tBuNC)2]

+ than in [Fe(OETArP)(HIm)2]
+ The isotropic shift of the

CH2–H signal of [Fe(OETArP)(tBuNC)2]
+ increases from +4.72 to +9.31 ppm with

increase in the Hammett σ value, as shown in Figure 17a.
Correspondingly, the isotropic shift of the Cα signal decreases from −20 to

−38 ppm, as shown in Figure 17b. The isotropic shift of the meso-C signal exhibits
the largest change; it decreases from 311 to 76 ppm, as shown in Figure 17c. Thus,
the Hammett plot for the meso-C signal shows a large negative slope, −220 ppm,
in [Fe(OETArP)(tBuNC)2]

+ as compared with +5.4 ppm in [Fe(OETArP)(HIm)2]
+.

The results suggest that the spin density of the Cβ gradually increases while that
of the meso-C drastically decreases with increase in the Hammett σ value, which
in turn indicates that the electronic ground state in [Fe(OETArP)(tBuNC)2]

+ grad-
ually changes from (dxz, dyz)

4(dxy)
1 to (dxy)

2(dxz, dyz)
3. The change in the electronic

ground state is further confirmed by the EPR spectra shown in Figure 18. As
expected, [Fe(OETArP)(HIm)2]

+ exhibits either rhombic or large gmax type spectra
typical of the low-spin (dxy)

2(dxz, dyz)
3 type complexes. In the case of [Fe(OETArP)

(tBuNC)2]
+, all the complexes except the 3,5-(CF3)2 complex show axial type spec-

tra characteristic of low-spin complexes with the (dxz, dyz)
4(dxy)

1 ground state. Only
the 3,5-(CF3)2 complex exhibits a rhombic type spectrum, which unambiguously
indicates that this complex adopts the (dxy)

2(dxz, dyz)
3 ground state in spite of the

coordination of tBuNC. Thus, it is clear on the basis of the NMR and EPR data
that the electronic ground state of [Fe(OETArP)(tBuNC)2]

+ gradually changes
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Figure 17. Hammett plots of the 1H and 13C NMR isotropic shifts of [Fe(OETArP)(HIm)2]+ (�)
and [Fe(OETArP)(tBuNC)2]+ (�). (a) CH2-H, (b) Cα, and (c) meso-C. (Adapted with permission
from Ref. 95. Copyright 2007, American Chemical Society.)
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from nearly pure (dxz, dyz)
4(dxy)

1 to nearly pure (dxy)
2(dxz, dyz)

3 as the meso-aryl sub-
stituent changes from 4-CH3O to 3,5-(CF3)2. Figure 19 shows the relative energy
levels of the dxy, dyz, and dxz orbitals of a series of [Fe(OETArP)(tBuNC)2]

+

obtained on the basis of the EPR g values in frozen CH2Cl2 solution at 4.2–20 K
according to Eqs. 10 and 11. In the figure, the average value of the energy levels
of the three d orbitals is fixed at a constant value. The 3,5-(CF3)2 complex is the
first example of a low-spin iron(III) porphyrin that shows the (dxy)

2(dxz, dyz)
3

ground state in spite of the coordination of tBuNC.
Electronic effects of peripheral substituents on the electronic ground state can

be explained as follows: electron-donating meso substituents should destabilize
the porphyrin π orbitals, especially the a2u orbital, because this orbital has large
coefficients at the meso positions. As a result, the interaction between the dxy and
a2u orbitals is strengthened since the energy gap separating these two orbitals
decreases as shown in Figure 20a, which in turn lifts the dxy orbital above the dπ
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(a) [Fe(OETArP)(HIm)2]+ (b) [Fe(OETArP)(tBuNC)2]+

4-CH3O

H

4-CF3

3,5-(CF3)2

4-CH3O

H

4-CF3

3,5-(CF3)2

200 300 400200 300 400
Field(mT)Field(mT)

Figure 18. EPR spectra of a series of [Fe(OETArP)(HIm)2]+ and [Fe(OETArP)(tBuNC)2]+ taken
in CH2Cl2 solutions at 4.2 K. (Adapted with permission from Ref. 95. Copyright 2007,
American Chemical Society.)
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orbitals.94 In contrast, electron-withdrawing meso substituents stabilize the a2u

orbital, and weaken the a2u–dxy interaction, as shown in Figure 20b. Consequently,
the energy level of the dxy orbital is lowered and thus the (dxy)

2(dxz, dyz)
3 ground

state is stabilized.
It should be noted here that the low-spin complex with the purest ever reported

(dxz, dyz)
4(dxy)

1 ground state is not the bis-tBuNC complex, but the bis-Py complex
with strongly electron-withdrawing heptafluoropropyl (C3F7) groups at the meso
positions, [Fe(T(C3F7)P)(Py)2]

+.96 This complex shows g⊥ and g|| signals at 2.07
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Figure 19. Relative energy levels of the dxy, dyz, and dxz orbitals of a series of [Fe(OETArP)
(tBuNC)2]+. (Adapted with permission from Ref. 95. Copyright 2007, American Chemical Society.)
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Figure 20. Schematic presentation of the change in energy levels in iron 3d orbitals by the
introduction of substituents on the meso phenyl ring: (a) electron-donating substituents,
(b) electron-withdrawing substituents. (Adapted with permission from Ref. 94. Copyright
2002, Elsevier Science.)
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and 1.99, respectively. The energy gap (∆) between the dxy and dπ orbitals reaches
as much as −26.4λ, which is much larger than that of [Fe(TiPrP)(tBuNC)2]

+ (g⊥ =
2.16, g|| = 1.96; ∆/λ = −11.3). At present, it is difficult to explain why this complex
adopts the purest (dxz, dyz)

4(dxy)
1 ground state despite the presence of strongly

electron-withdrawing C3F7 groups at the meso positions. The highly ruffled struc-
ture expected for this complex could strengthen the dxy–a2u interaction and lift the
dxy orbital. In addition, the low-lying 4eg* orbitals of T(C3F7)P could lower the iron
dπ orbitals by the dπ–4eg* interactions to stabilize the (dxz, dyz)

4(dxy)
1 ground state.

Anyway, because of the presence of a highly ruffled structure together with
strongly electron-withdrawing meso substituents, [Fe(T(C3F7)P)(Py)2]

+ should be
an interesting complex for further electronic structure investigations. Unfortunately,
however, this complex seems to be so unstable that the only spectroscopic data
reported are from the EPR spectrum at 4.2 K.

3. Deformation of the Porphyrin Ring

Porphyrins are intrinsically planar 18π aromatic macrocycles. However, because
the porphyrin ring is not a rigid macrocycle, it can be easily deformed in order to
relieve the steric repulsion that occurs between a peripheral substituents and/or
between a peripheral substituent and an axial ligand.44–51 Deformation of the por-
phyrin ring affects the energy levels of the 3d orbitals of the iron, and in some
cases changes the electronic ground state.52,89,97–101 This is because the ring defor-
mation always shortens the Fe–N bond to destabilize the dx2–y2 orbital. Even the
energy level of the t2g orbitals should be affected by deformation of the porphyrin
ring. Although the porphyrin a1u and a2u orbitals are orthogonal to any of the iron
3d orbitals in a planar D4h complex, they can interact with the iron dxy and dx2–y2

orbitals if the porphyrin ring deforms, as shown in Table 1.42,43 It has already
been described in detail that the porphyrin a2u orbital can interact with the iron dxy

orbital if the normally planar complex deforms in a D2d ruffled fashion. It is also
well known that the a2u orbital can interact with the dx2–y2 orbital if the complex
deforms in a D2d saddled fashion.102,103 Similarly, the interaction between a1u and
dx2–y2 orbitals is symmetry-allowed in a ruffled D2d complex, and the interaction
between a1u and dxy is symmetry-allowed in a saddled D2d complex, as listed in
Table 1.38,42,43,104

a. Ruffled deformation

Extensive structural and theoretical studies have revealed that the introduction of
bulky substituents at the meso positions induces the highly ruffled deformation of
the porphyrin ring.105–108 In contrast, the introduction of aryl groups at the meso
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positions does not usually affect porphyrin planarity because of the less bulky
nature of the pseudoperpendicular phenyl group as compared with the alkyl group;
note that the half-thickness of the benzene ring is 1.85 Å while that of a methyl
group is 2.0 Å.109 As the bulkiness of the meso-alkyl group increases, the ruffling
of the porphyrin ring increases correspondingly.105 Figure 21 shows the molecular
structures of Fe(TnPrP)Cl and Fe(TiPrP)Cl.110,111 Obviously, the porphyrin ring of
the latter complex is ruffled to a greater extent. Thus, examination of the electronic
structure of [Fe(TRP)(CN)2]

−, where R is H, Me, Et, and iPr, should reveal the
relationship between porphyrin deformation and the electronic structure. Figure 22
shows the 1H NMR spectra of a series of [Fe(TRP)(CN)2]

− taken  in CD2Cl2 solu-
tion at 298 K.97 As the meso-R changes from H to Me, Et, and then to the iPr group,
the pyrrole-H signal moves from −17.2 to −1.5, −2.0, and then to +10.0 ppm, sug-
gesting clearly that the electronic ground state changes from (dxy)

2(dxz, dyz)
3 to (dxz,

dyz)
4(dxy)

1. The results can best be explained in terms of destabilization of the dxy

orbital due to the dxy–a2u interaction, which is strengthened as the ruffling of the
porphyrin ring increases on going from the R=H to the R=iPr complex.

In Table 8 are collected all the spectroscopic data of these complexes, includ-
ing the 1H NMR chemical shifts, the 13C NMR chemical shifts of the coordinating
CN− ligand, and the EPR g values. The crystal field parameters obtained from the
EPR g values are also listed.97 Among these data, the chemical shifts of the coor-
dinating CN− ligand need to be explained. The chemical shift of the cyanide lig-
and moves downfield on going from the H to Me, Et, and then to the iPr complex.
Thus, the chemical shifts should reflect the electronic ground state of the complex.
Various ferric porphyrin complexes with bis-CN coordination have been examined
by 13C NMR.112–116 Their chemical shifts are in the range of −2000 to −2400 ppm.
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Figure 21. Molecular structure of (a) Fe(TnPrP)Cl and (b) Fe(TiPrP)Cl. (Adapted with permis-
sion from (a) Ref. 110, copyright 1999 American Chemical Society, and (b) Ref. 111, copy-
right 1999 International Union of Crystallography.)
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Table 8. NMR and EPR data of [Fe(TRP)(CN)2]− determined in (a) CD2Cl2 solution and (b)
CD2Cl2/CD3OD solution together with the crystal field parameters.

1H NMR (248 K) 13C NMR (248 K) EPR (4.2 K)

R Pyrrole-H CH(α) CH(β) CN− gx gy gz ∆/λC V/λC

(a) CD2Cl2 Solution

H −23.19 (−2.99)a — −2973 — — 3.65 — —
Me 0.34 64.21 — −1840 2.46 2.46 — — —
Et −2.26 27.54 2.51 −2054 2.48 2.48 — — —
iPr 11.94 26.93 6.45 −1530 2.43 2.43 1.73 −3.83 −3.83

(b) CD2Cl2/CD3OD Solution

H −21.73 (0.03)a — −2963 — — 3.5 — —
Me 8.65 99.05 — −1401 2.43 2.43 1.69 −3.63 −3.63
Et 8.27 48.43 4.71 −1557 2.47 2.47 1.61 −3.20 −3.20
iPr 12.76 29.69 6.84 −1389 2.35 2.35 1.82 −4.82 −4.82

aChemical shits of the meso-H signal. (Source: Ref. 97.)
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Figure 22. 1H NMR spectra of a series of [Fe(TRP)(CN)2]− taken in CD2Cl2 solution at 298 K.
(Adapted with permission from Ref. 97. Copyright 1997, American Chemical Society.)
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In the case of the complexes carrying both cyanide and imidazole ligands, the
iron-bound cyanide signal is observed far more upfield: −3500 to −4300 ppm.

Figure 23 shows the correlation of the chemical shifts between the pyrrole-H
and CN carbon signals in [Fe(TRP)(CN)2]

−.97 A fairly good correlation suggests
that the change in chemical shifts of the CN carbon signal has the same origin as
that of the pyrrole-H signal. In other words, the chemical shifts of the coordinat-
ing cyanide are controlled by the electronic ground state of the low-spin iron(III)
ion. Cheng and coworkers have carried out DFT calculations for planar
[Fe(TPP)(CN)2]

− and ruffled [Fe(TiPrP)(CN)2]
−.117 Figure 24 shows the molecular

orbitals involving dxy and dπ obtained by the spin-restricted ADF calculations. In
the case of the (dxy)

2(dxz, dyz)
3 type low-spin complexes, the unpaired electron in the

dπ orbital should interact with the CN π orbitals to induce positive spin density at
the CN carbon atom, as shown in Figure 24b. Consequently, the CN carbon signal
is expected to appear at a downfield position. Actually, however, the CN signals
in the six-coordinate bis-CN and mixed cyanide–imidazole complexes are
observed at extremely upfield positions, i.e. −2000 to −4300 ppm. The upfield
shift is ascribed to indirect spin polarization via σ bonding interaction between dz2

and the CN− lone pair. Thus, the axial CN− donates more positive spin density to
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Figure 23. Correlation of the chemical shifts between the pyrrole-H and CN− carbon signals
in a series of [Fe(TRP)(CN)2]. White circles are the chemical shifts in CD2Cl2 and black circles
are those in CD2Cl2–CD3OD. (Adapted with permission from Ref. 97. Copyright 1997,
American Chemical Society.)
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the vacant dz2 orbital, which results in negative spin density at the CN− carbon
atom. The large upfield shift of the CN− carbon signals indicates that the spin
polarization mechanism predominates over the spin delocalization mechanism.

In the case of the low-spin (dxz, dyz)
4(dxy)

1 type complexes, the CN− π orbital is
orthogonal to the half-occupied iron dxy orbital. Consequently, the negative spin on
the CN− carbon should be much larger in the (dxz, dyz)

4(dxy) type complexes and
induces a much larger upfield shift of the CN− carbon signal in these complexes.
This expectation is, however, against the experimental facts. Thus, there should be
some direct spin delocalization mechanism between the half-occupied iron dxy

orbital and the axial cyanide. Cheng and coworkers have found that there is
an unexpected bonding interaction between iron dxy and cyanide lone pair in ruf-
fled [Fe(Por)(CN−)2]

−, as shown in Figure 24e.117 Because of this bonding interac-
tion specific to the ruffled complexes, the spin density of the CN− carbon in
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0.95 dxy 0.70 dπ, 0.14 Pπ, 0.11 CNπ

< dπI Pπ> = 0.040   <dπ I CNπ > = 0.043

0.51 dxy, 0.39 a2u, 0.06 CNπ

< dxyI a2u> = 0.049

0.68 dπ, 0.13 Pπ, 0.08 CNπ

< dπI Pπ> = 0.071   <dπ I CNπ > = 0.080

< dxy-a2u I CNlp> = 0.087

(a) (b)

(c) (d)

(e)

Figure 24. Molecular orbitals based on spin-restricted calculations depict the bonding char-
acteristics of dxy and dxz, dyz for [FeP(CN)2]− complexes with planar [(a), (b)] and ruffled [(c),
(d)] macrocycle conformation. Bonding interaction between dxy and cyanide lone pairs is
depicted in (e), a perspective view of (c). The corresponding major orbital contributions and
the effective orbital overlap in space are also shown under each molecular orbital. (Reprinted
with permission from Ref. 104. Copyright 2009, Royal Society of Chemistry.)
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[Fe(TiPrP)(CN−)2]
− becomes much less negative than for all the other low-spin

complexes.
There are several more examples suggesting that the ruffled deformation stabilizes

the (dxz, dyz)
4(dxy)

1 ground state. Table 9 lists the slopes of the Curie plots of pyrrole-H
signals in a series of [Fe(R3-TPP)L2]

+, where R are H, Me, Et, and iPr groups and L
are various imidazole ligands.119 From the data in the table, it is possible to extract
the general tendency that the slope increases when both of the following two condi-
tions are satisfied: (i) the meso-phenyl group has substituents at the ortho positions
and (ii) the imidazole ligand has an alky substituent at position 2 of the ring.

Low-spin complexes that satisfy these two conditions should have a ruffled
porphyrin ring because of the steric repulsion between the bulky axial ligand and
the ortho alkyl substituents of the porphyrin. In fact, the X-ray molecular structure
of [Fe(TMP)(1,2-Me2Im)2]

+ is highly ruffled, in contrast to that of [Fe(TMP)(1-
MeIm)2]

+, as shown in Figure 25.118,120 The highly ruffled conformation creates
mutually perpendicular clefts along the Cmeso–Fe–Cmeso axes above and below the
porphyrin ring. The planar axial ligands coordinate to the iron(III) along these
clefts to minimize their steric repulsion with the porphyrin core. Consequently, the
(dxz, dyz)

4(dxy)
1 ground state is stabilized due to the dxy–a2u interaction which is

specific to the ruffled deformation. Similar examples can be seen in meso-alkyl-
substituted complexes such as [Fe(TCHP)L2]

+ and [Fe(TMCP)L2]
+.89,121 The

pyrrole-H signals of these complexes move downfield by 3.6 (298 K) and 5.7
(223 K) ppm, respectively, as the axial 1-MeIm ligand is replaced by 1,2-Me2Im.
Similarly, the pyrrole-H signal of [Fe(TnPrP)(2-MeIm)2]

+ appears more downfield
by 13.3 ppm than the corresponding signal of [Fe(TnPrP)(HIm)2]

+. [Fe(TMP)(2-
MeBzIm)2]

+ is a special case.122 This complex exhibits the pyrrole-H signal ca. 2 ppm
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Table 9. Slopes of the Curie plots (ppm K) of the pyrrole-H signals in [Fe(R3-TPP)L2]+ together
with the chemical shifts.a

Slope (ppmiK) Chemical Shifts (δ ppm)b

Ligand (L) H Me Et iPr H Me Et iPr

HIm −8.58 −8.31 −8.37 −7.25 −27.4 −27.0 −27.4 −25.5
1-MeIm −8.68 −8.62 −8.65 −8.05 −27.9 −27.7 −28.1 −27.0
2-MeIm −8.56 −6.01 −5.97 −5.47 −23.3 −18.2 −18.7 −17.6
2-EtIm −8.74 −5.68 −6.40 −5.74 −22.3 −16.8 −19.0 −18.2
2-iPrIm −8.00 −5.53 −6.12 −5.12 −21.8 −17.6 −19.1 −14.0
1,2-Me2Im −8.67 −4.53 −5.37 −4.55 −21.4 −13.6 −16.3 −15.2
1-Me-2-iPrIm — −3.88 −4.19 −4.15 — −12.8 −14.0 −13.9
BzIm −8.55 −5.25 −5.93 −5.22 −22.3 −16.7 −18.2 −16.9

a Chemical shifts were determined in CD2Cl2 solution. bChemical shifts of the pyrrole-H signals
at 217 K. (Source: Ref. 119.)
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at 206 K and the meso-C signal at 321 ppm at 221 K. The EPR spectrum exhibits
a single band at g = 2.6. All these data strongly indicate that the complex adopts
the (dxz, dyz)

4(dxy)
1 ground state because of the highly ruffled structure expected for

this complex.122 On the basis of the data in Tables 3, 4 and 9, it is reasonable to
conclude that the ruffling of the porphyrin ring stabilizes the (dxz, dyz)

4(dxy)
1

ground state if other conditions such as basicity and number of the axial ligands
and the electronic effect of peripheral substituents are similar.

b. Saddled deformation

Next, the effect of another typical mode of porphyrin deformation, the saddled
deformation, on the electronic ground state of the low-spin iron(III) porphyrins is
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Figure 25. ORTEP diagrams of (a) [Fe(TMP)(1-MeIm)2]+ and (b) [Fe(TMP)(1,2-Me2Im)2]+. The
thermal ellipsoids enclose 30% probability. Hydrogen atoms are omitted for clarity. (Adapted
with permission from: (a) Ref. 118, copyright 1991 American Chemical Society; and
(b) Ref. 120, copyright 1995 American Chemical Society.)
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considered. As mentioned above, low-spin iron(III) complexes with the axial lig-
ands having low-lying π* orbitals, such as tBuNC, almost always adopt the (dxz,
dyz)

4(dxy)
1 ground state. However, the energy gap between the dxy and dπ orbitals

shown as ∆ in Figure 12 should be different among bis-tBuNC complexes.
Therefore, the effect of the saddled deformation can be evaluated by comparison
of the ∆ values in a wide variety of [Fe(Por)(tBuNC)2]

+ complexes. Table 10 lists
the EPR g values of these complexes taken in frozen CH2Cl2 solution at 4.2 K
together with the crystal field parameters, ∆ and V.82,95 As the data in Table 10
show, the |∆ | value increases in the order given by Eq. 15:

ProtoIXMe2, OEP < OETPP < TPP, OMTPP < TnPrP, TcPrP, TiPrP. (15)

It is clear that the OETPP core prefers the (dxy)
2(dxz, dyz)

3 ground state as com-
pared with the TPP core. However, it is difficult to generalize whether or not this
order indicates that the saddled deformation of the porphyrin ring actually stabi-
lizes the (dxy)

2(dxz, dyz)
3 ground state. This is because OETPP has eight electron-

donating ethyl groups at the Cβ positions as compared with TPP, which should
affect the electronic ground state of the low-spin iron(III) complexes. In fact, the
substitution of alkyl groups at the pyrrole Cβ atoms seems to stabilize the (dxy)

2(dxz,
dyz)

3 ground state since the energy gaps between the dxy and dπ orbitals in OEP and
ProtoIXMe2 complexes are much smaller than in OETPP. What is more puzzling
is that the energy gap in the OMTPP complex is similar to that of TPP although
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Table 10. EPR g values and crystal field parameters of a series of [Fe(Por)(tBuNC)2]+.

Porphyrin substituent g1 g2 g3 ∆ V

TiPrP 2.16 2.16 1.96 −11.3 0
TcPrP 2.16 2.16 1.95 −10.7 0
TnPrP 2.16 2.16 1.95 −10.7 0
TPP 2.18 2.18 1.93 −9.16 0
F5-TPP 2.31 2.31 1.86 −5.53 0
OMTPP 2.20 2.17 1.95 −9.79 1.32
TBTXP 2.21 2.21 1.94 −8.60 0
OETArP

4-OCH3 2.216 2.216 1.925 −8.05 0
H 2.29 2.25 1.92 −6.93 0.86
4-CF3 2.250 2.250 1.908 −7.00 0
2,6-Cl2 2.370 2.370 1.680 −2.53 0
3,5-(CF3)2 2.524 2.186 1.859 6.47 3.29

ProtoIXMe2 2.30 2.30 1.86 −5.63 0
OEP 2.29 2.29 1.86 −5.73 0

Source: Refs. 82 and 95.
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OMTPP is known to have a highly saddled structure as in the case of OETPP.50 In
fact, X-ray crystallographic analysis has revealed that [Fe(OMTPP)(tBuNC)2]

+ has
a pure saddled structure.123 It should be noted, however, that the only bis-tBuNC
complex that adopts the (dxy)

2(dxz, dyz)
3 ground state is [Fe(OETArP)(tBuNC)2]

+,
where aryl (Ar) is the electron-withdrawing 3,5-(CF3)2Ph group. In contrast, the
TPP complex with the strongly electron-withdrawing pentafluorophenyl groups at
the meso positions, [Fe(F20-TPP)(tBuNC)2]

+, still maintains the (dxz, dyz)
4(dxy)

1

ground state. Thus, it can be said with reservation that the (dxy)
2(dxz,dyz)

3 ground
state is stabilized to some extent if the porphyrin ring is saddled.

All the (dxz, dyz)
4(dxy)

1 type complexes in which the molecular structures have
been determined by X-ray crystallography exhibit the ruffled structure. However,
[Fe(OMTPP)(tBuNC)2]

+ has a purely saddled porphyrin core in the solid state
though it adopts the (dxz, dyz)

4(dxy)
1 ground state.123 Therefore, the ruffled geometry

is not necessary for the existence of the (dxz, dyz)
4(dxy)

1 ground state. However,
[Fe(OMTPP)(tBuNC)2]

+ shows the meso-C signal at an extremely downfield posi-
tion in CD2Cl2 solution, i.e. 979 ppm at 223 K, which is quite close to that of
[Fe(TPP)(tBuNC)2]

+, at 997 ppm.82 The result clearly indicates that the meso-C
atoms of [Fe(OMTPP)(tBuNC)2]

+ certainly have large amounts of spin density
though the complex shows a purely saddled structure in the solid state. The large
downfield shift of the meso-C signal could be an indication that the ring confor-
mation in solution is different from that in the solid. There could be an effective
spin delocalization mechanism from the (dxz, dyz)

4(dxy)
1 iron(III) to the porphyrin

ring even in purely saddled [Fe(OMTPP)(tBuNC)2]
+. Interestingly, both axial lig-

ands in this complex are tilted in opposite directions.123 Tilted axial ligand binding
seems to be a common characteristic of the bis-tBuNC complexes since the axial
ligands in [Fe(OEP)(tBuNC)2]

+ and [Fe(TPP)(tBuNC)2]
+ are also tilted; they are

tilted in the same direction in these complexes.74 Obviously, both experimental
and theoretical studies are necessary in order to reveal the spin delocalization
mechanism in purely saddled [Fe(OMTPP)(tBuNC)2]

+.

4. Solvent Effects

In general, solvent can affect the electronic ground state because it can vary the
field strengths of the axial ligands. An example is the methanol effect on the elec-
tronic ground state of bis-CN complexes. As shown in Tables 3, 5 and 8, addition
of methanol greatly stabilizes the (dxz, dyz)

4(dxy)
1 ground state. La Mar and cowork-

ers pointed out many years ago that hydrogen bonding between the coordinated
cyanide and solvent molecules decreases σ-donation and increases the π-accepting
ability of the cyanide ligand, which lowers the dxz and dyz relative to the dxy

orbital, and hence the energy gap ∆ shown in Figure 12.124 Figure 26 shows the
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interaction between cyanide and methanol.84 The limiting structure of hydrogen
bonding, where the proton is completely transferred to the nitrogen atom as given
in Figure 26c, has a structural formula similar to tBuNC given in Figure 26d. Thus,
hydrogen bonding should lower the π* orbital of cyanide, which in turn stabilizes
the iron dπ orbitals by dπ–pπ* interactions to the points that are lower than the dxy

orbital. Consequently, the dxy orbital has an unpaired electron to adopt the (dxz,
dyz)

4(dxy)
1 ground state. Bis-CN complexes are suitable for revealing the effect of

solvent on the electronic ground state because the energy difference between the
dπ and dxy orbital is small. This means that the small perturbation to the coordi-
nated cyanide could change the energy levels of the 3d orbitals of low-spin
iron(III) complexes and alter their physicochemical properties. Table 11 lists the
13C NMR chemical shifts of [Fe(Et3-TPP)(CN−)2]

−  obtained in various solvents at
253 K, which clearly indicate that the downfield shift of the meso-C signal
increases in the order given in Eq. 16.84

CCl4 < C6D6, C6D5CD3, CD3CN < (CD3)2CO, DMSO-d6, DMF-d7

< CD2Cl2 < CDCl3 < CD3OD. (16)

Examination of the data in Table 11 reveals the following relationships
between the meso-C chemical shifts at 253 K and solvents: (i) the meso-C signal
appears fairly downfield, δ = 275 ppm, in a protic solvent such as methanol;
(ii) large differences in chemical shifts are observed even among nonpolar
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Figure 26. Relationship between cyanide and methanol: (a) no interaction, (b) hydrogen
bonding, (c) limiting case of the hydrogen bonding where H+ is completely transferred to the
nitrogen atom, and (d) structural formula of tert-butylisocyanide. (Modified with permission
from Ref. 84. Copyright 2002, American Chemical Society.)
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solvents; for example, the chemical shifts in CDCl3 and CD2Cl2 are δ = 191 and
172 ppm, respectively, as compared with δ = 80–100 ppm in toluene-d8

(C6D5CD3), benzene-d6 (C6D6), and CCl4; (iii) the meso-C signals appear in a quite
narrow range, δ = 129 ± 6 ppm, in dipolar aprotic solvents, such as DMF-d7,
DMSO-d6, and acetone-d6, which are located between those for the two types of
nonpolar solvents mentioned above; (iv) the meso signal in acetonitrile-d3

(CD3CN) appears rather close to that in C6D5CD3 or C6D6, ca. 100 ppm, though
CD3CN is classified as a dipolar aprotic solvent.

As mentioned in Eqs. 6′ and 6′′, the isotropic shifts of the meso-C signals are
positive (downfield shift) in the complexes with the (dxz, dyz)

4(dxy)
1 ground state,

while they are negative (upfield shift) in those with the (dxy)
2(dxz, dyz)

3 ground state.
Figure 27 shows the Curie plots of the meso-C signal of [Fe(Et3-TPP)(CN)2]

−

taken in various solvents. The chemical shifts of diamagnetic [Co(Et-TPP)(CN)2]
−

are almost constant, 115.5 ± 0.6 ppm, at 298 K in various solvents. Curie plots of
the meso-C signal of [Co(Et-TPP)(CN)2]

− determined in CD2Cl2 solution are also
given in Figure 27. This line separates the Curie plots of the (dxy)

2(dxz, dyz)
3

type complexes from those of the (dxz, dyz)
4(dxy)

1 type complexes. From the view-
point of the meso-C Curie plots, the solvents can be classified into four types —
type A — protic solvents such as CD3OD; type B — nonpolar solvents such as
CDCl3 and CD2Cl2; type C — dipolar aprotic solvents such as DMF-d7, DMSO-
d6, and acetone-d6; Type D — nonpolar solvents such as toluene-d8, benzene-d6,
and CCl4. While the complex adopts the (dxz, dyz)

4(dxy)
1 ground state in the solvents

classified as types A–C, it shows the (dxy)
2(dxz, dyz)

3 ground state in the solvents
classified as type D. Figure 27 also indicates that the (dxz, dyz)

4(dxy)
1 character is

the largest in type A solvents, followed by types B and C. It should be noted that
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Table 11. 13C NMR chemical shifts of [Fe(Et3-TPP)(CN)2]−Bu4N+ determined in various solvents
at 253 K.

Solvent Meso Cα Cβ Ipso o m p

CD3OD 275.4 −17.0 76.6 68.8 236.5 130.0 146.5
CDCl3 191.4 9.3 76.2 91.8 202.0 125.6 142.5
CD2Cl2 172.3 10.4 78.5 97.0 193.2 125.3 143.1
DMF-d7 134.9 18.6 78.0 106.9 178.4 125.0 143.1
DMSO-d6

a 130.8 16.2 78.5 107.0 176.4 124.5 142.4
(CD3)2CO 123.3 20.7 77.2 109.9 174.2 124.4 142.6
CD3CN 100.3 20.4 81.1 113.4 165.1 123.4 142.6
C6D5CD3 96.1 25.2 80.3 116.7 164.9 123.9 142.2
C6D6

a 95.5 23.8 79.6 116.1 164.5 123.7 142.1
CCl4 79.6 25.6 82.2 119.1 158.2 122.6 140.8

aThe values are extrapolated from high temperature. (Source: Ref. 84.)
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acetonitrile-d3(CD3CN) is an exceptional case; the complex exhibits the (dxy)
2(dxz,

dyz)
3 ground state in this solvent, though the solvent is classified as a type C

solvent. Table 12 shows the 1H NMR chemical shifts taken in various solvents at
298 K and 253 K. As mentioned, the chemical shifts of the pyrrole-H and meta-H
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Figure 27. Curie plots of the meso-C signals in [Fe(Et3-TPP)(CN)2]−Bu4N+. (a) In all the sol-
vents examined and (b) in nonpolar solvents such as CCl4, C6D6, and C6D5CD3 as well as in
a dipolar aprotic solvent such as CD3CN. Curie plots of the meso-C signal of diamagnetic
[Co(Et3-TPP)(CN)2]−Bu4N+ taken in CD2Cl2 solution are also given. (Adapted with permission
from Ref. 84. Copyright 2002, American Chemical Society.)

Table 12. 1H NMR chemical shifts of [Fe(Et3-TPP)(CN)2]− determined at various solvents
298 K and 253 K.

298 K 253 K

Solvent Pyrrole-H m Pyrrole-H m

CD3OD −6.89 8.44 −4.75 9.69
CDCl3 −9.59 7.54 −9.97 8.13
CD2Cl2 −12.10 7.09 −12.28 7.74
DMF-d7 −13.10 6.81 −15.28 7.05
DMSO-d6 −12.50 7.24 −15.69a 7.39a

(CD3)2CO −13.57 6.67 −16.11 6.91
CD3CN −15.07 6.52 −19.76 6.20
C6D5CD3 −15.23 6.49 −18.66 6.63
C6D6 −15.06 6.50 −18.98a 6.41a

CCl4 −15.53 6.77 −20.43 6.58

aThe value is extrapolated from high temperature. (Source: Ref. 84.)
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signals are good probes of the electronic ground state. The order of the chemical
shifts of these signals is the same as is given in Eq. 15. Thus, the data listed in
Table 12 are totally consistent with those obtained using 13C-NMR spectroscopy.

Figure 28 shows the EPR spectra of complexes taken in various frozen sol-
vents at 4.2 K.84 While the complex shows only the axial type signals centered at
g = 2.5 in types A–C solvents, it exhibits both the axial type (g = 2.5) and large
gmax type (g = 3.7) signals in type D solvents, indicating that two kinds of electron
configurational isomers are present in the frozen solutions. Thus, the EPR results
are totally consistent with the NMR results. Again, acetonitrile behaves like
type D solvent, though it is classified as type C.

Type A solvents such as methanol are good proton donors in hydrogen bond-
ing with coordinating cyanide, which lowers the π* orbital of cyanide and stabi-
lizes the (dxz, dyz)

4(dxy)
1 ground state. The effect of hydrogen bonding is more

explicitly observed when much stronger proton donors are added, as shown in
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Figure 28. EPR spectra of [Fe(Et3-TPP)(CN)2]−Bu4N+ taken in frozen solutions at 4.2 K:
(a) CD3OD, (b) CDCl3, (c) CD2Cl2, (d) DMF-d7, (e) DMSO-d6, (f ) (CD3)2CO, (g) CD3CN,
(h) C6D5CD3, and (i) C6D6. (Reprinted with permission from Ref. 84. Copyright 2002, American
Chemical Society.)
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Figure 29.84 The downfield shift of the pyrrole-H signal increases as the acidity of
the solvents increases, as shown in the following order: CD3OD < C6H5OH <
CH3COOH.

As for the type B solvents such as chloroform, they are known to be much
stronger proton donors than other compounds having C–H bonds on the basis of
C–H…X distances in the crystal.125–127 Formation of C–H…X hydrogen bonding
is also reported for dichloromethane in the crystal.128 The presence of C–H…X
hydrogen bonding has been reported even in solution between chloroform and
pyridine or between chloroform and DMSO.129 Thus, it must be a reasonable
assumption to ascribe the stabilization of the (dxz, dyz)

4(dxy)
1 ground state in CDCl3

and CD2Cl2 to the weak C–D…N hydrogen bonding between the coordinated
cyanide and solvent molecules.130

In type C solvents such as DMF and DMSO, the chemical shifts of the meso-
C and pyrrole-H signals are located between those obtained in the two types of
nonpolar solvents, types B and D. On the basis of the NMR results, it is concluded
that the energy gap between the dxy and dπ orbitals in type C solvents is less than
that in type B solvents, which should be ascribed to the difference in proton donor
ability among these solvents. The proton donor ability is estimated by the C–H…X
bond distances in the crystal, where X = N, O, or Cl. In fact, X-ray crystallo-
graphic studies have revealed that the C–H…X bond distances of acetonitrile,
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Figure 29. Change in the 1H NMR pyrrole-H shift against the acid added. Each acid was
added to a solution containing [Fe(Et3-TPP)(CN)2]−Bu4N+ and CN− in 1:2 molar ratios at 298 K:
CH3COOH (�), C6H5OH (∆), CD3OD (�), and CDCl3 (�). (Adapted with permission from
Ref. 84. Copyright 2002, American Chemical Society.)
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DMSO, and acetone are longer than those of CHCl3 and CH2Cl2, supporting the
hypothesis mentioned above.128 Among the type C solvents examined in this study,
CD3CN differs from the others and resembles the type D solvents. In fact, the
chemical shifts of the meso-C signals are 96.5 and 99.0 ppm in CD3CN and
C6D5CD3, respectively, at 233 K. Similarly, the EPR spectrum in frozen CH3CN
shows both axial and large gmax type signals, as in the case of C6D6 solutions. Thus,
CD3CN behaves like type D solvents, which could be ascribed to the weak proton
donor ability.

C. Low-Spin Complexes with a Rare Electronic Ground State

In the previous sections, the factors that affect the electronic ground state of low-
spin iron(III) porphyrins have been described in detail. In general, low-spin com-
plexes carrying imidazole (HIm) as axial ligand adopt the (dxy)

2(dxz, dyz)
3 ground

state while those carrying tert-butylisocyanide (tBuNC) adopt the (dxz, dyz)
4(dxy)

1

ground state. In this section, we will describe the reverse cases: bis-HIm and bis-
tBuNC complexes that adopt the (dxz, dyz)

4(dxy)
1 and the (dxy)

2(dxz, dyz)
3 ground state,

respectively.131 Preparation and characterization of such complexes should deepen
our understanding of the electronic structures of iron(III) porphyrins as well as
heme proteins.

1. Bis-Imidazole Complexes that Adopt the (dxz, dyz)
4(dxy)1 Ground State

As mentioned in the previous section, low-spin complexes with the (dxz, dyz)
4(dxy)

1

ground state exhibit axial type EPR spectra. However, EPR spectra reflect the
electronic structure at the extremely low temperature where the measurement is
carried out. For determination of the electronic structure at ambient temperature,
1H and 13C NMR spectroscopy serve a useful role. Chemical shift data listed in
Tables 2–8 suggest that low-spin complexes adopting the (dxz, dyz)

4(dxy)
1 ground

state at ambient temperature satisfy the following three conditions: (i) δ > 0 ppm
for the pyrrole-H signal, (ii) δ > 200 ppm for the meso-C signal, and (iii) positive
Curie slopes for these signals. As for the pyrrole-H chemical shifts, some com-
plexes adopt the (dxz, dyz)

4(dxy)
1 ground state even if the pyrrole-H signals appear

more upfield, i.e. ca. −10 ppm, at ambient temperature. There are several bis-HIm
complexes reported previously that satisfy the NMR criteria mentioned above.
They are highly ruffled [Fe(TiPrP)(HIm)2]

+ and [Fe(TiPrP)(2-MeIm)2]
+.52,132 At

298 K, the pyrrole-H and meso-C chemical shifts are 1.1 and 287 ppm, respec-
tively, for [Fe(TiPrP)(HIm)2]

+ and 4.9 and 356 ppm, respectively, for [Fe(TiPrP)(2-
MeIm)2]

+. Curie slopes are all positive for these signals. Thus, it is clear that both
of these complexes adopt the (dxz, dyz)

4(dxy)
1 ground state at ambient temperature
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in spite of the coordination of imidazole ligands. The (dxz, dyz)
4(dxy)

1 ground states
of these complexes are directly confirmed at 4.2 K by the EPR spectra, since they
exhibit g∞ signals at 2.55 and 2.58.52,132 Other complexes such as
[Fe(TcHxP)(HIm)2]

+ and [Fe(TcHxP)(1,2-Me2Im)2]
+ also adopt the (dxz, dyz)

4(dxy)
1

ground state at ambient temperature, since the pyrrole-H chemical shifts are 2.81
and 7.83 ppm, respectively, at 293 K.121 Stabilization of the (dxz, dyz)

4(dxy)
1 ground

state of these complexes is ascribed to the highly ruffled structure of the porphyrin
ring, which raises the energy level of the dxy orbital by the a2u–dxy interaction to the
point that is higher than the dπ orbitals. As shown in Eq. 12, low-spin complexes
exist as an equilibrium mixture of two spin isomers. Thus, the chemical shifts of
the pyrrole-H and meso-C signals are determined by Eq. 13. The pyrrole-H chem-
ical shifts of 1.1 and 4.9 ppm observed in [Fe(TiPrP)(HIm)2]

+ and [Fe(TiPrP)(2-
MeIm)2]

+, respectively, suggest that the population of the (dxz, dyz)
4(dxy)

1 isomer is
not exclusively large. There is no doubt that [Fe(TtBuP)(HIm)2]

+ should give a
much purer (dxz, dyz)

4(dxy)
1 type low-spin complex, since the presence of bulky tert-

butyl groups at the meso positions should ruffle the porphyrin ring to the greatest
extent. Unfortunately, insertion of iron into H2(T

tBuP) to form for example
Fe(TtBuP)Cl seems to be difficult, as up to now there has been no report describ-
ing the formation of this very interesting complex. Probably, the narrow N4 cavity
expected for this highly ruffled porphyrin ring hampers the iron insertion reaction.
However, there are a couple of examples of TtBuP complexes having paramag-
netic metal ions, such as [Cu(TtBuP)] and [Mn(TtBuP)(OAc)], which exhibit quite
interesting properties caused by the deformed structure.108,133

2. A Bis-Tert-Butylisocyanide Complex Adopting the (dxy)2(dxz, dyz)3

Ground State

The first example of a bis-tBuNC complex adopting the (dxy)
2(dxz, dyz)

3 ground state
is the iron(III) diazaporphyrin, [Fe(DAzP)(tBuNC)2]

+.134 This complex exhibits
various unusual spectroscopic characteristics that have never been observed in
other bis-tBuNC complexes, such as [Fe(OEP)(tBuNC)2]

+. Table 13 lists the spec-
troscopic data of various bis-tBuNC complexes, including [Fe(DAzP)(tBuNC)2]

+.134

Figure 30 shows the Curie plots of the α-CH2 and meso-H signals of [Fe(DAzP)
(tBuNC)2]

+ and [Fe(OEP)(tBuNC)2]
+, which strongly indicate the difference in

electronic structure of these complexes.134 The major spectroscopic differences are
as follows: (i) the α-CH2 signals of [Fe(DAzP)(tBuNC)2]

+ and [Fe(OEP)(tBuNC)2]
+

are observed at δ = 17.8 and 7.6 ppm at 298 K, respectively, suggesting that
[Fe(DAzP)(tBuNC)2]

+ has a sizable amount of spin density at the pyrrole Cβ

atoms; (ii) the meso-H signals of [Fe(DAzP)(tBuNC)2]
+ and [Fe(OEP)(tBuNC)2]

+

appear at δ = 19.2 and −37.7 ppm, respectively, indicating that the meso-C atom
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of [Fe(DAzP)(tBuNC)2]
+ has a negative spin while that of [Fe(OEP)(tBuNC)2]

+ has
a large positive spin; (iii) while the meso-C signal of [Fe(DAzP)(tBuNC)2]

+

appears upfield, at δ = 21 ppm at 223 K, that of [Fe(OEP)(tBuNC)2]
+ appears sig-

nificantly downfield, at δ = 491 ppm; analysis of the isotropic shifts reveals that the
spin densities at the meso-C atoms are −0.012 and +0.028 for [Fe(DAzP)(tBuNC)2]

+

and [Fe(OEP)(tBuNC)2]
+, respectively; (iv) the EPR spectrum of [Fe(DAzP)

(tBuNC)2]
+ is rhombic while that of [Fe(DAzP)(DMAP)2]

+ is axial. All these
results strongly indicate that [Fe(DAzP)(tBuNC)2]

+ adopts the (dxy)
2(dxz, dyz)

3 ground
state despite the coordination of tBuNC.
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Table 13. Spectroscopic data of some [Fe(Por)(tBuNC)2]+.

Porphyrin 1H NMRa 13C NMRa EPR IR Ground
(Por) δTert-Bu (ppm) δmeso (ppm) g Valuesb νCN (cm−1)c Stated

DAzP 6.60e 21e 3.01 2.05 1.5e 2213e dπ

OETPP −2.84f 416f 2.29 2.25 1.92f 2195e dxy

OEP −1.32f 491f 2.29 2.29 1.86f 2193g dxy

OMTPP −2.70f 979f 2.20 2.17 1.95f 2193e dxy

TPP −2.86f 997f 2.18 2.18 1.93f 2200g dxy

TnPrP −2.12f Too broadf 2.16 2.16 1.95f 2190e dxy

TiPrP −2.36f Too broadf 2.16 2.16 1.96f 2193e dxy

aδ ppm, CD2Cl2, 223 K. bCH2Cl2, 4–12 K. cCH2Cl2, 298. ddπ and dxy indicate the (dxy)2(dxz, dyz)3

and (dxz, dyz)4(dxy)1ground states, respectively. eRef. 134. f Ref. 82. gRef. 74.
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Figure 30. Curie plots of (a) CH2(α) and (b) meso-H signals of [Fe(DAzP)(tBuNC)2]+ (�) and
[Fe(OEP)(tBuNC)2]+ (�). (Adapted with permission from Ref. 134. Copyright 2006, Royal
Society of Chemistry.)
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The CN stretching frequency of the coordinating tBuNC in [Fe(DAzP)
(tBuNC)2]

+ is 2213 cm−1, which is higher by 13–20 cm−1 than the corresponding
values for all the other bis-tBuNC complexes as listed in Table 13. The higher fre-
quency indicates stronger σ-bonding and/or weaker π-back-bonding in [Fe(DAzP)
(tBuNC)2]

+ as compared with other bis-tBuNC complexes.135 A reasonable expla-
nation is that because of the presence of two electronegative nitrogen atoms at the
meso positions, the a2u-like orbital in DAzP is stabilized as shown in Figure 20. As
a result, the a2u–dxy interaction is weakened, which makes the iron(III) ion electron
poor. Consequently, the σ-donation from tBuNC is strengthened and/or π-back-
donation from iron(III) to the axial ligand is weakened, both of which contribute
to the higher CN stretching frequency in [Fe(DAzP)(tBuNC)2]

+ compared with
other bis-tBuNC complexes.

Another interesting finding in Table 13 is the chemical shift of the tert-butyl
signal. While [Fe(DAzP)(tBuNC)2]

+ exhibits its tert-butyl signal at 6.6 ppm at
223 K, all the other complexes exhibit the signal further upfield, −1 to −3 ppm.
The large difference in chemical shifts can be explained in terms of the difference
in dipolar shifts. In the case of coordinating tert-butyisocyanide, the major part of
the methyl isotropic shift should come from the dipolar shift; the contribution of
the contact shift should be negligibly small, since three σ-bonds separate the pro-
ton and nitrogen atoms. As shown in Eq. 2, the dipolar shift is given by Kdip[(g||

2 −
g∞

2)(3cos2θ − 1)/r 3]/T. Since the sign of g||
2 − g∞

2 is positive in the (dxy)
2(dxz, dyz)

3

and negative in the (dxz, dyz)
4(dxy)

1 type low-spin complex, the tert-butyl signal
should appear downfield and the Curie slope should be positive if the complex
adopts the (dxy)

2(dxz, dyz)
3 ground state; note that the geometric factor (3cos2θ −1)/r 3

is positive for the tert-butyl protons. In contrast, the tert-butyl signal of the (dxz,
dyz)

4(dxy)
1 type complex appears somewhat upfield and the Curie slope should be

negative since (g||
2 − g∞

2)(3cos2θ − 1)/r 3 is negative. Thus, the chemical shift and
the Curie slope of the tert-butyl signal can be good probes for the electronic struc-
ture of bis-tBuNC complexes.134 Figure 31 shows the Curie plots of the methyl sig-
nals in 11 kinds of bis-tBuNC complexes.82,134 It is evident that the methyl signal
appears somewhat downfield and the Curie slope is positive only in
[Fe(DAzP)(tBuNC)2]

+, which clearly indicate that the complex adopts the
(dxy)

2(dxz, dyz)
3 ground state despite the coordination of tBuNC.

It is interesting to elucidate the electronic structure of the corresponding
monoazaporphyrin complex, [Fe(MAzP)(tBuNC)2]

+. This complex shows an
NMR spectrum similar to that of [Fe(DAzP)(tBuNC)2]

+; notably, downfield-
shifted CH2(α), meso-H, and tert-butyl methyl signals.136 Furthermore, the EPR
spectrum taken in frozen CH2Cl2 solution shows three signals at g = 2.84, 2.26,
1.58. These data clearly indicate that the complex adopts the (dxy)

2(dxz, dyz)
3 ground

state. Thus, introduction of only one nitrogen atom into a meso position of
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[Fe(OEP)(tBuNC)2]
+ is sufficient to convert the electronic ground state from

(dxz, dyz)
4(dxy)

1 to (dxy)
2(dxz, dyz)

3.

IV. Mixed High-Spin and Intermediate-Spin Complexes

A. General Considerations

Five-coordinate iron(III) porphyrin complexes, Fe(Por)X, with anionic axial lig-
ands (X−) such as chloride and methoxide, usually exhibit the high-spin (S = 5/2)
state.32–35,137–139 This is because the iron(III) ion deviates from the porphyrin plane
in these complexes to stabilize the dx2–y2 orbital. If axial chloride or acetate is
replaced by a much weaker anionic ligand such as ClO4,

140–147 C(CN)3,
148,149 or

SbF6,
149 then the dz2 orbital is stabilized and the dx2–y2 orbital is destabilized.32 The

destabilization of the dx2–y2 orbital is ascribed to contraction of the out-of-plane dis-
tance of iron.32 As a result, these complexes are expected to adopt the intermediate-
spin (S = 3/2) state. Actually, however, they exhibit not a pure S = 3/2 but a
mixed S = 3/2, 5/2 spin state. The mixed S = 3/2, 5/2 spin state has been consid-
ered to be a quantum-mechanical admixture caused by spin–orbit coupling
between the high-spin and intermediate-spin states, and not a thermal equilibrium

32/Electronic and Magnetic Structures of Iron Porphyrin Complexes 57

-6

-3

0

3

6

9

12

0.003 0.004 0.005 0.006

C
he

m
ic

al
 S

hi
ft(

δ,
 p

pm
)

1/T(K
-1

)

Figure 31. Curie plots of the methyl signals of coordinating tBuNC in various [Fe(Por)
(tBuNC)2]+ complexes. The methyl signal of [Fe(DAzP)(tBuNC)2]+ is given by the symbol �, the
Curie plots of which clearly indicate the positive slope. Other porphyrins are OETPP, OMTPP,
OEP, TMeP, TEtP, TnPrP, TcPrP, TiPrP, ProtoIXMe2, and TPP. The Curie plots of these complexes
exhibit the negative slopes. (Adapted with permission from Ref. 134. Copyright 2006, Royal
Society of Chemistry.)
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between two spin states.147,150–153 However, some complexes have also been found
that exhibit thermal equilibrium between the S = 3/2 and S = 5/2.101,154–156 In this
section, the spectroscopic properties of mixed S = 3/2 and S = 5/2 complexes
will be described, together with the conditions for obtaining an essentially pure
intermediate-spin complex.

B. Formation of Pure Intermediate-Spin Complexes

In general, formation of pure intermediate-spin complexes is quite difficult. In
order to obtain this state, one has to expand the energy gap between the dx2–y2 and
dz2 orbitals. Stabilization of the dz2 orbital should be attained by coordination of the
axial ligand with extremely weak field strength. Destabilization of the dx2–y2 orbital
is possible if an iron porphyrin with short Fe–N bonds is used.

1. Axial Ligands with Extremely Weak Field Strength

a. Magnetochemical series

1H NMR spectroscopy is a good method for determining the contribution of the
S = 3/2 in the mixed S = 3/2, 5/2 spin state.20–31 This is because the pure high-
spin complex exhibits its pyrrole-H signal fairly downfield due to the presence
of an unpaired electron in the dx2–y2 orbital; the unpaired electron in this orbital
delocalizes to the pyrrole-H position through σ-bonds and induces a large down-
field shift of the pyrrole-H signal. In contrast, the dx2–y2 orbital is depopulated
in the pure S = 3/2 complexes. As mentioned in Section II.B, the S = 1/2 com-
plexes with the (dxy)

2(dxz, dyz)
3 ground state exhibit pyrrole-H signals somewhat

upfield due to the interaction between half-occupied dπ and fully occupied 3eg

orbitals. The pyrrole-H signals in the S = 3/2 complexes should appear even
further upfield because they could have two unpaired electrons in both of the
dπ orbitals. In fact, the chemical shift of the pyrrole-H signal in Fe(TPP)
[Ag(Br6CB11H6)2], which is considered to adopt an essentially pure intermediate-
spin state, reaches −60 ppm.36,156,157 If the chemical shifts of the pyrrole-H sig-
nals of the pure S = 5/2 and pure S = 3/2 complexes are determined to be δhigh

and δint, respectively, then the contribution of the S = 3/2 spin state, signified as
Int(%), in the analogous complex with the mixed S = 3/2, 5/2 spin state should
be given by Eq. 17, where δx is the chemical shift of the pyrrole-H signal of the
complex in question80:

(17)Int
high

high
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It should be noted that Eq. 17 is valid if the chemical shift of the pyrrole-H signal
is proportional to the contribution of the S = 3/2 state.

EPR spectroscopy is also a good method for determination of the spin
state.26,28–30,69 High-spin complexes exhibit a g⊥ signal at 6.0, while the intermediate-
spin complexes show the signal at 4.0. Depending on the contribution of the S =
3/2 in the mixed S = 5/2 and S = 3/2 complex, the g⊥ value varies in the range
between 4.0 and 6.0. Thus, the contribution of the intermediate-spin state, Int(%),
is given by Eq. 1869:

(18)

On the basis of the pyrrole-H chemical shifts and EPR g⊥ values, Reed and Guiset
succeeded in ranking the weakness of anionic ligands (X) in five-coordinate
Fe(TPP)X complexes, and denoted the hierarchy given in Eq. 19 as the magneto-
chemical series36,157,158:

[Ag(Br6CB11H6)2]
− < CB11H12

− < SbF6
− < Co(C2B9H11)2

− < AsF6
− < ClO4

−

< C(CN)3
− < CF3SO3

− < BF4
− < ONC(CN)2

− < ReO4
−

< OTeF3
− < I− < Br− < Cl−. (19)

The weakest anionic ligand is determined to be [Ag(Br6CB11H6)2]
−, since the

pyrrole-H signal is observed at the most upfield position, i.e. δ = −60 ppm at
298 K. Moreover, Reed and coworkers have reported that H(CHB11Cl11) is the
strongest isolable acid presently known, which in turn indicates that CHB11Cl11

− is
the weakest anionic ligand.159 The magnetochemical series is also applicable to
porphyrin isomers such as porphycene. The pyrrole signal of (TPrPc)FeX moves
upfield as the axial ligand (X) changes from PhO− to Cl−, Br−, I−, and then to
ClO4

−•, which corresponds to spin state change from S = 5/2 to S = 3/2.160

Six-coordinate iron(III) porphyrin complexes usually show the low-spin state.
However, the complex can adopt a rare high-spin state if a neutral ligand has oxy-
gen as the coordinating atom as exemplified by DMSO and DMF.161–164 Fluoride is
unique, because it can bind Fe(TPP)F to form Fe(TPP)F2

−.165,166 These complexes
commonly exhibit the pyrrole-H signals at extremely downfield positions, i.e.
70–90 ppm at 298 K. As in the case of five-coordinate complexes, the high-spin
state is converted into the intermediate-spin state if the field strength of the oxy-
gen ligand is weakened. Table 14 lists the 1H and 13C NMR chemical shifts as well
as EPR g values for a series of [Fe(TPP)L2]

+, where L is an oxygen ligand.167–169

The pyrrole-H signal moves upfield from 71 to 3 ppm as the axial ligand changes
from 4-MePyNO to THF, demonstrating the increase in the S = 3/2 contribution.

Int(%)
.

.= -È
ÎÍ
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In Table 14, the axial ligands are arranged in descending order of the pyrrole-H
chemical shifts, which therefore corresponds to the magnetochemical series for
oxygen ligands given in Eq. 20:

THF < Et2NNO < MeOH < DMF < DMSO < 4-ClPyNO
< PyNO < 3,5-Me2PyNO, 4-MePyNO. (20)

It should be noted that the Cα and Cβ signals move upfield as the axial ligand
changes from 4-MePyNO to THF. Similarly, the EPR g⊥ value decreases in the
same order. The order of the field strengths of some ligands, such as PyNO, sub-
stituted PyNOs, and DMSO, are difficult to determine from the data in Table 14
because of the similarity of the chemical shifts; the pyrrole-H and Cα signals are
observed in a narrow range, 71.0–67.2 ppm and 1638–1538 ppm, respectively.
The magnetochemical series of oxygen ligands given in Eq. 20 is determined on
the basis of the pyrrole-H chemical shifts of both planar [Fe(TPP)L2]

+ and ruffled
[Fe(TiPrP)L2]

+, as will be described in detail in Section IV.B.2.a(ii). If the por-
phyrin is fixed in a series of [Fe(Por)L2]

+, THF should be the best ligand for
obtaining a six-coordinate complex where the contribution of the intermediate-
spin state is the largest.167–169

b. Four-coordinate iron(III) porphyrin cation

As the field strength of the anionic axial ligand (X) is weakened in the magneto-
chemical series given in Eq. 18, the iron(III) ion in five-coordinate Fe(Por)X is
brought to the center of the porphyrin ring. Consequently, the dx2–y2 orbital is
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Table 14. 1H NMR, 13C NMR, and EPR data of [Fe(TPP)L2]+.

1H NMRa 13C NMRa EPRb

Ligand (L) Pyrrole-H o m p Cα Cβ Meso g Values

4-MePyNO 70.7 12.7 9.4 9.7 1625 1248 26 6.11 5.81 2.00
3,5-Me2PyNO 71.0 12.8 9.4 9.7 1636 1249 29 5.85 2.00
PyNO 68.9 13.3 9.5 9.8 1617 1240 27 6.00 2.00
4-ClPyNO 67.2 13.2 9.7 9.9 1594 1218 25 5.85 2.00
DMSO 67.2 13.0 9.6 9.7 1538 1226 10 5.85 2.01
DMF 60.2 13.5 9.9 9.9 1474 1179 13 5.85 2.00
CH3OH 48.1 13.8 10.1 10.0 1261 1024 37 5.69 2.00
THF 3.1 14.1 10.1 10.3 547 518 60 4.59 2.00

6.03 5.48 2.00

aCD2Cl2, 298 K; b CH2Cl2, 4.2 K. (Source: Ref. 168.)
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greatly destabilized. In contrast, the Fe-X bond is elongated to stabilize the dz2

orbital. The limiting case is the complex that has no axial ligand [i.e. four-coordinate
iron(III) porphyrin cation]. Such a complex has been prepared recently by Suslick
and coworkers.170

Treatment of Fe[2,6-(OSiiPr3)2-TPP]Cl with various silver salts AgY (Y =
CB11H6Br6

−, SbF6
−, ClO4

−, CF3SO3
−) yields a series of anion-exchanged complexes

Fe[2,6-(OSiiPr3)2-TPP]Y, where the porphyrin has very bulky 2,6-bis(triisopropyl-
siloxy)phenyl groups at the meso positions. Surprisingly, CD2Cl2 solutions of these
complexes exhibit pyrrole-H signals at exactly the same position, i.e. −81 ppm at
290 K. The anions examined in this study are very different within the magneto-
chemical series. In fact, the pyrrole-H chemical shifts of Fe(TPP)Y are −60, −31.5,
−13, and 39.3 ppm for CB11H6Br6, SbF6, ClO4, and CF3SO3, respectively. Thus, the
anomalous result indicates that the complexes are four-coordinate iron(III), where
iron(III) adopts the pure intermediate-spin state. In fact, the crystal structure of
Fe[2,6-(OSiiPr3)2-TPP](CB11H6Br6) confirms the absence of an axial ligand. The
average Fe–N bond length is 1.94 ± 0.01 Å, with the iron situated in the porphyrin
plane. Because of the bulky 2,6-bis(triisopropylsiloxy)phenyl groups at the meso
positions, there are cavities above and below the porphyrin ring. The carborane anion
(CB11H6Br6

−) is located outside of the cavity. The solution magnetic moment deter-
mined by the Evans method is 4.1 µB in CH2Cl2 solution between 298 and 190 K, and
the SQUID data show no change between 300 and 10 K. EPR spectra show a signal
at g⊥ = 4.2 in both frozen solution and the crystalline state. The Mössbauer spectra
obtained at 6 K show an IS value of 0.33 mm/s, which is typical of intermediate-
spin complexes. But the complex shows a very large QS value which reaches
5.16 mm s−1.171–173 All these data clearly indicate that Fe[2,6-(OSiiPr3)2-TPP]
(CB11H6Br6) is the first example of a four-coordinate iron(III) porphyrin that adopts
an essentially pure intermediate-spin state.

As mentioned earlier, the pyrrole-H signal of this complex appears at −81 ppm,
which is more upfield by 13–20 cm−1 than another essentially pure intermediate-spin
Fe(TPP)(CB11H6Br6).

36,157,158 The results suggest that the pyrrole-H chemical shifts
are different even among pure intermediate-spin complexes, probably because of the
difference of the out-of-plane distance of the iron(III) ion from the N4 plane. Thus,
Eq. 16 should be carefully applied to five-coordinate complexes because the
pyrrole-H chemical shifts are determined not only by the contribution of the
intermediate-spin state but also by the out-of-plane distance of the iron(III) ion.

2. Deformation of the Porphyrin Ring

As mentioned earlier, the destabilization of the dx2–y2 and stabilization of the dz2

orbital are the necessary conditions for obtaining intermediate-spin complexes.
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Since the deformation of the porphyrin ring usually contracts the Fe–N bond
length,32–35 it should raise the energy level of the dx2-y2 orbital. Consequently, the
electronic structure is perturbed by the ring deformation. Since the typical modes
for deformation are ruffled and saddled, in this section it will be discussed how
such deformation affects the spin state in the mixed S = 5/2 and S = 3/2 spin
system.

a. Ruffled deformation

i. Five-coordinate complexes

Ruffling of the porphyrin ring affects the energy levels of the iron d orbitals. As
mentioned in Sections II.A and II.B, the dxy orbital can interact with the porphyrin
a2u orbital in the ruffled porphyrin framework. Consequently, the dxy orbital is
lifted in the energy diagram. The dx2–y2 orbital is also lifted, due to the contraction
of the equatorial Fe–N bonds, which is commonly observed in highly ruffled
iron(III) porphyrin complexes.35 Because of the destabilization of the dx2–y2 orbital,
the ruffled complexes tend to adopt the intermediate-spin state. Figure 32 shows
the 1H NMR spectra of a series of five-coordinate Fe(TEtPrP)X.80 The upfield shift
of the pyrrole-H signal is clearly seen as the axial ligand changes from Cl− to I−,
and then to ClO4

−. Table 15 lists the 1H NMR chemical shifts of Fe(TEtPrP)X and
the structurally analogous Fe(TiPrP)X.80 Figure 33 shows the Curie plots of the
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Figure 32. 1H NMR spectra of a series of [Fe(TEtPrP)X] taken in CD2Cl2 solution at 298 K.
(Adapted with permission from Ref. 80. Copyright 2004, American Chemical Society.)
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pyrrole-H signals of Fe(TEtPrP)X and Fe(TiPrP)X.80 The Curie lines are drawn so
that they intercept the ordinate axis at the chemical shifts of the corresponding dia-
magnetic complexes, ca. 9.5 ppm. In both Fe(TEtPrP)X and Fe(TiPrP)X, the
pyrrole-H signals of the F−  complexes appear in the most downfield position, δ =
ca. 97 ppm at 298 K, and move further downfield linearly versus 1/T. The pyrrole-
H signals of the Cl− complexes show similar temperature dependence. These
results suggest that the F− and Cl− complexes in both systems are in a pure high-
spin state. By contrast, the pyrrole-H signals of the ClO4

− complexes appear at the
most upfield positions, −34 and −31 ppm, and move further upfield almost linearly
versus 1/T. Thus, the ClO4

− complexes are considered to be in an essentially pure
intermediate-spin state. The pyrrole signals of the Br− and I− complexes appear
between those of the F− and ClO4

− complexes, and their Curie lines exhibit con-
siderable curvature. The results suggest that they are in the mixed S = 3/2 and S =
5/2 spin state and that the contribution of the S = 3/2 increases as the temperature
is lowered. Thus, in the ruffled complexes, even the Br− complexes exhibit con-
siderable contribution of the S = 3/2 state. If we assume that the F− and ClO4

− com-
plexes are in the pure S = 5/2 and S = 3/2 spin state, respectively, then the
contribution of the S = 3/2, Int(%), can be estimated on the basis of the pyrrole-H
chemical shifts by Eq. 17. As mentioned, the Int(%) value determined by Eq. 17
is an approximate value especially in the five-coordinate complexes because the
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Table 15. 1H NMR and EPR data of [Fe(TEtPrP)X] and [Fe(TiPrP)X].

1H NMRa EPRc

Complex X Pyrrole-H CHα Int(%)b g1 g2 g3 Int(%)d

[Fe(TEtPrP)X]

F 97.0 15.8 0 5.92 5.92 1.99 4
Cl 93.1 20.5 3 6.11 5.90 2.00 0
Br 85.2 22.2 9 5.95 5.93 1.99 3
I 60.4 22.7 28 5.50 3.02 1.80 87
Ie 85.1 23.5 9 5.94 5.94 2.01 3
ClO4 −32.8 10.8 100 4.09 4.09 1.98 96

[Fe(TiPrP)X]

F 97.1 22.3 0 5.95 5.95 2.00 3
Cl 90.4 28.3 5 6.16 5.71 2.00 3
Br 73.9 28.8 18 5.92 5.92 1.99 4
I 20.7 22.8 60 5.34 3.02 1.85 91
ClO4 −31.2 13.8 100 4.90 3.50 1.90 90

aCD2Cl2, 298 K. bDetermined on the basis of the pyrrole-H chemical shifts at 298 K. cCH2Cl2,
4.2 K. dDetermined on the basis of the EPR g values at 4.2 K. eIn toluene-d8 solution. (Source:
Ref. 80.)
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chemical shifts of the pyrrole-H signal in the pure high-spin or pure intermediate-
spin complexes could change, depending on the out-of-plane distance of the iron(III)
ion. The Int(%) values of [Fe(TEtPrP)X] and [Fe(TiPrP)X] listed in Table 15 indi-
cate that they are very much dependent on the solvent used. While the Int(%) of
[Fe(TEtPrP)I] is 28% at 298 K in CD2Cl2 solution, it is only 9% in toluene-d8

solution at the same temperature.80

Figure 34 shows the EPR spectra of [Fe(TEtPrP)X] taken in frozen CH2Cl2

solution.80 The EPR g values are listed in Table 15. Once these values are deter-
mined, it is possible to estimate the Int(%) values by using Eq. 18. The data in the
table suggest that, while the F−, Cl−, and Br− complexes are essentially in the high-
spin state, I− complexes such as [Fe(TEtPrP)I] and [Fe(TiPrP)I] are mainly in the
intermediate-spin state with Int(%) values of 87% and 91%, respectively. Since
the Int(%) values of [Fe(TEtPrP)I] and [Fe(TiPrP)I] are estimated by the 1H NMR
method to be 28% and 60% at 298 K, respectively, they increase as the tempera-
ture is lowered from 298 to 4.2 K. In contrast, the Int(%) values of the Br− com-
plexes seem to decrease with decreasing temperature.

The data in Table 15 also indicate that the Int(%) of [Fe(TEtPrP)I] varies
depending on the conditions.80 Although the complex exhibits a mixed S = 5/2 and
S = 3/2 spin state in CH2Cl2 solution, it shows a pure S = 5/2 value both in toluene

64 Nakamura et al.

-100

-50

0

50

100

150

200

0 0.001 0.002 0.003 0.004 0.005
-100

-50

0

50

100

150

200

0 0.001 0.002 0.003 0.004 0.005

T-1 (K-1) T-1 (K-1)

C
he

m
ic

al
S

hi
ft

(δ
,p

pm
)

(a) Fe(TEtPrP)X (b) Fe(TiPrP)X

F-

Cl-

Br-

I-

ClO4
-

(THF)2

C
he

m
ic

al
S

hi
ft

(δ
,p

pm
)

Figure 33. Curie plots of the pyrrole-H signals taken in CD2Cl2 solution: X = F (×), Cl (�), Br
(�), I (•), ClO4 (�), and (THF)2 (∆). Curie plots of [Fe (TEtPrP)I] determined in toluene-d8 solu-
tion is given by �. (Adapted with permission from Ref. 80. Copyright 2004, American
Chemical Society.)
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solution and in the solid state; the g⊥ and g|| values are 5.94 and 2.01 in toluene
solution and 5.98 and 2.05 (not shown in the table) in the solid state, respec-
tively. The difference in spin states of [Fe(TEtPrP)I] in solution and in the solid
state is not a very unusual phenomenon. For example, iodo(etiohemiporphyce-
nato)iron(III) exhibits an S = 3/2 state with a minor contribution of S = 5/2 in solu-
tion.174 The same complex shows, however, a quite pure S = 5/2 spin state in the
solid. The difference is ascribed to the extraordinarily labile nature of the iodide
ion in iodo(etiohemiporphycenato)iron(III). Thus, the iron is pulled toward the N4

cavity in solution and, consequently, the complex adopts the intermediate-spin
state. In the crystal lattice, however, packing forces could contract the labile Fe–I
bond. Thus, the iron is lifted from the N4 cavity toward the iodide, resulting in the
formation of a typical high-spin five-coordinate structure. The difference in spin
states of [Fe(TEtPrP)I] in solution and in the solid state could be explained simi-
larly. The labile nature of the spin state mentioned above is one of the character-
istics of the five-coordinate iron(III) porphyrin complexes, because similar lability
in the spin state has been observed in five-coordinate iron(III) porphyrin com-
plexes in biological systems such as cytochromes c′.175
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Figure 34. EPR spectra of a series of [Fe(TEtPrP)X] taken in frozen CH2Cl2 solution at 4.2 K.
(Adapted with permission from Ref. 80. Copyright 2004, American Chemical Society.)
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ii. Six-coordinate complexes

Table 16 lists the 1H and 13C NMR chemical shifts, as well as EPR g values, of
a series of six-coordinate [Fe(TiPrP)L2]

+.168 The axial ligands are arranged
according to the magnetochemical series for oxygen ligands shown in Eq. 18.
Comparison of the 1H NMR chemical shifts between [Fe(TPP)L2]

+ and
[Fe(TiPrP)L2]

+ listed in Tables 14 and 16, respectively, reveals that each pyrrole-
H signal shifts upfield to a different extent on going from planar [Fe(TPP)L2]

+

to ruffled [Fe(TiPrP)L2]
+. These results suggest that the S = 3/2 character

increases as the planar TPP is replaced by ruffled TiPrP, as in the case of the
five-coordinated complexes. Consequently, the difference in pyrrole-H chemical
shifts increases among the 4-MePyNO, PyNO, 4-ClPyNO, and DMSO com-
plexes, which enables a ranking of the field strength for oxygen ligands, as
shown in Eq. 20.

The 13C NMR chemical shifts of the Cα and Cβ signals correlate well with
those of the pyrrole-H chemical shifts, suggesting that these signals can also be
good probes of the contribution of the S = 3/2 spin state. In contrast, the chemical
shifts of the meso-C signals exhibit a poor correlation.

The data in Tables 14 and 16 indicate that the complex with a highly ruffled
porphyrin ring and a fairly weak oxygen ligand such as [Fe(TiPrP)(THF)2]

+ shows
an essentially pure intermediate-spin state.98,99,168 Figure 35 displays the molecu-
lar structure of (a) [Fe(TiPrP)(THF)2]

+ and (b) [Fe(TEtP)(THF)2]
+.176,177 The por-

phyrin ring of the former complex is highly ruffled. The average deviations of the
meso-C atoms in [Fe(TiPrP)(THF)2]

+ and [Fe(TEtP)(THF)2]
+ are 0.629 and

0.244 Å, respectively, and the average equatorial Fe–N bond lengths are 1.967 and
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Table 16. 1H NMR, 13C NMR, and EPR data of [Fe(TiPrP)L2]+.

1H NMRa 13C NMRa EPRb

Ligand (L) Pyrrole-H CH CH3 Cα Cβ Meso g Values

4-MePyNO 58.5 10.8 6.2 1262 1038 97 5.85 2.00
3,5-Me2PyNO 57.6 10.9 6.3 1239 1015 97 5.70 2.00
PyNO 41.7 9.9 6.1 1031 865 110 5.70 2.00
4-ClPyNO 35.2 10.7 5.8 889 756 114 5.75 1.99
DMSO −7.7 8.0 4.6 226 290 126 4.2 2.00
DMF −21.5 7.3 4.2 24 138 145 4.2 2.00
MeOH −28.3 7.3 n.d. −47 86 142 4.1 2.00
THF −35.5 5.7 4.9 −122 22 115 4.0 1.97
2-MeTHF −37.3 6.4 5.7 −154 n.d. 127 4.1 2.00
Dioxane −39.8 5.9 n.d. −156 9 118 4.1 2.00

aCD2Cl2, 298 K; bCH2Cl2, 4.2 K. (Source: Ref. 168.)
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2.006 Å, respectively. As a result, the former adopts an essentially pure S = 3/2
spin state while the latter shows a mixed S = 5/2 and S = 3/2 spin state.168,177 The
average equatorial Fe–N bond lengths in planar complexes such as
[Fe(OEP)(THF)2]

+ and [Fe(TPP)(THF)2]
+ are 1.999 and 2.040 Å, respec-

tively.178,179 Consequently, these complexes exhibit the mixed S = 5/2 and S = 3/2
spin state.

b. Saddled deformation

The saddled deformation of the porphyrin core also affects the energy levels
of the 3d orbitals. Although the saddled deformation decreases the overlap
between the iron dx2–y2 orbital and the nitrogen lone pair for geometrical reasons, it
should raise the energy level of the dx2–y2 orbital since the interaction between and
a2u orbitals becomes symmetry-allowed in D2d saddled complexes, as shown in
Table 1.42,43 In addition, the interaction should be enhanced because the Fe–N
bonds in OETPP complexes are in general much shorter than those of the corre-
sponding TPP complexes. The most explicit example showing the dx2–y2–a2u inter-
action is the cation radical, [Cu(II)(OETPP.)]+, reported by Fajer et al.102 The
complex exhibits sharp 1H NMR lines, indicative of a diamagnetic species, which
is ascribed to strong antiferromagnetic coupling between the half-occupied dx2–y2

orbital and the half-occupied a2u orbital.103 Thus, the dx2–y2 orbital can be destabilized
in highly saddled complexes, which increases the contribution of the intermediate-
spin state.
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Figure 35. ORTEP diagrams of [Fe(TiPrP)(THF)2]+ and [Fe(TEtP)(THF)2]+. (Adapted with
permission from: (a) Ref. 176 and (b) Ref. 177. Copyright 2001, 1999, International Union of
Crystallography.)
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i. Five-coordinate complexes

Table 17 shows the 1H NMR and EPR data of a series of five-coordinate
Fe(OETPP)X, where X = F−, Cl−, Br−, I−, and ClO4

−.180,181 The Int(%) values esti-
mated at 4.2 K by Eq. 17 clearly indicate that, while the F− and Cl− complexes are
in the S = 5/2 state with a minor contribution of S = 3/2, the Br− and I− complexes
adopt the S = 3/2 state with a minor contribution of S = 5/2. The ClO4

− complex
exhibits an essentially pure S = 3/2 spin state. It should be noted that the Int(%)
values of ruffled Fe(TEtPrP)Br and Fe(TiPrP)Br are 3% and 4%, respectively,
while the Int(%) value is 89% in saddled Fe(OETPP)Br. Thus, the saddled OETPP
core stabilizes the S = 3/2 spin state more effectively than the corresponding ruf-
fled TiPrP core if the axial ligands are the same. The possibility of the saddled por-
phyrin ring stabilizing the intermediate-spin state was first proposed by Cheng
et al. in the discussion of the spin state of Fe(OETPP)Cl.182 Although the Int(%)
of Fe(OETPP)Cl is not as high as proposed,183 saddled complexes such as
Fe(OETPP)I are certainly in a pure intermediate-spin state in spite of the coordi-
nation of the halide, ion as Cheng et al. pointed out from the theoretical point of
view.183 Figure 36a shows the Mössbauer spectrum of Fe(OETPP)I taken for a
microcrystalline sample at 77 K. The IS and QS values are 0.42 and 3.05 mm s−1,
respectively. The large QS value indicates that the complex is in the S = 3/2 spin
state. Figure 36b shows the temperature dependence of the effective magnetic
moments measured by SQUID magnetometry. The µeff values are 3.8–3.9 µB over
a wide range of temperature, which are quite close to the spin-only value, 3.87 µB,
expected for the S = 3/2 state. Thus, Fe(OETPP)I adopts a quite pure intermediate-
spin state both in solution and in the solid state.180
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Table 17. 1H NMR and EPR data of Fe(OETPP)X together with Int(%) values.

1H NMRa EPRb

Complex CH2 CH3 o m p g Values Int (%) Ref.

Fe(OETPP)F 24.1 35.4 1.6 8.1 12.9 7.0 6.50 5.30 2.00 5 180
38.4 45.0 3.7 10.6 13.1

Fe(OETPP)Cl 20.1 32.1 1.8 9.1 12.2 7.5 6.56 5.27 1.97 4 180
34.8 49.0 3.2 11.5 12.4

Fe(OETPP)Br 18.1 32.6 1.0 10.4 11.7 8.4 4.95 3.50 1.95 89 180
34.3 45.8 2.3 13.5 12.2

Fe(OETPP)I 11.9 29.3 0.4 12.6 10.3 9.6 4.14 4.14 2.00 93 180
32.1 47.3 0.9 15.8 10.8

Fe(OETPP)ClO4 13.0 42.7 0.7 13.4 7.1 9.8 4.05 4.05 2.10 98 181

aIn CD2Cl2 at 298 K. bFrozen CH2Cl2 solutions at 4.2 K.
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ii. Six-coordinate complexes

The 1H NMR, 13C NMR, and EPR data of a series of six-coordinate [Fe(OETPP)L2]
+

are listed in Table 18.168 The complexes with weak axial ligands such as THF,
MeOH, DMF, and DMSO exhibit g⊥ signals from 4.0 to 4.2, suggesting that the
complexes are in an essentially pure intermediate-spin state. These complexes
commonly exhibit fairly upfield meso-C signals, which should be ascribed to the
interaction between the filled a2u and empty dx2–y2 orbital in saddle-shaped com-
plexes.42,43 This interaction induces positive spin in the dx2–y2 orbital, leaving the
negative spin in the a2u orbital by the spin polarization mechanism, and shifts the
meso-carbon signal to an upfield position. In addition, the dπ–3eg interaction
should also contribute to the upfield shift of the meso-carbon signals, especially
when the complexes adopt the S = 3/2 state with the (dxy)

2(dxz, dyz)
2(dz2)1 electronic
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Figure 36. (a) Mössbauer spectrum of Fe(OETPP)I taken for a microcrystalline sample at 77 K.
(b) Temperature dependence of the effective magnetic moments (µeff) measured by SQUID mag-
netometry. (Adapted with permission from Ref. 180. Copyright 2002, Royal Society of Chemistry.)

Table 18. 1H NMR, 13C NMR, and EPR data of [Fe(OETPP)L2]+.

1H NMRa 13C NMRa EPRb

Ligand (L) CH2 CH3 o m p Cα Cβ Meso g Values

4-MePyNO 21.0 44.2 2.4 14.7 8.7 10.3 598 601 −19 5.54 2.00
3,5-Me2PyNO 18.6 43.8 2.4 14.7 8.4 10.4 504 498 −40 5.69 2.00
PyNO 20.0 43.8 2.2 15.3 7.4 10.6 555 512 −63 5.73 4.35 2.00
DMSO 15.4 39.2 0.9 17.2 7.4 10.6 485 398 −139 4.20 2.01
DMF 11.6 37.7 -0.1 15.8 6.1 11.4 419 250 −221 4.20 2.00
MeOH 11.7 37.0 0.3 15.8 5.9 11.5 409 239 −211 4.10 1.97
THF 11.0 38.7 0.3 15.8 5.6 11.5 394 215 −269 4.00 2.00

aCD2Cl2, 298 K; bCH2Cl2, 4.2 K. (Source: Ref. 168.)
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ground state because of the presence of two unpaired electrons in the dπ orbitals,
as shown in Figure 3b.

C. Electronic Ground State in Intermediate-Spin Complexes

In the case of low-spin iron(III) porphyrins, it is now well established that there
are two types of electronic ground states, i.e. (dxy)

2(dxz, dyz)
3 and (dxz, dyz)

4(dxy)
1. The

complexes adopting the less common (dxz, dyz)
4(dxy)

1 ground state almost always
have highly ruffled structures. In contrast, the saddled structure tends to stabilize
the (dxy)

2(dxz, dyz)
3 ground state. Therefore, it is expected that even in the intermediate-

spin complexes, there should be two different electronic ground states,
(dxz, dyz)

3(dxy)
1(dz2)1 and (dxy)

2(dxz, dyz)
2(dz2)1 abbreviated as S = 3/2(dxy) and S = 3/2(dπ),

respectively, as shown in Figure 3b. It seems to be quite natural, by analogy with
the low-spin complexes, to assume that ruffled intermediate-spin [Fe(TiPrP)(THF)2]

+

should adopt the S = 3/2(dxy) ground state while the saddled intermediate-spin
[Fe(OETPP)(THF)2]

+ should adopt the S = 3/2(dxy) ground state.37

Table 19 lists the 1H and 13C NMR chemical shifts of ruffled and saddled low-
spin and intermediate-spin complexes. The isotropic shifts of these complexes are
also listed in bold. As the data in the table indicate, both the 1H NMR and 13C NMR
data are totally different between ruffled and saddled complexes even if the spin
state is the same, which in turn indicates that the electronic ground state could be
different between ruffled and saddled complexes.37,98,168 Reed and Guiset reported
that Fe(TPP)(Br6CB11H6) is a pure intermediate-spin state, as is revealed from the
presence of an extremely upfield-shifted pyrrole-H signal, i.e. −62 ppm.157 In con-
trast, the pyrrole-H chemical shift is −31 ppm in Fe(TiPrP)ClO4 although the com-
plex is also proven to be in an essentially pure intermediate-spin state.37 On the
basis of the large difference in pyrrole-H chemical shifts, ca. 31 ppm, between
these two S = 3/2 complexes, Nakamura and coworkers proposed that highly ruf-
fled intermediate-spin complexes such as Fe(TEtPrP)ClO4 and [Fe(TiPrP)(THF)2]

+

should adopt the novel S = 3/2 (dxy) ground state.37 This is because the S = 3/2(dxy)
complexes have only one unpaired electron in the dπ orbitals; the presence of the
unpaired electron in the dπ orbital is the major factor contributing to the upfield
shift of the pyrrole-H signals. The electronic ground state mentioned above is fur-
ther supported by the fact that the difference in pyrrole-H chemical shifts between
low-spin [Fe(TiPrP)(4-CNPy)2]

+ and [Fe(TPP)(HIm)2]
+ adopting S = 1/2(dxy) and

S = 1/2(dπ), respectively, is also quite large, ca. 30 ppm.52,82 The large difference
can be explained in terms of the number of unpaired electrons in the dπ orbitals;
[Fe(TiPrP)(4-CNPy)2]

+ has no unpaired electron in the dπ orbitals, while
[Fe(TPP)(HIm)2]

+ has one. Thus, [Fe(TiPrP)(THF)2]
+ is expected to be the first

example of the intermediate-spin complex adopting the S = 3/2(dxy) ground state.
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Table 19. 1H NMR and 13C NMR chemical shifts and isotropic shiftsa of some low-spin and intermediate-spin complexes.

1H NMRb 13C NMRb

Pyrrole- Py- Py- Py- meso- meso- meso- meso- meso- meso- Spin 
Complexes H CH2 CH2(ave) CH3 CHa(o) CHb(m) (p) Cα Cβ CH2 CH3 meso CHα(o) CHβ(m) (p) State (S) Ref.

[Fe(TnPrP) −12.2 5.1 −0.03 33 87 85 14 67 1/2(dπ) 52
(HIm)2]+ −−21.6 0.5 −−108 −−43 −−32 −−22 37

[Fe(TiPrP) 13.6 31.4 7.0 −176 93 707 −166 315 1/2(dxy) 52
(4-CNPy)2]+ 4.3 26.8 4.9 −−317 −−37 591 −−202 293

[Fe(OETPP) 4.4 10.3 7.4 0.9 (5.0) (5.8) (6.7) 162 167 −24 87 7 (107) (124) (125) 1/2(dπ) 82
(HIm)2]+ 5.1 0.4 (−−3.3) (−−1.9) (−−1.1) 15 23 −−44 70 −−112 (−−29) (−−3) (−−3)

[Fe(OETPP) 7.5 7.5 1.3 (5.5) (11.1) (6.3) −4 144 −0.5 59 418 (310) (145) (139) 1/2(dxy) 82
(tBuNC)2]+ 5.2 0.8 (−−3.3) (3.4) (−−1.5) −−152 −−1 −−22 42 298 (174) (17) (10)

[Fe(TiPrP) −35.5 5.7 4.9 −122 22 115 51 14 3/2 98
(THF)2]+ −−44.6 0.9 −−2.8 −−262 −−111 −−8 17 −−15

[Fe(TiPrP) −38.7 9.0 4.4 −213 28 210 14 63 3/2 184
(PhCHO)2]+ −−47.8 4.2 2.3 −−353 −−103 88 −−21 34

[Fe(OETPP) 11.1 38.7 24.9 0.3 (15.8) (5.6) (11.5) 394 215 −55 215 −269 (−74) (118) (116) 3/2 98
(THF)2]+ 22.6 −−0.2 (7.49) (−−2.1) (3.71) 247 71 −−75 198 −−388 (−−210) (−−9) (−−12)

[Fe(OETPP) 13.7 42.0 27.9 −0.8 (16.5) (5.3) (12.1) 470 266 −56 203 −295 (−73) (129) (114) 3/2 100
(4-CNPy)2]+ 24.9 −−1.3 (8.19) (−−2.4) (4.31) 323 122 −−76 186 −−414 (−−209) (2) (−−14)

aIsotropic shifts are determined on the basis of the chemical shifts of diamagnetic Ni(TnPrP) and Zn(OETPP) and they are given in boldface. bChemical shifts are
determined in CD2Cl2 at 298 K.
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The data in Table 19 indicate, however, that the isotropic shift of the meso-C
signal of [Fe(TiPrP)(THF)2]

+ is negative, −8 ppm. Although it is more downfield
than the corresponding value, −32 ppm, in [Fe(TnPrP)(HIm)2]

+ adopting the S =
1/2(dπ) state, it is much more upfield than the corresponding value, 591 ppm, in
the (dxz, dyz)

4(dxy)
1 type [Fe(TiPrP)(4-CNPy)2]

+. The outcome might be the sugges-
tion that [Fe(TiPrP)(THF)2]

+ exists not as a pure S = 3/2(dxy) complex but as a mix-
ture of S = 3/2(dxy) and S = 3/2(dπ) where S = 3/2(dπ) predominates over S =
3/2(dxy). How can a much purer S = 3/2(dxy) complex be obtained? In the case of
low-spin complexes, the pure S = 1/2(dxy) complex is obtained by the combination
of a highly ruffled porphyrin and axial ligands with low-lying π* orbitals. This is
because ruffling of the porphyrin core raises the energy level of the dxy orbital by
way of the a2u–dxy interaction. Furthermore, axial ligands with low-lying π*
orbitals lower the dπ orbitals via the dπ–pπ* interaction. Therefore, [Fe(TiPrP)
(4-CNPy)2]

+ and [Fe(TiPrP)(tBuNC)2]
+ are considered to be the purest examples of

an S = 1/2(dxy) complex.52,82

To obtain a much purer S = 3/2(dxy) complex, it is necessary to use a weak
oxygen ligand that has low-lying π* orbitals. In Table 19 are added the NMR data
of one such complex, [Fe(TiPrP)(PhCHO)2]

+.184 This complex should adopt a
much purer S = 3/2(dxy) state, because benzaldehyde has a low-lying π* orbital.
The intermediate-spin state of this complex has been confirmed on the basis of
EPR data; the g∞ value is 4.1 in frozen CH2Cl2 solution at 4.2 K. In fact, the
isotropic shift of the meso-C signal of [Fe(TiPrP)(PhCHO)2]

+ appears as high as
+88 ppm. The positive and negative isotropic shifts of the meso-C and the meso-
CHα carbon signals, respectively, strongly indicate that the meso-C atoms have
sizable amounts of positive spin, which in turn indicates that the dxy orbital is half-
occupied.

The S = 3/2(dπ) ground state in [Fe(OETPP)(THF)2]
+ is supported by the

isotropic shift of the pyrrole-CH2 carbon signals. While the isotropic shift of this
signal in [Fe(OETPP)(THF)2]

+ is −75 ppm as listed in Table 19, it is only −44 ppm
in [Fe(OETPP)(HIm)2]

+. Since the isotropic shift of the pyrrole-CH2 carbon signal
is proportional to the spin density on the Cβ atoms, this result indicates that the
spin density on the Cβ atoms in [Fe(OETPP)(THF)2]

+ is nearly 1.8 times as high
as that in [Fe(OETPP)(HIm)2]

+, which in turn indicates that [Fe(OETPP)(THF)2]
+

has two unpaired electrons in the dπ orbitals.37

Assignment of the electronic ground state of intermediate-spin complexes
such as [Fe(TiPrP)(THF)2]

+ and [Fe(OETPP)(THF)2]
+ is a good target for theoret-

ical calculations. Cheng and coworkers reported, on the basis of DFT calculations,
that [Fe(TiPrP)(THF)2]

+ and [Fe(OETPP)(THF)2]
+ should adopt the S = 3/2(dπ)

and S = 3/2(dxy) states, respectively, which is an opposite assignment of the previ-
ously mentioned electronic ground states.38 In the saddled complex, the calculation
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reveals the presence of two symmetry-allowed bonding interactions. One is a
well-established interaction between a2u and dx2–y2 orbitals, and the other is the
interaction between a1u and dxy orbitals. As shown in Figure 37, the bonding inter-
action between a1u and dxy orbitals in the saddled complex is unexpectedly strong;
it is much stronger than the bonding interaction between a2u and dxy orbitals in a
ruffled complex. As a result, the dxy orbital in the saddled complex is lifted above
the dπ orbital to form the S = 3/2(dxy) electronic ground state. Table 20 shows the
net spin population and the nuclear spin populations for each symmetry-distinct
atom type for [Fe(OETPP)(THF)2]

+ and [Fe(TiPrP)(THF)2]
+ with high-spin and

two different intermediate-spin states, S = 3/2(dxy) and S = 3/2(dπ), obtained by
spin-unrestricted ADF calculations.38 As for saddled [Fe(OETPP)(THF)2]

+, the
data listed in Table 20 suggest that both 4A1 and 4E explain correctly the existence
of extraordinarily upfield-shifted meso-C signals since both have large negative
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0.626 dxy, 0.345 a1u

<dxy|a1u> = 0.033

0.594 dx2-y2, 0.262 a2u

<dx2-y2|a2u> = 0.134

0.642 dxy, 0.318 a2u

<dxy|a2u> = 0.025

0.638 dxy, ~0 a1u

<dx2-y2|a1u> = 0.015

(a)

(b)

(c)

(d)

Figure 37. Bonding interactions between (a) dxy–a1u, (b) dx2–y2–a2u for saddled [FeP(THF)2]+,
and the bonding interactions between (c) dxy–a2u and (d) dx2–y2–a1u for ruffled [FeP(THF)2]+.
(Adapted with permission from Ref. 38. Copyright 2005, Royal Society of Chemistry.)
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net spin populations on the meso-C atoms. However, the fact that Cα is more
downfield-shifted than the Cβ signal in saddled [Fe(OETPP)(THF)2]

+ suggests that
4E should be the leading contribution to this unusual intermediate-spin state com-
plex.38 DFT calculations also suggest that the intermediate-spin [Fe(OETPP)
(4-CNPy)2]

+ adopts the S = 3/2 (dxy) rather than the S = 3/2(dπ) ground state.117 As
for ruffled [Fe(TiPrP)(THF)2]

+, the DFT calculations predict an extraordinarily
large downfield shift for the meso-C signal if the complex adopts the 4E, S =
3/2(dxy) ground state. Thus, [Fe(TiPrP)(THF)2]

+ is concluded to adopt the 4A1, S =
3/2(dπ) electronic ground state.38

Ling and Zhang have applied quantum-chemical calculations to predict the
Mössbauer and NMR properties of various S = 3/2 iron(III) porphyrins with pla-
nar, ruffled, and saddled conformations.39 The calculations correctly reproduced
the Mössbauer QS and IS values as well as the 1H and 13C NMR chemical shifts.
An interesting new observation is the dependence of dz2 ordering on the Fe–N
distance; the dz2 orbital is relatively stabilized as the Fe–NP bond distance
decreases. Consequently, the dz2 orbital is usually of the lowest energy due to a
weaker interaction along the z-axis as compared to the stronger interactions in
the x–y plane from the shorter Fe–N contact. Thus, the frontier iron MO order-
ings in S = 3/2 complexes are different from those reported previously if the
Fe–N bond distance is less than 1.975 Å. The orbital ordering in ruffled
[Fe(TiPrP)(THF)2]

+ is dx2–y2 > dπ > dxy > dz2, while that in saddled Fe(OETPP)ClO4

is dx2–y2 > dxy > dπ > dz2. In the case of [Fe(OETPP)(4-CNPy)2]
+ where the Fe–N

distance is 1.975 Å, the orbital orderings become dx2–y2 > dxy > dz2 > dπ. Presence
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Table 20. Net spin populations and the [nuclear spin populations] in the order of 10−4 on
each symmetry-distinct atom type for bis-THF complexes from unrestricted DFT calculations.

[Fe(OETPP)(THF)2]+ 6A2, S = 5/2 4A1, S = 3/2(dπ) 4E, S = 3/2(dxy)

meso-C 76 [3.8] −232 [−26.6] −384 [−52.2]
Cα 195 [46.5] 129 [3.3] 207 [42.6]
Cβ 325 [75.2] 295 [31.7] 171 [17.8]
ipso-C 0 [9.6] 22 [7.7] 49 [25.4]
Pyrrole-CH3 11 [5.5] 11 [4.7] 0 [−0.1]

8 [2.5] 5 [1.1] 7 [3.1]

[Fe(TiPrP)(THF)2]+ 6A2, S = 5/2 4A1, S = 3/2(dπ) 4E, S = 3/2(dxy)

meso-C 387 [52.3] −109 [−11.7] 583 [90.0]
Cα 28 [52.5] 125 [−13.7] −120 [−38.6]
Cβ 207 [73.7] 216 [8.7] 40 [−5.7]
meso-CHα −28 [−11.7] 5 [1.0] −36 [−14.9]
Pyrrole-H −2 [1.8] −20 [−4.2] −3 [−0.7]

Source: Ref. 38.
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or absence of the unpaired electron in the dz2 orbital should affect the chemical
shifts of the coordinating ligand. Thus, further systematic NMR experiments
focusing on the chemical shifts of axial ligands together with theoretical stud-
ies are necessary in order to fully understand the electronic structure of the
intermediate-spin complexes.

V. Spin Crossover in Iron(III) Porphyrins

A. General Considerations

The spin crossover phenomenon was first discovered in 1931 for iron(III) tris-
dithiocarbamate complexes.171–173,185–187 Since then many transition metal com-
plexes showing thermal spin crossover phenomena have been found both in the
solid state and in solution. Most of the complexes that exhibit the spin crossover
phenomenon contain Fe(II), Fe(III), and to a lesser extent Co(II), Co(III), Mn(II),
Mn(III), Ni(II), and Mo(II).185–187 Among them, Fe(II) complexes have been most
extensively studied because of their potential uses as electronic and optical switch-
ing and memory devices.188 In the case of iron(III) porphyrins, there are three
possible spin states: high-spin (S = 5/2), intermediate-spin (S = 3/2), and low-spin
(S = 1/2) states. Thus, there should be three kinds of spin crossover processes; the
ones between S = 5/2 and S = 1/2, between S = 3/2 and S = 1/2, and between
S = 5/2 and S = 3/2, as shown in Figure 38.30 The spin crossover process between
S = 5/2 and S = 1/2 has been actively studied in six-coordinated complexes since
its first observation in metmyoglobin by Beetlestone and George in 1964.189 Since
then ample examples have been reported in hemoproteins such as hemoglobin,190

cytochrome P450,191 cytochrome c peroxidase, etc.192–194 As in the case of hemo-
proteins, spin crossover phenomena between S = 5/2 and S = 1/2 have been found
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Figure 38. Possible spin crossover(SC) processes between two spin states. (Adapted with
permission from Ref. 30. Copyright 2006, Elsevier Science.)
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also in synthetic iron(III) porphyrins. Typical examples are azide complexes such
as [Fe(OEP)(3-ClPy)2]

+ and [Fe(TPP)(N3)2]
− reported by Scheidt et al.,195,196 and

[Fe(Por)(N3)(1-MeIm)] reported by Neya et al.,197,198 (Note: Por indicates various
porphyrin isomers, such as corrphycene, porphycene, and hemiporphycene.)199

Each porphyrin isomer has a unique size and shape of the cavity surrounded by
the four pyrrole nitrogen atoms. Thus, the electronic and magnetic properties of
these complexes are specific.200–203 In mixed azide and imidazole complexes,
[Fe(Por)(N3)(1-MeIm)], corrphycene stablizes the high-spin state while por-
phycene and hemiporphycene stabilize the low-spin state.198

On the other hand, the spin crossover between S = 3/2 and S = 1/2 had not
been observed in iron porphyrins until recently, although two examples have been
reported in iron(III) complexes without a porphyrin ligand. They are
[FeIII(TMC)(NO)](BF4)2 and [FeIII(L-N4Me2)(S2C6H4)](ClO4)⊕0.5H2O,204,205 where
TMC, L-N4Me2, and S2C6H4 are 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclote-
tradecane, N,N′-dimethyl-2,11-diaza[3.3](2,6) pyridinophane, and 1,2-benzen-
dithiolate, respectively. The first example of an iron(III) porphyrin complex to
show spin crossover between S = 3/2 and S = 1/2 was observed by Ikeue and
coworkers in highly saddled [Fe(OETPP)L2]

+ having a nitrogen base such as Py
or 4-CNPy as an axial ligand (L).100,200

It has long been considered that the mixed S = 3/2 and S = 5/2 is not a ther-
mal equilibrium between S = 3/2 and S = 5/2 but a quantum mechanical spin
admixture caused by spin–orbit coupling between the two spin states.150,151 In other
words, the thermal spin crossover between S = 3/2 and S = 5/2 does not exist in
principle. In fact, all the mixed S = 3/2 and S = 5/2 complexes exhibited averaged
NMR and EPR signals. However, several examples have been reported that have
to be explained in terms of a spin crossover between S = 3/2 and S = 5/2.101,154–156

Understanding the mechanism for the spin crossover processes is quite important,
since they take place in various biological processes.190–194,206–208 In this section, we
will first describe complexes that exhibit the rare spin crossover processes
between S = 3/2 and S = 1/2. We will then introduce a couple of new complexes
that exhibit the spin crossover between S = 5/2 and S = 3/2.

B. Spin Crossover Between S ==  3/2 and S ==  1/2

1. [Fe(OETPP)L2]++

Six-coordinate complexes with a nitrogen base such as imidazole or pyridine usually
show a low-spin state. As mentioned in the previous section, saddle-shaped com-
plexes tend to stabilize the intermediate-spin state. Examples are [Fe(OETPP)I],180

[Fe(OETPP)ClO4],
181 and [Fe(OETPP)(THF)2]

+.98 As listed in Tables 17 and 18,
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these complexes adopt an essentially pure intermediate-spin state. It is then expected
that even the complexes carrying nitrogen bases with a weak-field ligand should
exhibit a quite pure intermediate-spin state if the porphyrin is highly saddled.
Table 21 lists the 1H and 13C NMR chemical shifts of [Fe(OETPP)L2]

+ and
[Fe(OMTPP)L2]

+, where Ls are nitrogen bases such as DMAP, Py, and 4-CNPy.62,100

The chemical shifts of [Fe(OETPP)(THF)2]
+ and [Fe(OETPP)(tBuNC)2]

+,82,98 which
are well characterized as the intermediate-spin and low-spin complexes, respec-
tively, are also listed for comparison. As the axial ligand changes from DMAP to Py,
and then to 4-CNPy in Table 21, the CH2, o-H, and p-H signals of [Fe(OETPP)L2]

+

exhibit a downfield shift and approach the corresponding signals of
[Fe(OETPP)(THF)2]

+. In addition, the large upfield shift of the meso-C and the
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Table 21. 1H NMR chemical shifts of [Fe(OETPP)L2]+ and [Fe(OMTPP)L2]+ taken in CD2Cl2
solution at 298 K and 193 K.

1H NMR 13C NMR

Complex Ligand (L) Pyrrole-CH(α) o-H m-H p-H Meso Cα Cβ

[Fe(OETPP)L2]+ 298 K

DMAP 4.8 a11.8 5.4 5.9 6.9 3 168 176
Py 11.1 a32.3 13.0 5.8 10.4 −186 384 244
4-CNPy 13.7a 41.8 16.5a 5.3 12.1 −295 470 266
THF 11.1 a38.7 15.8 5.6 11.5 −236a 394 215
tBuNC 7.5 5.5 11.1 6.3 419 −4 144

193 K

DMAP 2.6 a13.1 1.2 4.2 5.5 −53 122 159
Py 6.5 a23.7 4.8 4.8 6.8 −88 224 211
4-CNPy 14.6a 64.3 21.1a 3.6 14.6 −500 664 328
THF 25.7 a59.8 11.1 4.4 13.6 −291 n.d. n.d.
tBuNC 5.6 a18.1 6.7 11.4 6.8 341 74 137

[Fe(OMTPP)L2]+ 298 K

DMAP 19.7 5.3 6.4 6.7 48 110 164
Py 48.6 10.8 7.2 9.1 −9 205 214
4-CNPy 63.9 13.2 6.8 3.6 −68 243 242
THF 62.0 11.6 6.6 4.4 −1 n.d. n.d.
tBuNC 1.4 3.1 12.8 11.4 701 −207 113

193 K

DMAP 21.8 2.1 5.0 5.5 3.4 50 147
Py 22.6 4.1 8.0 6.3 163 42 158
4-CNPy 36.9 7.5 9.6 7.9 224 109 188
THF 91.3 17.6 5.9 12.1 −105 n.d. n.d.
tBuNC −3.9 −0.2 16.3 3.6 1153b −484 77

aValues are revised from the original ones. bData obtained by the extrapolation from high
temperature. (Source: Refs. 62 and 82.)
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downfield shift of the Cα signals of [Fe(OETPP)(4-CNPy)2]
+ resemble those of

[Fe(OETPP)(THF)2]
+. These NMR results suggest that the spin state actually

changes from S = 1/2 in the DMAP complex to S = 3/2 in the 4-CNPy complex. In
fact, the solution magnetic moments of [Fe(OETPP)(4-CNPy)2]

+ determined by the
Evans method in CD2Cl2 solution are 4.2 ± 0.1 µB at 193–298 K, which is close to
the spin-only value expected for the S = 3/2 complexes.100

It is interesting to compare the electronic structures of saddled [Fe(OETPP)L2]
+

carrying nitrogen bases with those of the corresponding ruffled [Fe(TnPrP)L2]
+.52,62,100

In the case of ruffled [Fe(TnPrP)L2]
+, all the complexes maintain the low-spin state

although the electronic ground state changes from (dxy)
2(dxz, dyz)

3 to (dxz, dyz)
4(dxy)

1

on going from DMAP to Py, and then to 4-CNPy, as shown in Table 4.52 In the case
of saddled Fe(OETPP)L2

+, however, while strong σ-donating and weak π-accepting
ligands such as HIm and DMAP give a low-spin complex with the (dxy)

2(dxz, dyz)
3

ground state, weak σ-donating and strong π-accepting ligands such as 4-CNPy
form intermediate-spin complexes.62,100 Thus, in the saddled complexes, it is the
spin state that changes depending on the field strength of the axially coordinating
nitrogen ligands.

The data in Table 21 indicate that the 1H and 13C signals of [Fe(OETPP)Py2]
+

are located between those of low-spin [Fe(OETPP)(DMAP)2]
+ and intermediate-

spin [Fe(OETPP)(4-CNPy)2]
+. These results suggest that low-spin and intermedi-

ate-spin [Fe(OETPP)Py2]
+ coexist as an equilibrium mixture in CD2Cl2 solution at

298 K. Figure 39a shows the Curie plots of the CH2–H signals of [Fe(OETPP)L2]
+,

78 Nakamura et al.

0

10

20

30

40

50

0.003 0.004 0.005 0.006

T-1 (K-1)T-1 (K-1)

C
he

m
ic

al
S

hi
ft

(δ
, p

pm
)

(a) CH2 (ave) (b) meso-13C

-600

-500

-400

-300

-200

-100

0

100

0.003 0.004 0.005 0.006

C
he

m
ic

al
S

hi
ft

(δ
, p

pm
)

Figure 39. Curie plots of the (a) CH2 and (b) meso-C signals of [Fe(OETPP)(DMAP)2]+ (✭),
[Fe(OETPP)(Py)2]+ (•), and [Fe(OETPP)(4-CNPy)2]+ (�). (Adapted with permission from
Ref. 100. Copyright 2001, WILEY-VCH Verlag GmbH.)
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where Ls are DMAP, Py, and 4-CNPy.100 While the Curie plots of the DMAP and
4-CNPy complexes give good linearity, the Curie plots of the Py complex exhibit
considerable curvature. A similar tendency is observed in the Curie plots of the
meso-C signals shown in Figure 39b.100 Although both the CH2 and meso-C sig-
nals of the Py complex appear close to the corresponding signals of the 4-CNPy
complex at ambient temperature, they approach those of the DMAP complex at
lower temperature. The curvature of the Curie lines of [Fe(OETPP)Py2]

+ clearly
indicates that spin crossover takes place between S = 3/2 and S = 1/2. In contrast,
[Fe(OETPP)(DMAP)2]

+ and [Fe(OETPP)(4-CNPy)2]
+ maintain the S = 1/2 state

and the S = 3/2 spin state, respectively, in the temperature range examined. The
equilibrium constant for the spin crossover process (KSC) in CD2Cl2 solution is
determined at several temperatures on the basis of the meso-C chemical shifts
according to Eq. 20, where δDMAP, δPy, and δ4-CNPy are the meso-C chemical shifts
of the DMAP, Py, and 4-CNPy complexes, respectively:

(20)

The plots of log(KSC) vs. 1/T show a good linearity from which the thermody-
namic parameters are determined as follows: ∆H° = 17 kJ mol−1 and ∆S° = 67 J
mol−1 K−1. Although the spin crossover process between the S = 1/2 and S = 3/2
states is not unprecedented in iron(III) complexes,204,205 [Fe(OETPP)Py2]

+ is actu-
ally the first example in iron(III) porphyrin complexes.100 It should be noted here
that [Fe(OETPP)Py2]

+ adopts the (dxy)
2(dxz, dyz)

3 ground state at lower temperatures
on the basis of the upfield-shifted m-H and meso-C signals listed in Table 21.

What are the magnetic properties of these complexes in the solid state?
Table 22 lists the Mössbauer parameters of a series of [Fe(OETPP)L2]

+ measured
at ambient and liquid nitrogen temperatures.98 At ambient temperature, the QS
value of Fe(OETPP)(DMAP)2

+ is 2.21 mm s−1, which is within the range of the
low-spin state. In contrast, the QS value of [Fe(OETPP)(4-CNPy)2]

+ is quite large,
3.26 mm s−1, and is close to that of [Fe(OETPP)(THF)2]

+, suggesting that this complex
adopts the intermediate-spin state. The QS value of [Fe(OETPP)Py2]

+ is 2.76 mm s−1,
which is between the QS values of the DMAP and 4-CNPy complexes. Thus,
the Py complex exists as a mixture of the S = 3/2 and the S = 1/2 spin states at
ambient temperature in the solid. As the temperature is lowered to 80 K, the QS
value of the DMAP complex is maintained while that of the Py complex decreases
to 2.26 mm s−1. These results indicate that the Py complex adopts predominantly
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the low-spin state at 80 K. In the case of the 4-CNPy complex, two doublets (sites
A and B) appear below 230 K. Since the IS and QS values for sites A and B are in
the range of intermediate-spin and low-spin states, respectively, the complexes with
different spin states coexist at low temperature. Thus, a rare spin crossover occurs
even in [Fe(OETPP)(4-CNPy)2]

+ in the solid state. Figure 40 shows the effective
magnetic moments (µeff) measured on microcrystalline samples with a SQUID
magnetometer over 2–300 K. The results confirm that the DMAP complex is in the
low-spin state while the THF complex is in the pure intermediate-spin state over a
wide range of temperatures.100 Figure 40 also indicates that a major part of the Py
complex is in the S = 1/2 state below 150 K, though the population of the S = 3/2
ground state considerably increases above this temperature. Similarly, the 4-CNPy
complex is a mixture of the S = 1/2 and S = 3/2 states below 200 K though it exists
almost exclusively as the S = 3/2 above 200 K. On the basis of the Mössbauer and
SQUID results, it is clear that not only [Fe(OETPP)Py2]

± but also [Fe(OETPP)(4-
CNPy)2]

± exhibits the spin crossover process in the solid state.

2. [Fe(OMTPP)L2]++ and [Fe(TBTXP)L2]++

Figure 41 shows the Curie plots of (a) the CH3–H and (b) the meso-C signals of
[Fe(OMTPP)L2]

+, where L is DMAP, Py, 4-CNPy, THF, and tBuNC.62 Among

80 Nakamura et al.

Table 22. Mössbauer parameters and spin states of [Fe(OETPP)L2]+ and [Fe(OMTPP)L2]+.

T IS QS Γ1 Γ2

Complex Ligand(L) K mm s−1 mm s−1 mm s−1 mm s−1 Spin State

[Fe(OETPP)L2]+

DMAP 290 0.19 2.21 0.27 0.32 1/2
80 0.26 2.31 0.55 0.89 1/2

Py 290 0.32 2.76 0.27 0.29 1/2,3/2
80 0.25 2.29 0.47 0.64 1/2

4-CNPy Site A 295 0.37 3.26 0.32 0.33 3/2
Site A 80 0.57 3.03 0.47 0.47 3/2
Site B 80 0.20 2.70 0.64 0.64 1/2

THF 290 0.41 3.65 0.32 0.26 3/2
80 0.50 3.50 0.77 0.49 3/2

[Fe(OMTPP)L2]+

DMAP 290 0.16 1.86 0.30 0.33 1/2
70 0.23 1.89 0.38 0.54 1/2

Py 299 0.19 2.18 0.23 0.26 1/2
78 0.25 2.18 0.33 0.42 1/2

Source: Refs. 100 and 209.
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these complexes, [Fe(OMTPP)(THF)2]
+ shows a good linearity, suggesting that

the complex is in a quite pure S = 3/2 spin state. Similarly, the Curie plots of the
meso-C signals of both [Fe(OMTPP)(DMAP)2]

+ and [Fe(OMTPP)(tBuNC)2]
+

exhibit good linearity with negative and positive slopes, respectively, suggesting
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Figure 40. Temperature dependence of the effective magnetic moments of [Fe(OETPP)L2]+.
L = DMAP (�); Py (�); 4-CNPy (�); and THF(∆). (Adapted with permission from Ref. 100.
Copyright 2001, WILEY-VCH Verlag GmbH.)
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Figure 41. Curie plots of the (a) CH3–H and (b) meso-13C signals of [Fe(OMTPP)(DMAP)2]+

(�), [Fe(OMTPP)(Py)2]+ (�), [Fe(OMTPP)(4-CNPy)2]+ (�), [Fe(OMTPP)(THF)2]+ (�), and
[Fe(OMTPP)(tBuNC)2]+ (∆). (Adapted with permission from Ref. 62. Copyright 2003, American
Chemical Society.)
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that the former adopts S = 1/2 with the (dxy)
2(dxz, dyz)

3 ground state while the latter
adopts S = 1/2 with the (dxz, dyz)

4(dxy)
1 ground state.62 In contrast, the Curie plots

of [Fe(OMTPP)Py2]
+ and [Fe(OMTPP)(4-CNPy)2]

+ shown in Figure 41a exhibit a
curvature, suggesting that the spin crossover takes place between S = 3/2 and S =
1/2 in both of these complexes. Inspection of the Curie lines for the meso-C
signals shown in Figure 41b reveals, however, that the magnetic behaviors
of [Fe(OMTPP)L2]

+ (L = Py and 4-CNPy) are quite different from those of
[Fe(OETPP)L2]

+ (L = Py). As the temperature is lowered, the Curie line of
[Fe(OMTPP)(4-CNPy)2]

+ (�) moves away from that of [Fe(OMTPP)(DMAP)2]
+

(�) and approaches that of [Fe(OMTPP)(tBuNC)2]
+ (∆). Similar temperature depend-

ence is observed for [Fe(OMTPP)Py2]
+ (•), though the deviation from the Curie line

of [Fe(OMTPP)(DMAP)2]
+ (�) is much smaller. [Fe(TBTXP)L2]

+ exhibits a similar
curvature in Curie plots if L is Py or 4-CNPy though the spin crossover phenomenon
from S = 3/2 to S = 1/2 starts at higher temperature. These results suggest that the spin
crossover pathways of OMTPP and TBTXP complexes are different from those of
OETPP complexes. While the spin state of [Fe(OETPP)Py2]

± changes from S = 3/2
to S = 1/2 with the (dxy)

2(dxz ,dyz)
3 ground state as the temperature is lowered, that of

[Fe(OMTPP)(4-CNPy)2]
± and [Fe(OMTPP)Py2]

± changes from S = 3/2 to S = 1/2
with the (dxz, dyz)

4(dxy)
1 ground state.62

What are the magnetic properties of [Fe(OMTPP)L2]
+ in the solid state?

Table 22 also shows the Mössbauer parameters of the DMAP and Py complexes.209

The IS values increase from 0.16 to 0.23 mm s−1 in [Fe(OMTPP)(DMAP)2]
+ and from

0.19 to 0.25 mm s−1 in [Fe(OMTPP)(Py)2]
+ as the temperature is lowered from 290

to 77 K. In contrast, the QS values are almost constant in this temperature range;
they are 1.86–1.90 mm s−1 for [Fe(OMTPP)(DMAP)2]

+ and 2.13–2.18 mm s−1 for
[Fe(OMTPP)Py2]

+. Thus, these complexes maintain the low-spin state over a wide
range of temperature. The low-spin state assignment of [Fe(OMTPP)(DMAP)2]

+

and [Fe(OMTPP)Py2]
+ is further supported by the effective magnetic moments

determined by SQUID magnetometry; they are 2.1–2.8 µB in the temperature
range of 50–300 K.209 Thus, the magnetic behavior of [Fe(OETPP)Py2]

+ and of
[Fe(OMTPP)Py2]

+ are quite different in the solid. While [Fe(OETPP)Py2]
± shows

a spin crossover between the S = 3/2 and S = 1/2 spin states, [Fe(OMTPP)Py2]
±

maintains the S = 1/2 spin state in the solid state.209

3. [Fe(MAzP)L2]±± and [Fe(OEP)L2]±±

Table 23 shows the 1H NMR chemical shifts of (a) [Fe(MAzP)L2]
± and (b)

[Fe(OEP)L2]
± taken in CD2Cl2 solution at 298 K (upper) and 223 K (lower).136

Figures 42 and 43 show the Curie plots of the meso-H and CH3 signals of some
selected complexes, respectively.136
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Table 23. 1H NMR chemical shifts of [Fe(MAzP)L2]± and [Fe(OEP)L2]± taken in CD2Cl2 solution at 298 K (upper) and 223 K (lower).

Complex Ligand (L) CH2 CH2 (Ave) CH3 (Ave) m(1H)a m(2H)a m (Ave)

[Fe(MAzP)L2]±±

DMAP 6.38 6.38 6.89 7.10 (6.69) (−0.63) 1.50b 2.41b (2.11)
4.86 5.03 6.21 6.45 (5.64) (−2.59) −5.43 6.45 (−3.93)

1-MeIm 6.57 6.68 7.38 7.70 (7.08) (−0.42) — — —
5.53 5.53 7.99 8.35 (6.85) (−1.65) — — —

CN− 5.78 6.03 6.47 6.73 (6.25) (−1.59) −0.20 1.90 (1.20)
4.64 5.36 5.36 6.27 (5.41) (−2.81) −7.72 −3.78 (−5.09)

tBuNC 14.17 14.44 14.61 15.32 (14.64) (2.73) 9.79 11.47 (10.91)
16.48 16.75 16.80 18.14 (17.04) (4.28) 10.74 13.68 (12.70)

Py 10.27 10.60 10.93 11.26 (10.77) (0.01) 2.82 4.17 (3.72)
8.11 8.78 9.62 9.67 (9.05) (−2.15) −5.73 −3.05 (−3.94)

4-CNPy 23.52 24.15 25.10 25.96 (24.68) (3.83) 18.48 17.50 (17.83)
15.16 13.54 14.84 15.46 (14.72) (−0.71) −0.32 2.04 (1.25)

3,5-Cl2Py 30.01 31.89 32.64 33.95 (32.12) (4.27) 26.75 24.45 (25.22)
33.54 34.96 36.70 37.74 (35.74) (4.17) 30.05 28.36 (28.94)

THF 27.75 29.74 30.50 32.10 (30.02) (4.73) 27.6 24.3 (26.54)
33.30 34.91 36.77 38.14 (35.78) (5.65) — — —

(Continued )
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Table 23. (Continued )

Complex Ligand(L) CH2 CH2 (Ave) CH3 (Ave) m(1H)a m(2H)a m (Ave)

[Fe(OEP)L2]±±

DMAP 6.73 6.73 −0.41 — 1.82 —
4.64 4.64 −1.49 — −4.60 —

1-MeIm 7.06 7.06 −0.24 — 2.90 —
5.82 5.82 −1.56 — −0.82 —

CN− 4.63 4.63 −0.66 — 0.72 —
4.58 4.58 −2.59 — —5.04 —

tBuNC 7.61 7.61 3.19 — −37.71 —
7.40 7.40 3.18 — −58.17 —

Py 14.71 14.71 1.26 — 7.00 —
8.50 8.50 −0.25 — −3.83 —

4-CNPy 28.06 28.06 4.11 — 20.45
15.10 15.10 0.62 — 0.84

3,5-Cl2Py 38.80 38.8 6.27 32.0
46.30 46.3 7.7 46.3

THF 38.13 38.13 6.20 39.50
50.51 50.51 8.13 60.04

am(1H), m(2H): meso-H  signals corresponding to 1H and 2H, respectively. b Extrapolated values from low temperature. (Source: Ref. 136.)
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As listed in Table 23a, [Fe(MAzP)L2]
± complexes carrying axial ligands with

strong field strength such as DMAP, 1-MeIm, and CN− exhibit their CH2 signals
at downfield positions, 6–8 ppm, and the meso-H signals at upfield positions,
1–3 ppm. In addition, all the signals of these complexes show fairly good linearity
in the Curie plots. The 1H NMR characteristics mentioned above suggest that these
complexes adopt the low-spin state with the (dxy)

2(dxz, dyz)
3 ground state. The small

downfield shifts of the CH2 signals can be explained in terms of the interaction
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Figure 42. Curie plots of the meso-H signals in (a) [Fe(MAzP)L2]+ and (b) [Fe(OEP)L2]+.
(Adapted with permission from Ref. 136. Copyright 2008, American Chemical Society.)
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Figure 43. Curie plots of the CH3 signals in (a) [Fe(MAzP)L2]+ and (b) [Fe(OEP)L2]+. (Adapted
with permission from Ref. 136. Copyright 2008, American Chemical Society.)
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between the half-filled iron dπ and the filled 3eg-like orbitals of MAzP. The upfield
shift of the meso-H signals should mainly be caused by the dipolar contribution in
the (dxy)

2(dxz, dyz)
3 type complexes.

The CH2 and meso-H signals of [Fe(MAzP)(4-CNPy)2]
+ and [Fe(MAzP)(3,5-

Cl2Py)2]
+ appear much further downfield than those of low-spin complexes with

the (dxy)
2(dxz, dyz)

3 ground state; the chemical shifts of the CH2 and meso-H signals
of the 3,5-Cl2Py complex reach as far as 32.12 (ave) and 25.22 (ave) ppm, respec-
tively, at 298 K. The large downfield shift of the CH2 signals at 298 K suggests
that these complexes are either in the S = 3/2 spin state with two unpaired elec-
trons in the dπ orbitals or in the S = 5/2 spin state with an unpaired electron in the
dx2–y2 orbital. It is difficult to differentiate the S = 5/2 from the S = 3/2 spin state
on the basis of the CH2 chemical shifts, because they appear downfield in both the
S = 3/2 and S = 5/2 complexes. In such a case, the chemical shifts of the β-CH3

signals and their temperature dependence should be a good probe for determining
the spin states since the S = 5/2 complexes exhibit β-CH3 signals further down-
field than the S = 3/2 complexes; the unpaired electron can be delocalized to the
CH3 protons through σ-bonds in the S = 5/2 complexes. The data in Table 23a
indicate that the CH3 signals of the 4-CNPy and 3,5-Cl2Py complexes appear at
3.83 and 4.27 ppm, respectively. Since the CH3 signals of high-spin Fe(MAzP)Cl
appear at 6.9–7.5 ppm, it is reasonable to conclude that they are mainly in the
S = 3/2 state.

As shown in Figures 42a and 43a, the meso-H and CH3 signals of
[Fe(MAzP)(4-CNPy)2]

+ show large upfield shifts as the temperature is lowered
and approach those of the low-spin DMAP complex. These result can be explained
in terms of spin crossover from the mainly S = 3/2 to the mainly S = 1/2 state.
Similar temperature dependence is observed in [Fe(MAzP)(3,5-Cl2Py)2]

+, though
the degree of the spin crossover is much smaller; the meso-H signals still appear
far downfield even at 223 K. Thus, the magnetic behaviors of the 4-CNPy and
3,5-Cl2Py complexes resemble those of [Fe(OETPP)Py2]

+ and [Fe(OMTPP)Py2]
+,

since all of these complexes exhibit the spin transition from S = 3/2 to S = 1/2.
However, the magnetic behavior of [Fe(MAzP)Py2]

+ is different from that of
[Fe(OETPP)Py2]

+ and [Fe(OMTPP)Py2]
+, because it maintains the S = 1/2 spin

state even at ambient temperature; the average chemical shift of the CH2 signals
at 298 K is 10.77 ppm, which is not much different from 6.69 ppm for the low-
spin DMAP as listed in Table 23a.

Comparison of the electronic structures between [Fe(MAzP)L2]
± and

[Fe(OEP)L2]
± should be useful for elucidating the effect of a nitrogen atom at one

of the meso positions. Figures 42 and 43 suggest that the electronic structure of
[Fe(MAzP)L2]

± is surprisingly similar to that of [Fe(OEP)L2]
± if the axial ligand

is the same. Close inspection of the data in Table 23 reveals, however, that the
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chemical shifts and the temperature dependence of the CH3 signals are different in
the two 3,5-Cl2Py complexes. While the CH3 signals in [Fe(MAzP)(3,5-Cl2Py)2]

+

appear at 4.27 ppm on average at 298 K, the corresponding signal in
[Fe(OEP)(3,5-Cl2Py)2]

+ is observed much more downfield, at 6.27 ppm. These
results indicate that the dx2–y2 orbital in the OEP complex has a much larger spin
population than in the MAzP complex. In other words, the population of the S =
5/2 state increases on going from [Fe(MAzP)(3,5-Cl2Py)2]

+ to [Fe(OEP)(3,5-
Cl2Py)2]

+. Furthermore, the Curie plots of the CH3 signals of these complexes pre-
sented in Figure 43 indicate that the averaged CH3 signal in the MAzP complex
shows a small negative slope, while that of the OEP complex exhibits a positive
slope. The negative slope of the CH3 signal in [Fe(MAzP)(3,5-Cl2Py)2]

+ is consis-
tent with spin crossover from mainly S = 3/2 at 298 K to the mixed S = 3/2 and
S = 1/2 state at 173 K. In contrast, the positive slope in [Fe(OEP)(3,5-Cl2Py)2]

+

suggests that the contribution of the S = 5/2 spin state is dominant even at 173 K.
EPR spectra support this conclusion, because [Fe(MAzP)(3,5-Cl2Py)2]

+ exhibits
S = 1/2 while [Fe(OEP)(3,5-Cl2Py)2]

+ shows the mixed S = 3/2 (major) and S =
5/2 (minor) states at 4.2 K; the g⊥ values of these complexes are 3.46 and 4.23,
respectively, in frozen CH2Cl2 solution.136 The low-spin state in [Fe(MAzP)(3,5-
Cl2Py)2]

+ at 4.2 K can be explained in terms of a destabilization of the dx2–y2 orbital
caused by the smaller N4 cavity of the MAzP core as compared with the OEP
core. An X-ray crystallographic analysis reported by Balch and coworkers has
also revealed that the average Fe–Np bond in Fe(MAzP)Cl is 2.044 Å, which is
ca. 0.02 Å shorter than that in Fe(OEP)Cl.210,211

4. Structural Consequences of Spin Crossover

It is interesting to know how the coordination structure and the surrounding lattice
of [Fe(OETPP)Py2]

+ change during the spin crossover process in the solid state.
Temperature dependence of the crystal and molecular structures of [Fe(OETPP)Py2]

+

and [Fe(OMTPP)Py2]
+ is instructive.209,212 Figure 44 shows the molecular struc-

tures of [Fe(OETPP)Py2]
+ and [Fe(OMTPP)Py2]

+ determined at 298 K, together
with the perpendicular displacements of the peripheral atoms from the least-
squares plane.209,212 The maximum deviation among the C20N4Fe core is observed
for one of the pyrrole β carbon atoms, which is 1.31 Å for [Fe(OETPP)Py2]

+ and
1.10 Å for [Fe(OMTPP)Py2]

+. Deviation of the meso-carbon from the least-
squares plane is at most 0.05 Å in [Fe(OETPP)Py2]

+, while it is as much as 0.19 Å
in [Fe(OMTPP)Py2]

+. Thus, the OETPP complex adopts a pure saddled structure
while the OMTPP core includes some ruffling. This does not mean that the sad-
dled OMTPP core is generally much easier to ruffle than the corresponding
OETPP core. In fact, the structural analysis of [Fe(OMTPP)(tBuNC)2]

+ reveals
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Figure 44. ORTEP diagrams of (a) [Fe(OETPP)Py2]+ and (b) [Fe(OMTPP)Py2]+. (c) Perpendicular
displacement of the core atoms from the mean plane for [Fe(OETPP)Py2]+ (�) and
[Fe(OMTPP)Py2]+ (•). (Adapted with permission from: (a) Ref. 212, copyright 2002 American
Chemical Society; and (b), (c) Ref. 209. Copyright 2004, WILEY-VCH Verlag GmbH.)
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that the OMTPP core shows a quite pure saddled structure in spite of the coordi-
nation of tBuNC, which usually induces the ruffled deformation of the porphyrin
core.123 Table 24 lists the crystallographic and structural data for [Fe(OETPP)Py2]

+.212

The axial and equatorial bond lengths given at three different temperatures clearly
indicate that most of the bonds contract at lower temperature. The shortening of
the axial bonds is much larger than that of the equatorial ones. The average axial
and equatorial bonds, Fe–Nax and Fe–Np, have shown 9.5% and 1.4% contraction,
respectively, as the temperature is lowered from 298 to 80 K. The data in Table 24
also demonstrate that the bond contraction between 298 and 180 K is much larger
than that between 180 and 80 K; the bond contraction for Fe–Nax is 0.160 and
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Table 24. (a) Crystallographic details and (b) bond lengths for [Fe(OETPP)Py2]ClO4 at three
different temperatures.

298 K 180 K 80 K

(a) Crystallographic Details

Formula C70H70N6FeClO4.2CH2Cl2
Mol wt 1320.47
Crystal system monoclinic
Space group P21/n
Z 4
b (Å) 13.972(1) 13.800(2) 13.857(1)
c (Å) 19.481(1) 17.870(2) 17.764(1)
β (Å) 26.750(3) 26.237(3) 26.184(2)
B(deg) 101.493(3) 101.375(3) 101.411(1)
V(Å3) 6969.0(10) 6343.3(12) 6318.0(6)
R1 0.0759 0.0943 0.0923
wR2 0.2435 0.1958 0.2016
GOF 1.073 0.978 1.010

Bonds 298 K 180 K 80 K

(b) Bond Lengths (Å3) and Rotation Angles (φφ u–)

Fe1–N1 1.967(2) 1.950(3) 1.960(3)
Fe1–N2 1.997(3) 1.958(3) 1.955(3)
Fe1–N3 1.975(2) 1.953(3) 1.965(3)
Fe1–N4 2.000(3) 1.954(3) 1.947(3)
Fe1–N5 2.197(3) 2.039(4) 2.001(3)
Fe1–N6 2.204(3) 2.042(4) 1.984(3)
Fe1–Np

a 1.985(3) 1.954(3) 1.957(3)
Fe–Nax

b 2.201(3) 2.041(4) 1.993(3)
φc 1.1(4) 6.3(3)

3.6(3) 11.6(3)

aAverage bond length of the equatorial bonds. bAverage bond length of the axial bonds.
cDihedral angle between the coordinated pyridine and Np–Fe–Nax plane. (Source: Ref. 212.)
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0.048 Å for each temperature range, respectively, while that for Fe–Np is 0.031 and
< 0.01 Å.212

Another notable change in structure is the rotation angle φ of the pyridine lig-
and; φ is defined as the dihedral angle between the coordinated pyridine and
Np–Fe–Nax plane. The pyridine ligands are placed almost along the diagonal
Np–Fe–Np axes perpendicularly above and below the porphyrin; φ values for two
ligands are fairly small, 1.1° and 3.6°, at 298 K. The rotation angle increases,
however, from 1.1° and 3.6° to 6.3° and 9.7° as the temperature is lowered to
80 K. The increase in the rotation angle can be ascribed to a shortening of the
Fe–Nax bond at lower temperatures.

Because of the bond contraction, the steric repulsion between the ligand and
pyrrole nitrogen atoms should increase. Thus, the conformation at θ = 3.6°, which
is most stable at 298 K, where Fe–Nax is 2.201 Å, is no longer stable at 80 K,
where Fe–Nax is 1.993 Å. These results suggest that the rotation of the axial ligand
is quite important for minimizing steric repulsion that is caused by bond contrac-
tion at lower temperatures. Figure 45 illustrates how the molecule adjusts its struc-
ture to maintain the most stable conformation as the temperature is raised or
lowered.212

The data in Table 24a indicate that the unit cell decreases by 9.3% in volume
on going from 298 to 80 K because of packing forces. In this crystal, the a, c, and
b axes almost coincide with the N1–N3, N2–N4, and N5–N6 axes, respectively;
N1, N2, N3, and N4 are porphyrin nitrogen atoms, while N5 and N6 are pyridine
nitrogen atoms. Examination of the crystal data in Table 24 reveals that the lattice
contractions along the a, c, and b axes are 1.2%, 1.9%, and 3.3%, respectively, in
the temperature range of 298–180 K. Correspondingly, the bond contraction takes
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Figure 45. Temperature-dependent structural change in [Fe(OETPP)Py2]+ at three different
temperatures. (Adapted with permission from Ref. 200. Copyright 2002, American Chemical
Society.)
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place by 1.0%, 2.2%, and 7.3% for Fe1–N1(N3), Fe1–N2(N4), and Fe1–N5(N6),
respectively. It should be noted that, as the temperature is lowered from 298 to
180 K, the largest contraction of the unit cell occurs along the b axis, which results
in the largest contraction of the Fe–Nax bonds. It is this shortening of the axial
bonds that destabilizes the dz2 orbital and induces the spin transition from S = 3/2
to S = 1/2.209

The phenomenon observed in the crystal seems to be closely connected with
the functional tuning process of some heme proteins such as leghemolobin in the
dioxygen binding process.213 Orientation changes of the proximal and distal histi-
dine ligands together with Fe–N bond contraction induce a change in the spin
state. In this sense, the crystal of [Fe(OETPP)Py2]

+ may be regarded as a super-
structure parallel to a protein matrix in its constraining function.212

C. Spin Crossover Between S ==  3/2 and S ==  5/2

1. Monoaqua Complexes of Saddled Porphyrins

In the previous section, it was reported that highly saddled complexes with fairly
weak axial ligands such as [Fe(OETPP)(THF)2]ClO4 and Fe(OETPP)ClO4 adopt a
quite pure intermediate-spin state.98,181 Furthermore, the analogous complexes
such as [Fe(OETPP)(Py)2]

+ and [Fe(OMTPP)(Py)2]
+ with much stronger nitrogen

bases exhibit a novel spin crossover between S = 3/2 and S = 1/2.100,209,212 Similar
spin crossover has been reported by Rivera and coworkers in the heme metabo-
lism process mediated by human heme oxygenase.206,207 While the spin crossover
between S = 5/2 and S = 1/2 and between S = 3/2 and S = 1/2 have been observed
both in heme proteins and in model heme complexes, the spin crossover between
S = 5/2 and S = 3/2 has never before been observed.

As previously mentioned, the mixed S = 5/2 and S = 3/2 spin state is consid-
ered to be a quantum-mechanical spin admixture caused by spin–orbit coupling
between the S = 3/2 and S = 5/2 spin states.150,151 However, Ohgo and coworkers
have found that highly saddled complexes [Fe(OMTArP)(H2O)]ClO4, where Ar is
3,5-dimethylphenyl (3,5-Me2Ph) and 3,5-bis(tert-butlyl)phenyl (3,5-tBu2Ph),
exhibit an unprecedented example of spin crossover between the S = 3/2 and
S = 5/2 spin states.101 Figure 46 shows the X-ray molecular structures of these
complexes, both of which have highly saddled five-coordinated monoaqua com-
plexes.101 Table 25 shows geometric parameters of these complexes together with
those of some analogous complexes.101 Short Fe–Np bond lengths together with
the small out-of-plane displacement of the iron(III) ion indicate that these com-
plexes are in the intermediate-spin state. Extremely downfield-shifted methyl sig-
nals together with downfield-shifted o- and p-H signals in the 1H NMR spectra
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also support the intermediate-spin state proposal for these complexes; the chemi-
cal shifts of the py-CH3, o-H, and m-H signals are 60.1, 11.7, and 9.12 ppm,
respectively, for the 3,5-Me2Ph complex, and 60.4, 11.7, and 9.12 ppm, respec-
tively, for the 3,5-tBu2Ph complex.

Temperature-dependent EPR spectra taken in frozen CH2Cl2 solution are
given in Figure 47.101 As shown in this figure, both complexes exhibit a strong sig-
nal at ca. 4.0 at 70 K, indicating that they adopt the intermediate-spin state. As the
temperature is lowered, the intensity of the signal at 4.0 decreases while that at
6.0 increases. The EPR spectra at 4 K exhibit two types of signal characteristic of
the high-spin and intermediate-spin species. The g values, determined by computer
simulations of the observed spectra, are as follows: (a) 6.10, 5.90, 2.00 (S = 5/2)
and 4.20, 3.80, 2.10 (S = 3/2); (b) 6.10, 5.90, 2.00 (S = 5/2); 4.37, 3.77, 1.99
(S = 3/2). When the temperature is further lowered, the intensity of the high-spin
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(a) (b)

Figure 46. Molecular structures of [Fe(OETArP)(H2O)]+, where (a) Ar = 3,5-Me2Ph and
(b) Ar = 3,5-tBu2Ph. Hydrogen bonds are shown as dotted lines. (Adapted with permission
from Ref. 101. Copyright 2006, Royal Chemical Society.)
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Table. 25. Comparison of geometric parameters in five-coordinated saddle-shaped iron(III)
porphyrin complexes.

Complex Fe–Np
a Fe–Xax

b ∆Fec ∆max
d N4 areae Ref.

[Fe(OMTArP)(H2O)]++

Ar = 3,5-Me2Ph 1.946(4) 2.084(4) 0.285(2) 1.35 7.45 101

[Fe(OMTArP)(H2O)]++

Ar = 3,5-tBu2Ph 1.960(2) 2.056(2) 0.232(1) 1.32 7.59 101

[Fe(OMTPP)Cl] 2.034 2.247 0.464 1.22 7.87 182

[Fe(OETPP)Cl] 2.030 2.242 0.467 1.32 7.83 182

[Fe(OETPP)ClO4] 1.963 2.059 0.262 1.32 7.59 181

aBond length (Å) between iron and pyrrole nitrogen. bBond length (Å) between iron and axial
ligand. cOut-of-plane deviation (Å) of iron (III) ion from the N4 plane. dPeripheral atoms that
exhibit the largest deviation (Å) from the N4 plane. eThe area (Å2) of the plane consisting of
the four nitrogen atoms of the pyrrole rings.

0 100 200 300 400 500
Field/mT

0 100 200 300 400 500
Field/mT

(a) (b)

1.5 K 1.5 K

4 K 6 K

25 K 20 K

70 K 60 K

Figure 47. EPR spectra of [Fe(OMTArP)(H2O)]+ taken in frozen CH2Cl2 solution, where (a)
Ar = 3,5-Me2Ph and (b) Ar = 3,5-tBu2Ph. (Adapted with permission from Ref. 101. Copyright
2006, Royal Society of Chemistry.)
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signal increases, especially in the 3,5-tBu2Ph complex; this complex exists exclu-
sively as a high-spin complex at 4.2 K. The process is reversible, because the orig-
inal spectra are completely reproduced when the temperature is raised back to 70 K.
The temperature dependence of the EPR spectra could best be explained in terms
of the unprecedented spin crossover between S = 5/2 and S = 3/2. The populations
of each species are determined by computer simulations of the observed spectra.
The van’t Hoff plots yield ∆H° and ∆S° values corresponding to the equilibrium
given in Eq. 21.

(21)

The values are 60 J .mol−1 and 48 .J .mol−1.K−1 for the 3,5-Me2Ph, and
100 J .mol−1 and 19 J .mol−1.K−1 for 3,5-tBu2Ph complexes, respectively.

2. Monoazide Complexes

Neya and coworkers have found that the azide complex of iron(III) porphycene,
[Fe(TPrPc)N3], exhibits interesting spectroscopic and magnetic behavior.154 In the
1H NMR spectra, the pyrrole-H signal appears at 19 ppm at 298 K and shifts to
−30 ppm when the temperature is lowered to 200 K. The EPR spectrum is nearly
axial with g∞ = 5.41(ave) and g|| = 2.00, suggesting that Int(%) = 30% at 5 K. The
QS value in the Mössbauer spectrum increases from 2.20 mm s−1 at 290 K to
2.68 mm s−1 at 77 K, which also supports the S = 3/2 contribution increasing at
lower temperature. The effective magnetic moment is 4.80 µB at 290 K and decreases
to 4.06 µB at 50 K. All of these data suggest that the complex is in a mixed S = 5/2
and S = 3/2 spin state. It is very difficult to determine if the complex is in a ther-
mal equilibrium between S = 5/2 and S = 3/2, or in a spin admixture of the two
spin states; all the complexes except [Fe(OETArP)(H2O)]+ exhibit averaged NMR,
EPR, and Mössbauer signals.101 Neya and coworkers considered IR spectroscopy
to be a good method for observing directly the two spin state isomers expected for
[Fe(TPrPc)N3]. This is because the approximate time scale of IR is 10−13 s, which
is shorter than the time scales of EPR, NMR, and Mössbauer spectroscopy; they
are are 10−4–10−8, 10−1–10−9, and 10−7 s−1, respectively.212 Consequently, IR spec-
troscopy should discriminate the thermal spin-state equilibrium from the quan-
tum-mechanical spin admixture. In fact, the IR spectra given in Figure 48 show
two separate absorptions centered at 2049 and 2066 cm−1. They are assigned to the
azide stretching band for the S = 3/2 and S = 5/2 spin-state isomers, respectively.
Increase of the 2049 cm−1 band and concomitant decrease of the 2066 cm−1 band
with decreasing temperature, accompanied by the 2054 cm−1 isosbestic point,
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demonstrate that the S = 5/2 and S = 3/2 isomers are in a thermal equilibrium. The
IR analysis further reveals that [Fe(TiPrP)N3] also exhibits a similar spin crossover
between S = 5/2 and S = 3/2.155 Thus, it seems that spin crossover phenomena
are possible between any two of the three spin states in iron(III) porphyrin
complexes.101,154,155

D. Spin Crossover in Monoimidazole Complexes

Cytochromes c′ are a unique class of heme proteins found in photosynthetic, den-
itrifying, and nitrogen-fixing bacteria.215 These proteins are usually found as
dimers. In spite of low homology in the amino acid sequences, the overall folding
of the monomers is similar. They possess a heme prosthetic group covalently
bound to the protein via two thioether linkages that are provided by a conserved
Cys–X–Y–Cys–His motif near the C-terminal region.215–222 The heme iron is five-
coordinate with a solvent-exposed histidine residue. Although X-ray crystallo-
graphic analyses have revealed the structural similarity among these proteins, the
microenvironment around the heme center is slightly different among the proteins.
Thus, the solvent-exposed histidine residue can participate in hydrogen bonding
with water molecules and/or basic protein residues in a slightly different way
among the proteins. These proteins are considered to adopt a unique spin state, a
quantum-mechanical admixture of a high-spin (S = 5/2) and an intermediate-spin
(S = 3/2) state,150,151 although some examples have been found showing the ther-
modynamic equilibrium between S = 5/2 and S = 3/2 spin state isomers, as
described in the previous section.101,154–156 The contribution of the S = 5/2 or 3/2
state changes depending on the bacterial source and the spectroscopic methods
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Figure 48. The IR absorption spectra of Fe(TnPrPc)N3 in chloroform. Temperature decreases
(295, 254, 216 K) as indicated by the arrow. (Adapted with permission from Ref. 154.
Copyright 2007, Wiley-VCH Verlag GmbH & Co. KGaA.)
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applied for the measurements.223 In most cases, the oxidized form of iron is pre-
dominantly in the S = 5/2 spin state though the contribution of the S = 3/2 state
increases in cytochromes c′ isolated from some bacteria, such as C. vinosum and
Rb. capsulatus.223 To reveal the ambiguous spin state of these proteins, both struc-
tural and spectroscopic studies with synthetic monoimidazole complexes are nec-
essary. In fact, the isolation of monoimidazole complexes is quite difficult because
of the formation of the corresponding stable bis-adducts.224–227 The only struc-
turally characterized complex is [Fe(OEP)(2-MeIm)]ClO4, reported by Scheidt
et al. in 1985.228 This complex maintains the S = 5/2 state at least above 60 K. In
this section, the spectroscopic, magnetic, and crystallographic properties of mono-
imidazole complexes such as [Fe(TMP)L]+,229,230 [Fe(TMTMP)L]+,231 and
[Fe(OETPP)L]+ will be described.232

1. [Fe(TMP)L]++ and [Fe(TMTMP)L]++

In principle, it is possible to obtain monoimidazole complexes by the reaction of
iron(III) porphyrins with a 1.0 equivalent of the imidazole ligand. In the case of
the reaction between Fe(TPP)ClO4 and 1-MeIm, however, not only [Fe(TPP)(1-
MeIm)]+ but also [Fe(TPP)(1-MeIm)2]

+ is formed. Furthermore, contamination
with water leads to the formation of µ-oxo dimer [Fe(TPP)]2O according to the
reaction mechanism shown in Scheme 2.229 If a 1.0 equivalent of sterically hin-
dered imidazole such as 1,2-Me2Im or 2-MeBzIm is added in place of 1-MeIm,
then the µ-oxo dimer is formed predominantly, together with a small amount of
monoimidazole complex.229 It is then expected that the addition of a 1.0 equivalent
of hindered imidazoles to [Fe(TMP)]ClO4 could form the corresponding monoim-
idazole complexes [Fe(TMP)L]ClO4 as the sole product, since formation of the
µ-oxo dimer is prohibited due to the presence of the o-methyl groups. In fact, a quite
pure monoimidazole complex can be obtained by the addition of a 1.0 equivalent
of the hindered ligand.230 Figure 49 shows the 1H NMR spectrum of (a) [Fe(TMP)]
ClO4 and (b) [Fe(TMP)(2-MeIm)]+ taken in CD2Cl2 solution at 298 K.230 The
pyrrole-H signal of [Fe(TMP)(2-MeIm)]+ is observed at 35.1 ppm, suggesting that
the complex adopts the mixed high-spin and intermediate-spin state. Because of
the five-coordinate structure, two m-H signals are observed at 14.3 and 13.2 ppm.
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Fe(TPP)ClO4 H2O [Fe(TPP)(H2O)]ClO4+

[Fe(TPP)(H2O)]ClO4
+ L Fe(TPP)(OH)   +   HL+ClO4

−

Fe(TPP)(OH)   + Fe(TPP)ClO4 + L [Fe(TPP)]2O +   HL+ClO4
−

Scheme 2. Mechanism for the formation of µ-oxo dimmer.
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Table 26a lists the 1H NMR chemical shifts of a series of [Fe(TMP)L]ClO4

together with the Int(%) values obtained from Eq. 16, where the chemical shifts of
the high-spin and intermediate-spin complexes, δhigh and δint, are considered to be
+80 and −60 ppm, respectively.230 Table 26b shows the 1H NMR chemical shifts
of a series of [Fe(TMTMP)L]ClO4, where the mesityl and methyl groups are
attached to the Cβ atoms and no substituent is attached to the meso-C atoms.231

Among the axial ligands listed in Table 26a, there is no doubt that 4,5-Cl2Im
stabilizes the intermediate-spin state most effectively, which should be ascribed to
the weaker σ-donating and stronger π-accepting ability as compared with other
ligands. In contrast, 2-tBuIm greatly stabilizes the high-spin state; the pyrrole-H
signal is observed at 78.4 ppm, which indicates that Int(%) is only 1%. In the case
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Figure 49. 1H NMR spectra of (a) Fe(TMP)ClO4 and (b) [Fe(TMP)(2-MeIm)]+ taken in CD2Cl2 at
298 K. (Adapted with permission from Ref. 230. Copyright 2002, American Chemical Society.)
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of [Fe(TMP)(2-tBuIm)]ClO4, the distance between the ligand and the porphyrin
ring should be the largest among the complexes listed in Table 26a because of the
severe steric repulsion between the tert-butyl group and the porphyrin core. As a
result, the iron(III) ion is pulled toward the imidazole nitrogen, which increases
the out-of-plane distance of the iron(III) ion and stabilizes the high-spin state. The
out-of-plane distance should decrease as the axial ligand changes from 2-tBuIm to
2-(1-EtPr)Im, and then to 2-RIm (R = Me, Et, iPr), resulting in stabilization of the
intermediate-spin state of the corresponding complexes. In fact, the Int(%) values
of the 2-(1-EtPr)Im and 2-RIm (R = Me, Et, iPr) complexes are 19% and 32–35%,
respectively.

The data in Table 26a also indicate that the introduction of the 1-Me group to
the 2-Rim (R = Et, iPr) ligand stabilizes the intermediate-spin state. Thus, the
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Table 26. 1H NMR chemical shifts (d, ppm) of (a) [Fe(TMP)L]ClO4
a and (b) [Fe(TMTMP)L]ClO4

b

determined at 298 K in CD2Cl2 solution together with Int(%).

Axial ligands (L) Pyrrole-H m-H Int(%)

(a) [Fe(TMP)L]ClO4
c

HIm 20.7 (15.1) 13.2 12.5 (16.9, 15.5) 42
5-MeIm 31.0 (40.4) 13.7 12.8 (18.1, 16.4) 35
2-MeIm 35.1 (29.3) 14.3 13.2 (17.5, 15.6) 32
2-EtIm 32.4 (16.9) 14.1 13.1 (16.7, 15.0) 34
2-iPrIm 30.5 (4.4) 14.0 13.1 (15.9, 14.5) 35
2-(1-EtPr)Im 54.1 (84.4) 15.4 14.1 (20.2, 17.5) 19
2-tBuIm 78.4 (122.6) 13.0 12.0 (17.2, 15.1) 1
1,2-Me2Im 25.4 (29.6) 13.9 12.9 (17.8, 15.9) 39
1-Me-2-EtIm 19.0 (−12.0) 13.4 12.6 (14.9, 13.6) 44
1-Me-2-iPrIm 13.9 (−23.5) 13.2 12.4 (14.1, 13.0) 47
BzIm 27.7 (28.4) 14.0 13.0 (18.2, 16.1) 37
5,6-Me2BzIm 43.3 (70.1) 14.9 13.6 (19.2, 16.8) 26
2-MeBzIm 27.0 (−13.4) 14.1 13.0 (14.8, 13.2) 38
1, 2-Me2BzIm 13.7d (−26.61) 13.5 12.5d (14.1, 12.7) 47
4,5-Cl2Im −15.3d (−56.2) 10.5 10.5d (12.4, 11.6) 68
Cl−e 79.8 (125.2) 15.9d 14.3d (22.2, 19.2) 0
ClO4

−f −9.3 (−61.6) 11.4 — (11.6) 64

Axial Ligand(L) Pyrrole-Me o-Me m-H p-Me Meso

(b) [Fe(TMTMP)L]ClO4

HIm 69.2 8.0 4.8 14.4 13.5 5.5 −16.6
5-MeIm 70.3 8.2 5.0 14.5 13.7 5.8 −20.1
2-MeIm 70.0 8.8 5.1 14.5 13.8 6.2 −31.9

aRef. 230. bRef. 231. cData in parentheses are the chemical shifts at 193 K. dData are obtained
by extrapolation from low temperature. e[Fe(TMP)Cl]. f[Fe(TMP)]ClO4.
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pyrrole-H chemical shift moves upfield from 4.4 to −23.5 ppm at 193 K as the
axial ligand changes from 2-iPrIm to 1-Me-2-iPrIm. A similar upfield shift, from
16.9 to −12.0 ppm, is observed as the axial ligand changes from 2-EtIm to 1-Me-
2-EtIm. However, the pyrrole-H signal shows no appreciable change as the axial
ligand changes from 1-MeIm to 1,2-Me2Im. Introduction of the 1-Me group
should regulate the conformation of the 2-iPr and 2-Et substituents in such a way
that the Me groups of these substituents face the porphyrin ring. As a result, the
tilting angle of the Fe–Naxial bond from the heme normal should increase by the
introduction of the 1-Me group, which weakens the field strengths of these ligands
and stabilizes the intermediate-spin state.

Table 27 lists the 13C NMR chemical shifts where axial ligands are arranged
in the same order given in Table 26. The chemical shifts of the Cα and Cβ signals
correlate well with those of the pyrrole-H chemical shifts. On the basis of the data
in Tables 26 and 27, the order of the Int(%) values in the imidazole complexes is
given by Eq. 22:230

2-tBuIm << 2-(1-EtPr)Im < HIm, 5-MeIm, 2-RIm (R = Me, Et, iPr),
1,2-Me2Im < 1-Me-2-RIm (R = Et, iPr) < 4,5-Cl2Im. (22)

It is interesting to discuss how the spin state of a monoimidazole complex is
affected by the solvents. While the pyrrole-H signal is observed at 35.0 ppm in
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Table 27. 13C NMR chemical shifts (δ, ppm) of some carbon signals in [Fe(TMP)L]ClO4 deter-
mined at 298 K in CD2Cl2 solution.

Axial ligands (L) Cα Cβ Meso Ortho

HIm 637 748 305 274 259
5-MeIm 774 855 322 290 273
2-MeIm 755 888 393 314 302
2-EtIm 717 862 391 311 299
2-iPrIm 679 836 390 308 297
2-(1-EtPr)Im 1051 1148 448 351 342
2-tBuIm 1294 1343 368 322 302
1,2-Me2Im 643 800 375 300 290
1-Me-2-EtIm 545 727 368 291 282
1-Me-2-iPrIm 446 654 368 285 277
BzIm 690 809 349 293 281
5,6-Me2BzIm 914 1002 381 320 306
2-MeBzIm 549 775 437 316 309
1, 2-Me2BzIm 383 645 413 241 216
Cl−a 1204 1327 525 408 372
ClO4

−b 176 −377 252 217

a[Fe(TMP)Cl]. b[Fe(TMP)]ClO4. (Source: Ref. 230.)
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CD2Cl2 solution, it moves upfield as a polar solvent such as CD3CN or CD3OD is
added to the CD2Cl2 solution of [Fe(TMP)(2-MeIm)]ClO4; the pyrrole signals
reachs 27.2 and 23.4 ppm in CD2Cl2 solutions containing 15% CD3CN and 15%
CD3OD, respectively. In contrast, the pyrrole signal moves downfield, and appears
at 37.0 ppm in CD2Cl2 solutions containing 15% of nonpolar C6D6. Figure 50
shows the change in chemical shifts of the pyrrole signals observed by addition of
(a) C6D6, (b) CD3CN, and (c) CD3OD.230 The upfield shift of the pyrrole-H signals
in polar solvents corresponds to the increase in the intermediate-spin character.
This result indicates that the Fe(III)–Naxial bond is weakened as the polarity of the
solvent increases. In other words, the 2-MeIm ligand behaves as a weaker ligand
in a polar solvent than in a less polar solvent. Thus, the Fe(III) ion is pulled toward
the center of the N4 cavity, resulting in an increase in Int(%). In nonpolar solvents
such as benzene, the Fe(III)–Naxial bond is strengthened, resulting in a decrease in
Int(%). In the present study, it has been shown experimentally that the population
of the S = 3/2 isomer increases as polar solvents such as methanol and acetonitrile
are added. It is expected that the NH of the coordinated imidazole ligand partici-
pates in hydrogen bonding with polar solvents such as methanol. If this is the case,
the hydrogen bonding would increase the S = 3/2 contribution. In fact, the X-ray
crystallographic analysis of Rb. capsulatus has shown hydrogen bonding between
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Figure 50. Change in chemical shifts of the pyrrole protons observed by the addition of var-
ious amounts of C6D6, CD3CN, or CD3OD into a CD2Cl2 solution of [Fe(TMP)(2-MeIm)]ClO4

at 25 °C. (Adapted with permission from Ref. 230. Copyright 2002, American Chemical Society.)
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the coordinated imidazole(His122) and a water molecule.219 Correspondingly, the
S = 3/2 contribution of cytochrome c′ reached as high as 40%.223 In contrast, the
structural analysis of R. molischianum has shown that the coordinated imidazole
(His122) is not involved in hydrogen bonding.233 Therefore, the S = 3/2 contribu-
tion decreased to 13% as determined by EPR spectgroscopy;223 the S = 3/2 contri-
bution was estimated to be 0% by 1H NMR spectroscopy.234 On the basis of these
results, it is proposed that the hydrogen bonding of solvent molecules to the coor-
dinated histidyl imidazole ligand somewhat weakens the ligand field strength and
increases the S = 3/2 contribution in the mixed S = 5/2, 3/2 spin system.230

2. [Fe(OETPP)L]++

In the previous section, spectroscopic studies of the spin state of a wide variety of
monoimidazole model complexes, [Fe(TMP)L]+, were described. However, struc-
tural studies of these monoimidazole complexes have been hampered because of
the difficulty of obtaining good crystals.225 Ikezaki and coworkers have prepared
the saddle-shaped monoimidazole complexes, [Fe(OETPP)L]ClO4, and deter-
mined their crystal and molecular structures.232 In this section, the spectroscopic
and magnetic properties of structurally characterized [Fe(OETPP)L]ClO4, where
L is Him and 2-MeIm, will be described together with spectroscopic data of the
L = 2-MeBzIm complex.

These complexes are prepared by the addition of a 1.0 equivalent of HIm,
2-MeIm, or 2-MeBzIm, respectively, to CH2Cl2 solutions of [Fe(OETPP)(THF)2]
ClO4. Figure 51 shows the molecular structure of [Fe(OETPP)(2-MeIm)]ClO4
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Figure 51. Molecular structure of [Fe(OETPP)(2-MeIm)]ClO4 presented by ORTEP diagrams:
(a) viewed from the top and (b) viewed from the side. Thermal ellipsoids are drawn to enclose
50% probability. (Adapted with permission from Ref. 232. Copyright 2009, Wiley-VCH Verlag
GmbH & Co. KGaA.)
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determined by X-ray crystallography at 120 K. Table 28 lists the structural param-
eters of these complexes together with those of the analogous five-coordinate
complexes. As shown in Figure 51, [Fe(OETPP)(2-MeIm)]+ exhibits a highly sad-
dled porphyrin core. The average Fe–Np lengths are 1.969(3) Å, which is quite
close to the average Fe–Np length of S = 3/2 Fe(OETPP)ClO4, i.e. 1.963(7) Å,181

and is much shorter than that of S = 5/2 [Fe(OEP)(2-MeIm)]+, i.e. 2.038(6) Å.228

In contrast, the Fe–Naxial bond length of [Fe(OETPP)(2-MeIm)]+ is slightly larger
than that of [Fe(OEP)(2-MeIm)]+. The axial 2-MeIm ligand is aligned along the
N–Fe–N axis. Deviation of the Fe(III) ion from the 4N mean plane is small, 0.26
Å, which is again quite close to that of Fe(OETPP)ClO4, 0.25 Å.181a The similar-
ity between the structural parameters of [Fe(OETPP)L]+ (L = HIm, 2-MeIm) and
those of Fe(OETPP)ClO4 suggests that the monoimidazole complexes adopt the
S = 3/2 form in the solid state at 120 K.

The intermediate-spin state of these complexes can also be verified by
Mössbauer spectroscopy. Figure 52 shows the Mössbauer spectra taken for micro-
crystalline samples in the temperature range of 300–80 K. In both [Fe(OETPP)
(HIm)]+ and [Fe(OETPP)(2-MeIm)]+, the QS values are almost constant, 3.06 ±
0.01 and 3.03 ± 0.01 mm s−1, respectively. Even at 4 K the QS values are nearly
the same. On the basis of the X-ray crystallographic and Mössbauer spectroscopic
studies, it is concluded that the two kinds of monoimidazole complexes retain the
S = 3/2 state over a wide range of temperature, i.e. from 4 K to 300 K in the solid
state.232

Although these complexes adopt the intermediate-spin state in the solid, they
could adopt a different spin state in solution, as exemplified for Fe(TEtPrP)I.80

The spin state in solution can be determined by 1H NMR, 13C NMR, and EPR
spectroscopy.

Table 29 lists the 1H NMR and 13C NMR chemical shifts determined in CD2Cl2

solutions at 298 K. Curie plots of the signals in these complexes exhibit good lin-
earity, suggesting that they maintain a single spin state over the NMR temperature
range, i.e. 298–173 K. Negative δ(meta)–δ(para) values together with the negative
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Table 28. Structural comparison of five-coordinate iron(III) porphyrinates.

Complexes Sa Fe–Np(Å) Fe–Lax(Å) ∆(Å) Ref.

[Fe(OEP)(2-MeIm)]ClO4 5/2 2.038(6) 2.068(4) 0.36 228
[Fe(OETPP)Cl] 5/2 2.031(5) 2.2418(23) 0.47 182
[Fe(OETPP)ClO4] 3/2 1.963(7) 2.059(6) 0.25 181
[Fe(OETPP)(HIm)]ClO4 3/2 1.969(3) 2.066(3) 0.24 232
[Fe(OETPP)(2-MeIm)]ClO4 3/2 1.966(2) 2.079(2) 0.26 232

aSpin state.

b867_Vol-07_Ch-32.qxd  6/4/2010  10:04 AM  Page 102



Curie slopes of the m-H signals indicate that the meso-carbon atoms have negative
spin, which in turn indicates that these complexes adopt the S = 3/2 state; five-
coordinate high-spin Fe(III) porphyrins should have positive spin at the meso-
carbon atoms and thus give positive δ(meta)–δ(para) values, as in the case of
Fe(OETPP)Cl. The solution magnetic moment of [Fe(OETPP)(2-MeIm)]+ deter-
mined by the Evans method is 4.2 µB at 298 K and is invariant down to 173 K. This
value is close to the spin-only value expected for the S = 3/2 spin state.

13C NMR chemical shifts of these complexes are also listed in Table 29. The
Cα and Cβ signals appear considerably further upfield than those in high-spin
Fe(OETPP)Cl, which can be ascribed to the presence of the vacant dx2–y2 orbital.
Considerable upfield shifts of the meso signal, −79, −54, and 11 ppm for the HIm,
2-MeIm, and 2-MeBzIm complexes, respectively, satisfy the condition required
for the saddle-shaped intermediate-spin complexes. Large upfield shifts are also
observed for the CH2 signals. The average chemical shifts of these signals are
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Figure 52. Mössbauer spectra of (a) [Fe(OETPP)(HIm)]+ and (b) [Fe(OETPP)(2-MeIm)]+ taken
for the microcrystalline samples. (Adapted with permission from Ref. 232. Copyright 2009,
from Wiley-VCH Verlag GmbH & Co.)
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Table 29. 1H and 13C NMR chemical shifts of Fe(OETPP)Cl, Fe(OETPP)ClO4, and [Fe(OETTPP)L]+, where L = HIm, 2-MeIm, and 2-MeBzIm taken
in CD2Cl2 at 298 K.

Axial Spin
Ligand State CH2 CH3 o m p Ligand CH2 CH3 Cα Cβ meso Ref.

Cl− 5/2 20.1 32.1 1.8 3.2 9.1 11.5 12.2 12.4 7.5 — 53 61 116 163 525 642 973 0 456 182d

34.8 49.0 — 232
ClO−

4 3/2 13.0 42.7 0.7 13.4 7.1 9.8 — −66 0 220 0 195 0 248 0 −47 232
HIm 3/2 9.4 18.3 −1.0 1.7 11.8 14.8 6.9 7.4 10.0 42.9 78.3 −49 −47 173 227 275 378 270 308 −79 232

24.3 52.4 93.7
2-MeIm 3/2 9.0 18.4 −1.1 1.6 11.3 14.6 7.0 7.6 9.8 65.0 104.1 −50 −40 169 229 240 349 279 314 −54 232

20.6 54.4
2-MeBzIm 3/2 7.9 8.3 −1.0 −0.3 10.7 13.9 7.4 7.9 9.4 −55 −54 164 174 289, 298, 311, 316, 7.7 232

18.6 19.5 1.0b −41 −31 233 236 331c 0 13.6
20.1 57.0a

aSignals at 19.5 and 57.0 ppm correspond to 4H. Other signals correspond to 2H. bSignals at −1.0, −0.3, and 1.0 ppm correspond to 6H, 6H,
and 12H, respectively. cEither Cα or Cβ signals. d1H NMR: Ref. 182. 13C NMR: Ref. 232.
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almost constant, −48, −49, and −45 ppm, which are close to the corresponding
chemical shift in intermediate-spin Fe(OETPP)ClO4. Thus, the 13C NMR results
also suggest that these complexes are in the S = 3/2 spin state in CD2Cl2 solution.

As shown in Figure 53a, the meso-C shows two signals at 7.7 and 13.6 ppm
at 298 K, suggesting that the ligand rotation about the Fe–Naxial bond is slow on
the NMR time scale, even at ambient temperature.90–93,235–239 These signals have
broadened and coalesced at 338 K as shown in Figure 53b, from which the acti-
vation free energy (∆G≠) for rotation is estimated to be 64 kJ mol−1. A similar phe-
nomenon is observed in the 2-MeIm complex at lower temperature; ∆G≠ is
35 kJ mol−1 at 197 K. In contrast, the HIm complex maintains a single meso-C sig-
nal even at 183 K. The extremely high barrier to rotation in the 2-MeBzIm com-
plex can be ascribed to the fact that the bulky 2-MeBzIm ligand is situated in the
cavity created by the saddled porphyrin ring, as is speculated from the molecular
structure of the analogous 2-MeIm complex shown in Figure 51b.

Figure 54 shows the EPR spectra of the HIm and 2-MeIm complexes taken in
frozen CH2Cl2 solution. As shown in Figure 54a, the 2-MeIm complex exhibits a
major signal at g = 5.9 together with a minor signal at g = 4.0, which clearly indi-
cates that the major component adopts the S = 5/2 state at 60 K. As the tempera-
ture is further lowered, the signal at g = 4.0 decreases in intensity and completely
disappears at 4 K. Thus, the [Fe(OETPP)(2-MeIm)]+ complex is in a quite pure
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Figure 53. Temperature dependence of the meso-C signals in [Fe(OETPP)(2-MeBzIm)]+ at
(a) 298 K and (b) 338 K. (c) Curie plots of the meso-C signals. (Adapted with permission from
Ref. 232. Copyright 2009, Wiley-VCH Verlag GmbH & Co.)

b867_Vol-07_Ch-32.qxd  6/4/2010  10:04 AM  Page 105



S = 5/2 state at 4 K. The process is reversible, since the original spectrum is com-
pletely reproduced when the temperature is raised back to 60 K. The NMR and
EPR spectra can best be explained in terms of spin crossover from the S = 3/2 to
the S = 5/2 spin state as the temperature is lowered.

The EPR spectra of the HIm complex shown in Figure 54b are even more
unusual. This complex exhibits a major signal at g = 4.0 at 60 K though some
weak signals are observed at a higher field. As the temperature is lowered, the sig-
nal at g = 4.0 decreases in intensity while the signals at g = 6.0, 2.5, 2.1 increase.
At 4 K, the HIm complex exists as a mixture of three species with different spin
states: an S = 5/2 species with g⊥ = 6.0, an S = 3/2 species with g⊥ = 4.0, and an
S = 1/2 species with g = 2.47, 2.10, 1.55. Formation of the S = 1/2 and S= 5/2 com-
plexes can be ascribed to the disproportionation given by Eq. 23:

2[Fe(OETPP)(HIm)]+
� [Fe(OETPP)(HIm)2]

+ + Fe(OETPP)ClO4. (23)

This possibility is, however, completely ruled out, since Fe(OETPP)ClO4 is well
characterized as an essentially pure S = 3/2 complex.37,180,181 Furthermore, the g
values of [Fe(OETPP)(HIm)2]ClO4 determined under the same conditions are
2.72, 2.37, and 1.64, which are different from those of the S = 1/2 complex
observed at 4 K.82 Thus, it is reasonable to deduce that the S = 5/2 and S = 1/2
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Figure 54. Temperature-dependent EPR spectra of (a) [Fe(OETPP)(2-MeIm)]+ and (b)
[Fe(OETPP)(HIm)]+ recorded in CH2Cl2 solution. (Adapted with permission from Ref. 232.
Copyright 2009, Wiley-VCH Verlag GmbH & Co.)
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complexes are spin isomers and that they exist as an equilibrium mixture with the
S = 3/2 complex.

Existence of the three kinds of spin isomers indicates that there are three dif-
ferent structures in [Fe(OETPP)(HIm)]ClO4 at extremely low temperatures. The
spin crossover from the S = 3/2 to the S = 1/2 spin state at lower temperature
induces a contraction of the Fe–N(axial) and Fe–N(equatorial) bonds, as in the
case of [Fe(OETPP)Py2]

+ listed in Table 24(b).212 Similar spin crossover is known
in the five-coordinate iron(II) porphyrin [Fe(TPP)(CN)]− reported by Scheidt and
coworkers.234 This complex exhibits a decrease in both the Fe–CN bond length
and the out-of-plane distance of the iron(II) ion by 0.23 and 0.28 Å, respectively,
as structural consequences of the spin crossover from the S = 2 spin state at 400 K
to the S = 0 spin state at 100 K.

In contrast to the spin crossover from the S = 3/2 to the S = 1/2 spin state, spin
crossover from the S = 3/2 to the S = 2/5 spin state should increase the out-of-
plane displacement of the iron(III) ion toward the axial imidazole ligand as the
temperature is lowered. As mentioned in the previous section, the five-coordinate
saddle shaped monoaqua complex [Fe(OMTArP)(H2O)]+ also exhibits spin
crossover from S = 3/2 to S = 5/2 at extremely low temperature.101

The question arises as to why two kinds of spin crossover processes take place
simultaneously only in [Fe(OETPP)(HIm)]+. In the case of [Fe(OETPP)(2-MeIm)]+

and [Fe(OETPP)(2-MeBzIm)]+ carrying hindered imidazole ligands, the approach of
the axial ligand toward the porphyrin ring should be hampered due to steric repulsion
between the axial ligand and the porphyrin core. A space-filling model of the crystal
structure of [Fe(OETPP)(2-MeIm)]+ suggests that a further approach of the ligand
toward the porphyrin ring is impossible because of steric repulsion between the lig-
and methyl and the meso-phenyl groups. For this reason, [Fe(OETPP)(2-MeIm)]+ and
[Fe(OETPP)(2-MeBzIm)]+ exhibit only one type of spin crossover process, S = 3/2 to
S = 5/2, in contrast to the case of [Fe(OETPP)(HIm)]+. Thus, the electronic structure
of monoimidazole complexes is quite different from those of other five-coordinate
complexes, Fe(Por)X, where X is an anionic ligand such as ClO4

− or Cl−.
As is well known, imidazole and alkyl-substituted imidazoles are intrinsically

strong-field ligands. In monoimidazole complexes, however, the field strength of
imidazole varies drastically due to steric interactions with the porphyrin core
and/or peripheral substituents. These steric interactions should influence not only
the Fe–Naxial bond lengths but also the Fe–Naxial tilt angle from the heme normal
plane. All of these structural changes affect the field strength of imidazole ligands
and result in the formation of a unique complex showing the S = 5/2, S = 3/2, and
S = 1/2 spin states as an equilibrium mixture. Figure 55 summarizes the magnetic
behavior of [Fe(OETPP)(HIm)]+. These findings cast light on the long-standing
mystery of the ambiguous spin state of cytochromes c′.215
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VI. Oxidized Products of Iron(III) Porphyrin Complexes

A. One-Electron-Oxidized Products

High-valent iron porphyrin complexes have been extensively studied both exper-
imentally and theoretically because they play important roles in the catalytic
cycles of a number of heme enzymes.4–17 One-electron oxidation of iron(III) por-
phyrins should form either an iron(IV) porphyrin or an iron(III) porphyrin cation
radical. However, most publications have reported the formation of iron(III) por-
phyrin cation radicals. These radical species give characteristic 1H NMR spectra,
where some of the signals appear at extraordinary upfield or downfield positions
due to the presence of half-occupied porphyrin orbitals.11,26,40As mentioned in the
previous sections, iron(III) porphyrin complexes can adopt various electronic
structures, including the S = 5/2, S = 3/2, and S = 1/2 spin states.25–35 Some com-
plexes exhibit spin crossover phenomena between two of the three spin states.
Furthermore, each spin state can have different electron configurations, as is well
exemplified in the low-spin complexes which adopt either the (dxy)

2(dxz, dyz)
3 or the

(dxz, dyz)
4(dxy)

1 electronic ground state.25–31 Similarly, at least two types of elec-
tronic ground states exist even in the intermediate-spin complexes, i.e. (dxy)

2

(dxz, dyz)
2(dz2)1 and (dxz, dyz)

3(dxy)
1(dz2)1.37–39,104,168,184 The unpaired electron in the por-

phyrin orbital cannot be independent of the paramagnetic iron center. It can inter-
act with the paired and/or unpaired electrons in the iron 3d orbitals. Consequently,
the 1H NMR spectra should be affected by the spin states and electron configura-
tions of the iron(III) ions.40 In the case of iron(IV) porphyrins, the iron can adopt
the S = 0, S = 1, or S = 2 spin state, though no examples have ever been reported
for S = 0 and S = 2. The unpaired electrons in the S = 1 complexes can be delo-
calized to the porphyrin ring by the interactions with the porphyrin π orbitals to
give characteristic 1H NMR spectra. For these reasons, 1H NMR spectroscopy has
been used as a powerful tool for determining the fine electronic structures of one-
electron oxidized products of iron(III) porphyrins. In this section, we will describe
the characteristic features of the NMR spectra of one-electron-oxidized products
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S = 3/2
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Figure 55. The spin crossover in the saddle-shaped monoimidazole complex [FeIII(OETPP)
(HIm)]+. (Adapted with permission from Ref. 332. Copyright 2009, Wiley-VCH Verlag
GmbH & Co.)
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of iron(III) porphyrins such as iron(III) porphyrin cation radicals and iron(IV) por-
phyrins. These oxidized products are signified as follows for the anionic ligand
X−; [FeIII(Por.)]2+, [FeIII(Por.)X]+, [FeIII(Por.)X2], [FeIV(Por)]2+, [FeIV(Por)X]+, and
[FeIV(Por)X2]. The oxidation number is added to avoid confusion.

1. Iron(III) Porphyrin Cation Radicals

a. High-spin iron(III) porphyrin cation radicals

One-electron oxidation of iron(III) porphyrins was reported by Goff et al.240 These
authors electrochemically oxidized a series of [Fe(TPP)X], where X is an anionic
ligand such as F−, Cl−, Br−, I−, or ClO4

−, and found that the one-electron oxidation
potentials are quite insensitive to the axial ligands; the first oxidation potentials
are ca. 1.1 V for all the complexes examined.240 Consequently, these oxidized
species are characterized as iron(III) porphyrin cation radicals, [FeIII(TPP•)X]+,
rather than iron(IV) porphyrins, [FeIV(TPP)X]+. Marchon, Reed, and coworkers
chemically oxidized [FeIII(4-Me-TPP)Cl] by using the hexachloroantimonate salt
of phenoxathiin cation radical (Phenox•)SbCl6 and obtained [FeIII(4-Me-
TPP.)Cl](SbCl6).

241 The X-ray crystal structure of [FeIII(4-Me-TPP•)Cl](SbCl6)
revealed that the crystal lattice consists of discrete [FeIII(4-Me-TPP•)Cl]+ and
SbCl6

− ions where the porphyrin core is strongly S4-saddled.241 In the chemical
oxidation of [FeIII(TPP)Cl], the porphyrin cation radical [FeIII(TPP.)Cl](ClO4) thus
formed exhibits a pyrrole-H signal at 66.1 ppm at 299 K, which indicates that the
iron(III) ion maintains the high-spin (S = 5/2) state.242 The cation radical nature of
the porphyrin ring can clearly be seen in the 1H NMR spectra of these complexes.
The characteristics in 1H NMR spectra are the chemical shifts of the meso-phenyl
signals. They are at 37.6, 34.4 ppm for the o-H, −12.4 ppm for the m-H, and
29.5 ppm for the p-H.242 Observation of two kinds of o-H signals is a direct indi-
cation that the iron is five-coordinate. The presence of extremely downfield- or
upfield-shifted meso-phenyl-H signals indicates that the meso-carbon atoms have
a large amount of spin density, which in turn indicates that the a2u orbital of the
porphyrin is half-occupied. As mentioned in the previous section, the unpaired
electron at the meso-carbon atoms should induce an upfield shift of the o- and p-
H signals and a downfield shift of the m-H signals. Thus, the chemical shift pat-
tern of the meso-phenyl signals in [FeIII(TPP•)Cl]+ suggests that the meso-carbon
atoms have a sizeable amount of negative spin, which can only be explained in
terms of antiferromagnetic coupling between the radical and metal spins.240,242 In
fact, the Mössbauer spectroscopy and magnetic susceptibility studies of the solid
sample indicate that the complex shows a strong antiferromagnetic coupling
between the S = 5/2 iron(III) ion and the S = 1/2 porphyrin radical to lead to an
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overall S = 2 spin state.241,243,244 [FeIII(TDP)Cl] is similarly oxidized to form
[FeIII(TDP•)Cl]+.245 The pyrrole-H signal appears at 72 ppm at 217 K. Upfield
shifts of the o-CH3 signals at −8.0 and −10.3 ppm in [FeIII(TDP.)Cl]+ correspond
to the downfield shifts of the o-H signals in [FeIII(TPP•)Cl]+, suggesting that
[Fe(TPP.)Cl]+ and [FeIII(TDP.)Cl]+ adopt the same electronic structure.245

While the meso-phenyl signals of [FeIII(TPP)Cl] exhibit large isotropic shifts
upon one-electron oxidation, the isotropic shift of the meso-H signal is reduced in
the case of [FeIII(OEP)Cl]; the meso-H signal appears at −54 ppm in
[FeIII(OEP)Cl], while it appears at −18 ppm in oxidized [FeIII(OEP•)Cl]+.242

Similarly, the isotropic shifts of the CH2 signals are reduced upon one-electron
oxidation; the CH2 signals appear at 43.1 and 39.5 ppm in [FeIII(OEP)Cl], while
they are observed at 30.5 and 29.6 ppm in [FeIII(OEP•)Cl]+. Reduced isotropic
shifts in [FeIII(OEP•)Cl]+ can be explained in terms of electron removal from
the a1u orbital; the a1u orbital has a large coefficient at the Cα atoms, as shown in
Figure 4. Thus, the unpaired electron in the a1u orbital in [FeIII(OEP•)Cl]+ is delo-
calized to the Cα atoms and should shift the meso-H signal to downfield positions.
However, the NMR chemical shifts can also be explained in terms of the weak
antiferromagnetic coupling of the a2u radical with the metal spins;26 the a2u orbital
can interact with the iron dz2 orbital in five-coordinate C4v complexes, as shown in
Table 1. The antiferromagnetic coupling between the iron(III) and a2u radical spins
is most explicitly observed in the analogous iron(III) octaethyloxophlorin radical,
[FeIII(OEPO•)Br].246 Because of the large negative spin at the meso-C atoms, the
meso-H signals resonate at extremely downfield positions, i.e. 344 and 232 ppm.
Table 30 lists the chemical shifts of some iron(III) porphyrin cation radicals
together with those of the precursors. These data indicate that complexes carrying
aryl groups at the meso positions exhibit similar chemical shifts. Thus, these com-
plexes are classified as high-spin iron(III) cation radicals where the a2u radical spin
antiferromagnetically couples with metal spins.149,247,248

13C NMR spectroscopy is quite useful for determination of the electronic
structures of iron(III) porphyrin complexes.30,31,208 Little is known, however, of the
13C NMR spectra of iron(III) porphyrin radicals although their importance and
usefulness as probes of the electronic structure of radical species was pointed out
many years ago.249 This is because some 13C NMR signals in radical species are
quite difficult to observe due to their extreme broadness. In fact, the 13C NMR
spectrum of [FeIII(TPP•)Cl]+ exhibits only four signals at 1050, 958, 137, and
8.7 ppm for Cβ, Cipso, m-C, and p-C, respectively. No meso-C signal is observed
even by the use of meso-13C (99% 13C)–enriched [FeIII(TPP•)Cl]+. Hoshino and
Nakamura have determined the 13C NMR chemical shifts of [FeIII(TPP•)Cl]+ by the
titration method.250 As shown in Figure 56, addition of only 0.075 equivalents of
[FeIII(TPP•)Cl]+ to the CD2Cl2 solution of [FeIII(TPP)Cl] shifts the meso-C signal
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Table 30. 1H NMR chemical shifts of  (a) high-spin iron(III) porphyrin cation radicals [FeIII(Por.)Cl]+ and (b) their parent complexes [FeIII(Por)Cl]
taken at ambient temperatures.

Pyrrole Meso

Complexes H CH2(α) CH3(α) o-H(CHα) m-H(CHβ) p-H Ref.

(a) [FeIII(Por.)X]+

[FeIII(OEP)Cl]+ — 30.5, 29.6 — −18c — — 242
[FeIII(TPP.)Cl]+ 66.1 — — 37.6 34.4 −12.4 29.5 242
[FeIII(TDP.)Cl]+ 68.0 — — −8.0b −10.3b 2.0b 13.7 245
[FeIII(4-OMe-TPP.)Cl]+ 59.9 — — 48.1 −9.8 −5.7b 242
[FeIII(3-Me-TPP.)Cl]+ 68.7 — — 44.5 42.6 −13.0 5.9b 37 241
[FeIII(4-Me-TPP.)Cl]+ 64.8 — — 48.0 −14.7 −30.5b 241
[FeIII(2,6-F2TPP.)Cl]+ 85.5 — — −140d −3.5 −4.3 16.0 247
[FeIII(OMTPP.)Cl]+ — — 69.9, 63.0 39.7 36.9 −11.0 −12.5 31.7 248
[FeIII(OETPP.)Cl]+ — 71.2, 56.1 — 37.6 34.9 −10.1 −11.5 28.8 248

24.7, 16.6
[FeIII(TiPrP.)Cl]+ 64.6 — — (−38.1) — (−9.6) — e

(b) [FeIII(Por.)X]+

[FeIII(OEP)Cl] — 43.1, 39.5 — −54c — — — — 242
[FeIII(TPP)Cl] 80.1 — — 6.2 3.8 12.6 12.0 5.8 248
[FeIII(TDP)Cl] 79.7 — — 6.2b 3.7b (3.8) (3.3) 8.0 e

[FeIII(4-OMe-TPP)Cl] 79.6 — — ca. 6 — 12.8 11.9 5.2b 242
[FeIII(2,6-F2TPP)Cl] 80.0 — — −78.5d −81.0d 13.5 11.8 7.0 247
[FeIII(OMTPP)Cl] — — 51.1 11.3 8.6 12.5 12.2 7.4 248
[FeIII(OETPP)Cl] — 49.0, 34.8 11.5 9.1 12.4 12.2 7.5 248

32.1, 20.1
[FeIII(TiPrP)Cl] 90.5 — — (28.9) — (9.5) — — 97

aData in parentheses are the chemical shifts of the meso-alkyl signals. bCH3. cMeso-H. do-F. eNakamura M., et al.; unpublished results.
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from 495 to 376 ppm.251,252 Furthermore, the half-heigth width (W1/2) increases
from 306 to 2530 Hz. When 0.23 equivalents of the radical are added, the meso
signal with W1/2 = 3890 Hz appears at 48.0 ppm. The signal is no longer observed
after the addition of 0.3 equivalents of the radical. Since the electron exchange
between [FeIII(TPP)Cl] and [FeIII(TPP.)Cl]+ is fast on the 13C NMR time scale, the
observed chemical shift δobs is expressed by Eq. 24 in the presence of x equivalents
of the radical, where δN and δR are the chemical shifts of the carbon atoms in
[FeIII(TPP)Cl] and [FeIII(TPP.)Cl]+, respectively. Plots of δ(obs) against 1/(1 + x)
yield a straight line, from which the chemical shifts of meso-C, Cα, and o-C are
determined to be −1910, 2230 and −721 ppm, respectively. Four other signals at
1050, 958, 137, and 8.7 ppm are assigned to Cβ, ipso-C, m-C, and p-C, respec-
tively. The 13C NMR chemical shifts of [FeIII(TPP.)Cl]+ are summarized in Table 31
together with those of some high-spin [FeIII(Por)X]. The large upfield shift of the
meso-C signal is a direct indication of antiferromagnetic coupling in this species.
Because of the large negative spin at the meso-C and pyrrole-N atoms, the neigh-
boring Cα signal appears at an extraordinary downfield position, i.e. 2230 ppm.

(24)d d
d d

( ) .obs R
N R= +

+

�
G

x1
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(a)

(b)

(c)

600 300 0
δ ppm

Figure 56. Change in the 13C NMR spectrum of meso-13C–enriched [FeIII(TPP)Cl] observed
when (a) 0.00, (b) 0.075, and (c) 0.23 equivalents of meso-13C–enriched cation radical
[Fe(TPP•)Cl]+ were added in CD2Cl2 solution at 298 K. (Adapted with permission from
Ref. 250. Copyright 2005, Royal Society of Chemistry.)
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Table 31. 13C NMR chemical shifts of [FeIII(TPP.)Cl]+ and those of some high-spin [FeIII(Por)X] determined in CD2Cl2 solution at 298 K.a

Pyrrole Meso

Complexes Cα Cβ CH2 CH3 Meso Ipso o(CHα) m(CHβ) p(CHc) Ref.

[FeIII(TPP•)Cl]+ 2230 1050 — — −1910 958 −721 137 8.7 250
[FeIII(TPP)Cl] 1204 1321 — — 495 −71.7 417, 400 152, 148 143 250–252
[FeIII(OETPP)Cl] 642, 525 972 162, 116 61, 55 456 25 353, 349 144 148 68
[FeIII(TiPrP)Cl] 1056 1360 — — 670 — (−199) (358) — b
[FeIII(TnPrP)Cl] 1166 1369 — — 592 — (−194) (504) (28) b

aChemical shifts written in italic are obtained by the titration method. bNakamura, M. et al., unpublished results.
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b. Mixed high-spin and intermediate-spin iron(III)
porphyrin cation radicals

As mentioned in Section IV, iron(III) complexes carrying weak-field axial ligands
adopt the mixed high-spin and intermediate-spin state. What is the electronic structure
of the corresponding iron(III) porphyrin cation radicals? Marchon, Reed, and others
oxidized [Fe(TPP)]ClO4 by using thianthrene cation radical perchlorate,
(Thian)•+ClO4

−, or Fe(ClO4)3 and obtained the iron(III) porphyrin cation radical
[FeIII(TPP•)(ClO4)2].

241 The X-ray crystal structure of [FeIII(TPP•)(ClO4)2] reveals that,
unlike the highly saddled [FeIII(TPP•)Cl](SbCl6) core, the [FeIII(TPP•)(ClO4)2] core is
nearly planar.241 The 1H NMR spectrum shows that the pyrrole-H signal appears at
31.4 ppm, and the o-, m-, and p-H signals appear at −19.3, 34.7, and −12.9 ppm,
respectively, at 298 K.241,246 Thus, the chemical shifts of [FeIII(TPP•)(ClO4)2] are quite
different from those of [FeIII(TPP•)Cl](SbCl6). It should be noted that the signs of
chemical shifts of the phenyl protons are reversed; they are 36.0 (ave), −12.3, and
29.5 ppm for the o-, m,- and p-H signals, respectively, in the case of [FeIII(TPP•)Cl]
(SbCl6).

242 The NMR data suggest that the meso-C atoms of [FeIII(TPP•)(ClO4)2] have
a large amount of positive spin, which indicates that there is no appreciable antiferro-
magnetic coupling in this complex. The result is understandable, because the half-
occupied a2u orbital is orthogonal to any of the iron 3d orbitals in the planar D4h

complex. The solution magnetic moment of this complex ranges from 4.4 to 5.2 µB,
depending on samples preparation.246 The NMR spectrum of analogous [FeIII(TPP•)
(SO3CF3)2] shows the pyrrole-H signal at 43.9 ppm at 305 K and the o-, m-, and p-H
signals at −17.1, 31.3, and −11.3 ppm, respectively, at 309 K. Table 32 lists the chem-
ical shifts of one-electron-oxidized [FeIII(TPP•)X2] together with those of the parent
[FeIII(TPP)X] where X is a weak-field anionic ligand such as ClO4

− or CF3SO3
−. The

data in the table indicate that the pyrrole-H signals in both [FeIII(TPP•)X2] and
[FeIII(TPP)X] move upfield as the axial ligand X changes from CF3SO3

− to ClO4
−; note

that ClO4
− is a much weaker ligand than CF3SO3

− in the magnetochemical series
shown in Eq. 18.36,157,158 Thus, the pyrrole-H chemical shifts of these complexes are
mainly determined by the contribution of the S = 3/2 spin state. It should be noted that
the electronic structure of [FeIII(TPP•)(ClO4)2] in solution seems to be different from
that in the solid, because the solid sample of [FeIII(TPP.)(ClO4)2] exhibits a magnetic
moment of 6.5 µB, which suggests the presence of ferromagnetic coupling between
the radical spin and the high-spin iron(III) spins.241 As listed in Table 32, the chemical
shifts of [FeIII(TMP.)(ClO4)2] are very sensitive to solvent and temperature.253

In CD2Cl2 solution at 294 K, the 1H NMR spectrum shows the pyrrole-H signal at
18.7 ppm and the o-CH3, m-H, and p-CH3 signals at 20, 55, and 12.5 ppm, respec-
tively. Thus, the complex has large positive spin at the meso-C atoms due to the for-
mation of the a2u radical. As the temperature is lowered, the pyrrole-H signal moves
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upfield while the meso-phenyl signals shift further downfield. At 195 K, the pyrrole-
H signal is observed at −22.5 ppm while the o-CH3, m-H, and p-CH3 signals appear at
32.2, 90.9, and 19.7 ppm, respectively. The NMR spectral behavior suggests that the
interaction between the a2u radical and iron(III) spins is fairly weak and that the spin
state of iron(III) changes from the mixed S = 5/2, S = 3/2 at state 294 K to the mainly
S = 3/2 state at 195 K. In toluene-d8 solution, however, the pyrrole-H signal moves
downfield from 39.6 ppm at 294 K to 61 ppm at 195 K. This result can be explained
in terms of an increase in population of the high-spin state in nonpolar toluene-d8 solu-
tion.249 Upon addition of methanol-d4 to the CD2Cl2 solution of [Fe(TMP•)(ClO4)2] at
195 K, the pyrrole-H signal shows a large downfield shift from −22.5 to ca. 100 ppm.
Thus, [Fe(TMP•)(ClO4)2] is converted into [Fe(TMP•)(CD3OD)2](ClO4)2, which is in
a high-spin state with the a2u porphyrin cation radical. Although both [Fe(TMP•)
(CD3OD)2]

2+ and [Fe(TMP•)Cl+] have high-spin iron(III) ions, the radical spin in the
former complex is almost independent of the high-spin iron(III).

c. Low-spin iron(III) porphyrin cation radicals

It is possible to obtain six-coordinate low-spin iron(III) porphyrin cation radi-
cals [FeIII(Por•)L2]

2+ by addition of neutral axial ligands L to the S = 5/2 or mixed
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Table 32. 1H NMR chemical shifts of mixed high-spin and intermediate-spin iron(III)
porphyrin cation radicals [FeIII(Por.)XY] and their precursors [FeIII(Por)X], where X and Y are
weak anionic ligands.a

Meso-phenyl

Complex T (K) Solvent Pyrrole-H o-H m-H p-H Ref.

[FeIII(TPP.)(SO3CF3)2] 309 CD2Cl2 43.9b −17.1 31.3 −11.3 149
[FeIII(TPP.)(ClO4)2] 298 CD2Cl2 31.4 −19.3 34.7 −12.9 149
[FeIII(4-Me -TPP.)(ClO4)2] 293 CD2Cl2 31.6 −16.6 31.6 (31.6) 254
[FeIII(TMP.)(ClO4)2] 294 CD2Cl2 18.7 (20) 55 (12.5) 253

195 CD2Cl2 −22.5 (32.2) 90.9 (19.7) 253
195 CD2Cl2/ ca. 100d (41) 122, 119 (27) 253

CD3ODc

294 toluene-d8 39.6 (21.1) 58.2 (12.3) 253
195 toluene-d8 61 (39) 115 (23) 253

[FeIII(TPP)](SO3CF3) 302 CDCl3 39.3 9 12.5 7.5 149
[FeIII(TPP)]ClO4 302 CDCl3 13.0 9.2 11.9 7.7 149
[FeIII(TMP)]ClO4 295 CD2Cl2 −12.5 (3.35) 10.52 (3.86) 253

195 CD2Cl2/ 47.9 (4.82) 11.9 (5.96) 253
CD3ODc

aData in parentheses are the chemical shifts of the methyl signals. bData at 305 K. c[FeIII(TMP.)
(ClO4)2] is converted to high-spin [FeIII(TMP•)(CD3OD)2](ClO4)2 in CD2Cl2/5% CD3OD solution.
dThree signals are observed at 93.1, 102, 108 ppm.
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S = 3/2, S = 5/2 iron(III) porphyrin cation radicals such as [FeIII(TPP•)Cl]+ and
[FeIII(TMP•)(ClO4)2]. Depending on the nature of the axial ligands and the defor-
mation mode of the porphyrin ring, the low-spin iron(III) ions adopt either the
(dxy)

2(dxz, dyz)
3 or the (dxz, dyz)

4(dxy)
1 ground state. Thus, the interaction of the por-

phyrin radical with these two types of iron(III) ions should be different.

i. Iron(III) with the (dxy)2(dxz, dyz)3 electron configuration

Addition of imidazole to a CD2Cl2 solution of [FeIII(TPP•)Cl+] at 235 K yields the
corresponding bis-HIm complex [FeIII(TPP•)(HIm)2]

2+.255 This complex shows the
pyrrole-H, o-, m-, and p-H signals at −40.1, −31.7, 30.4, and −22.1 ppm, respec-
tively, at 235 K. The NMR data suggest that the oxidized bis-HIm complexes are
best described as low-spin iron (III) porphyrin cation radicals, where the radical
spin is in the a2u orbital. The solution magnetic moment for the analogous [FeIII(4-
OMe-TPP.)(HIm)2]

2+ is 2.8 ± 0.2 µB, suggesting that this spin does not strongly
couple with the metal spin. The result is indicative of a planar porphyrin structure
where the a2u orbital is orthogonal to any of the iron 3d orbitals. As mentioned in
Section III, the pyrrole-H chemical shifts are affected by the electronic ground
state of low-spin iron(III). While low-spin complexes with the (dxy)

2(dxz, dyz)
3

ground state exhibit pyrrole-H signals rather upfield due to dπ–3eg interactions,
those with the (dxz, dyz)

4(dxy)
1 ground state exhibit them close to their diamagnetic

positions, as shown in Tables 2–5. Thus, it is clear that [FeIII(TPP•)(HIm)2]
2+ adopts

the S = 1 (dxy)
2(dxz, dyz)

3(a2u)
1 ground state.

Addition of imidazole ligands such as 2-MeIm and HIm to a CD2Cl2 solution
of [FeIII(TDP•)Cl+] at 195 K forms [FeIII(TDP•)(2-MeIm)2]

2+ and [FeIII(TDP•)
(HIm)2]

2+, respectively.245 Figure 57 shows the 1H NMR spectra of (a) [FeIII(TDP•)
Cl+], (b) [FeIII(TDP•)(2-MeIm)2]

2+, and (c) [FeIII(TDP•)(2-MeIm-d6)2]
2+ taken in

CD2Cl2 solution at 217 K. As shown in Figure 57b, [FeIII(TDP•)(2-MeIm)2]
2+

exhibits four pyrrole-H signals at −45.6, −45.9, −51.7, and −54.7 ppm at 217 K.
Similarly, the complex shows four o-CH3 signals at 42.4, 34.0, 8.0, and 6.7 ppm,
four m-CH3 signals at 4.7, 3.7, −0.6, and −0.7 ppm, and two p-H signals at −1.0
and −2.1 ppm. The number of signals indicates that rotation of the coordinating
2-MeIm is hindered on the 1H NMR time scale to form a C2 structure wherein the
axial ligands are aligned perpendicularly along the Cmeso–Fe–Cmeso axes above and
below the porphyrin ring, as in the case of the parent [FeIII(TDP)(2-MeIm)2]

+

complex.90–93,235–238 Since the large downfield shifts of the o-CH3 signals corre-
spond to the large upfield shift of the o-H signal in the analogous
[FeIII(TPP•)(HIm)2]

2+ compound, it is clear that [FeIII(TDP•)(2-MeIm)2]
2+ adopts

the same electronic structure as [Fe(TPP•)(HIm)2]
2+, i.e. the S = 1, (dxy)

2

(dxz, dyz)
3(a2u)

1 ground state. Table 33 lists the chemical shifts of various low-spin
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iron(III) porphyrin cation radicals [FeIII(Por.)L2]
2+ together with the parent

[Fe(Por)L2]
+, respectively.

ii. Iron(III) with the (dxz, dyz)4(dxy)1 electron configuration

As mentioned in Section III, highly ruffled low-spin [Fe(TiPrP)L2]
+ adopts the less

common (dxz, dyz)
4(dxy)

1 ground state regardless of the kind of axial ligands.30,31,52,82

In fact, the pyrrole-H and meso-C signals of [Fe(TiPrP)(HIm)2]
+ appear at downfield

positions, namely 0.1 and 332 ppm, respectively, at 223 K, which unambiguously
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Figure 57. 1H NMR spectra taken in CD2Cl2 solution at 217 K: (a) [FeIII(TDP•)Cl], (b) [FeIII(TDP•)
(2-MeIm)2]2+ obtained by the addition of 4.0 equivalents of 2-MeIm to [FeIII(TDP•)Cl],
(c) [FeIII(TDP•)(2-MeIm-d5)2]2, (d) [FeIII(TDP)(2-MeIm)2]+ obtained after standing the sample at
298 K for 10 min, and (e) [FeIII(TDP•)(HIm)2]2+ obtained by the addition of 4.5 equivalents of
HIm to [FeIII(TDP•)Cl]. The Symbols o, m, and p indicate the o-CH3, m-CH3, and p-H signals,
respectively. The symbols L and s indicate the ligand and solvent signals, respectively.
(Adapted with permission from Ref. 245. Copyright 1996, Chemical Society of Japan.)
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Table 33. 1H NMR chemical shifts of low-spin iron(III) porphyrin cation radicals [FeIII(Por.)L2]2+ [(a), (b), and (c)] and those of thier precursors
[FeIII(Por)L2]+ [(a′), (b′), and (c′)] where L is neutral ligand.a

Meso

Complexes T (K) Pyrrole-H o-H m-H p-H CH(a) CH(b) Ref.

(a) [Fe(TArP••)L2]2++

[Fe(TPP•)(HIm)2]2+ 235 −40.1 −31.7 30.4 −22.1 255
[Fe(4-OMe-TPP•)(HIm)2]2+ 235 −32.7 −36.3 24.8 (12.9) 255
[Fe(2,4,6-(OMe)3-TPP•)(HIm)2]2+ 243 −40.4 (12.8) 26.7 (9.5) 255
[Fe(TDP•)(HIm)2]2+ 217 −49.1 (19.0) (2.2) −1.8 245
[Fe(TDP•)(2-MeIm)2]2+ 217 −49.5b (22.8)b (1.8)b −1.6b 245

(b) [Fe(TRP••)L2]2++

[Fe(TEtP•)(HIm)2]2+ 223 −36.0 230.9 15.5 256
[Fe(TnPrP•)(HIm)2]2+ 223 −34.1 232.6 −8.8 256
[Fe(TiPrP•)(HIm)2]2+ 223 −20.4 42.4 9.0 256
[Fe(TEtP•)(2-MeIm)2]2+ 223 −33.7b 206.6b 14.4b 256
[Fe(TnPrP•)(2-MeIm)2]2+ 223 −30.9b 208.2b ca. −7 256
[Fe(TiPrP•)(2-MeIm)2]2+ 223 −21.7b 47.9b 9.4b 256

(c) [Fe(TMP••)L2]2++

[Fe(TMP•)(HIm)2]2+ 213 −53.2 (20.1) 52.1 (7.0) 257
[Fe(TMP•)(4,5-Cl2Im)2]2+ 213 −25.6 n.d. 24.8 (4.0) 257
[Fe(TMP•)(tBuNC)2]2+ 213 4.64 (2.66) 6.78 (2.24) 257

(Continued )
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Table 33. (Continued )

Meso

Complex T (K) Pyrrole-H o-H m-H p-H CH(a) CH(b) Ref.

(a′′) [Fe(TArP)L2]++

[Fe(TPP)(HIm)2]+ 298 −16.8 5.1 6.2 6.3 c
[Fe(4-OMeTPP)(HIm)2]+ 298 −16.6 5.0 5.8 (3.2) c
[Fe(2,4,6-(OMe)3-TPP)(HIm)2]+ 298 −16.8 (1.7) 5.1 (3.8) c
[Fe(TDP)(HIm)2]+ 298 −16.4 (0.8) (1.6) 6.1 c

(b′′) [Fe(TRP)L2]++

[Fe(TEtP)(HIm)2]+ 223 −21.2 1.3 −1.2 256
[Fe(TnPrP)(HIm)2]+ 223 −20.9 2.4 −1.0 256
[Fe(TiPrP)(HIm)2]+ 223 0.6 16.5 3.9 256
[Fe(TEtP)(2-MeIm)2]+ 223 −9.4 16.7 1.1 256
[Fe(TnPrP)(2-MeIm)2]+ 223 −8.8 19.8 0.8 256
[Fe(TiPrP)(2-MeIm)2]+ 223 5.6b 21.2b 5.4b 256

(c′′) [Fe(TMP)L2]++

[Fe(TMP)(HIm)2]+ 298 −16.8 (0.9) 6.0 (1.6) c
[Fe(TMP)(4,5-Cl2Im)2]+ 298 −9.4 (2.2) 10.0 (3.1) c
[Fe(TMP)(tBuNC)2]+ 298 7.1 (5.5) 18.2 (4.2) c

aData in parentheses are the chemical shifts of the methyl signals. bAveraged value. cIkezaki, A. et al., unpublished results.
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indicates that the complex is in the (dxz, dyz)
4(dxy)

1 ground state; these are actually
the only examples of bis-HIm complexes that adopt the (dxz, dyz)

4(dxy)
1 ground

state. Therefore, it is expected that the one-electron-oxidized product, [Fe(TiPrP•)
(HIm)2]

2+, should have a (dxz, dyz)
4(dxy)

1(a2u)
1 ground state. However, the data in

Tables 33b indicate that the pyrrole-H signal appears somewhat upfield, at δ =
−20.4 ppm, as compared with δ = 0.1 ppm in the parent [Fe(TiPrP)(HIm)2]

+. Thus,
the electronic structure of low-spin iron(III) ion switches from (dxz, dyz)

4(dxy)
1 to

(dxy)
2(dxz, dyz)

3 as the electron is removed from the porphyrin ring. Since the meso-
CH(α) signal is observed at a downfield position, 42.4 ppm, the electronic struc-
ture of [Fe(TiPrP•)(HIm)2]

2+ can be expressed as S = 1, (dxy)
2(dxz, dyz)

3(a2u)
1. These

results suggest that the (dxy)
2(dxz, dyz)

3(a2u)
1 ground state is more stable than the (dxz,

dyz)
4(dxy)

1(a2u)
1 ground state. This is understandable, because the a2u orbital is sta-

bilized to a great extent by the one-electron oxidation. As a result, the interaction
between the dxy and a2u orbitals in [Fe(TiPrP.)L2]

2+ is weakened, which stabilizes
the dxy orbital to form the complex with the S = 1, (dxy)

2(dxz, dyz)
3(a2u)

1 ground
state. Figure 58 shows the 1H NMR spectra of (a) [Fe(TEtP•)(HIm)2]

2+ and
(b) [Fe(TiPrP•)(2-MeIm)2]

2+.256 It is clear that the electronic structure of these com-
plexes is also described as S = 1 (dxy)

2(dxz, dyz)
3(a2u)

1 because of the presence of the
upfield-shifted pyrrole-H signal together with the downfield-shifted meso-CHα

signals. Close inspection of the data in Table 33 reveals that the pyrrole-H signal
in [Fe(TRP.)(HIm)2]

2+ moves downfield from −36.0 to −20.4 ppm as the meso sub-
stituent changes from Et to the much bulkier iPr group. This result suggests that
the population of the (dxz, dyz)

4(dxy)
1(a2u)

1 spin isomer increases relative to that of
the (dxy)

2(dxz, dyz)
3(a2u)

1 isomer as the ruffling of the porphyrin ring increases. It
should be noted that the (dxz, dyz)

4(dxy)
1(a2u)

1 spin isomer should really be expressed
as S = 0, (dxz, dyz)

4(dxy, a2u)
2 since the half-occupied dxy orbital is expected to inter-

act antiferromagnetically with the half-occupied a2u orbital in the ruffled porphyrin
structure.43 These results suggest that, in order to obtain [Fe(Por.)L2]

2+ with the
S = 0, (dxz, dyz)

4(dxy, a2u)
1 ground state, the axial ligand should have low-lying π*

orbitals. Needless to say, tBuNC is the best candidate for obtaining such a com-
plex since almost all the low-spin complexes of porphyrins and porphyrin analogs
carrying a tBuNC ligand exhibit the (dxz, dyz)

4(dxy)
1 ground state; the only examples

showing the (dxy)
2(dxz,dyz)

3 ground state are the monoazaporphyrin
[Fe(MAzP)(tBuNC)2]

+,136 the diazaporphyrin [Fe(DAzP)(tBuNC)2]
+,134 and the

highly saddled [Fe(OETArP)(tBuNC)2]
+ with electron-withdrawing aryl groups at

the meso positions.95

Ikezaki and coworkers prepared a series of [Fe(TMP•)L2]
2+ (L = HIm, 4,5-

Cl2Im, and tBuNC) complexes by addition of axial ligands L to a CD2Cl2 solution
of Fe(TMP•)(ClO4)2 at 195 K.257 Figure 59 displays the 1H NMR spectra of these
complexes taken at 173 K. As shown in Figure 59a, the pyrrole-H and m-H signals
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of [Fe(TMP•)(HIm)2]
2+ are observed at −70.8 and 65.7 ppm, respectively, at 173 K,

which clearly indicates that the complex adopts the S = 1, (dxy)
2(dxz, dyz)

3(a2u)
1

ground state. If axial HIm is replaced by 4,5–Cl2Im, the pyrrole-H and m-H sig-
nals shift to ca. −26 and 24 ppm, respectively, as shown in Figure 59b; these signals
split into several lines at this temperature due to slow rotation of the 4,5-Cl2Im lig-
and.90–93 Thus, the isotropic shifts are greatly reduced on going from [Fe(TMP•)
(HIm)2]

2+ to [Fe(TMP•)(4,5-Cl2Im)2]
2+. In the case of [Fe(TMP•)(tBuNC)2]

2+, all
the signals are observed in the so-called diamagnetic region, from 1.7 to 6.8 ppm
in this case, as shown in Figure 59c. The effective magnetic moment of this com-
plex is 0.45 µB at 173 K and 0.57 µB at 223 K. The 1H NMR chemical shifts of
both the cation radical [Fe(TMP•)L2]

2+ and the parent [Fe(TMP)L2]
+ are listed in

Tables 33c and 33c′, respectively. In neutral [Fe(TMP)L2]
+, the pyrrole-H signal

moves downfield from −16.8 to −9.4, and then to 7.1 ppm at 298 K as the axial
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Figure 58. 1H NMR spectra of low-spin iron(III) porphyrin cation radicals taken in CD2Cl2 solu-
tion at 223 K: (a) [Fe(TEtP.)(HIm)2]2+ together with the expanded spectrum, (b) [Fe(TiPrP••)(2-MeIm)2]2+.
(Adapted with permission from Ref. 256. Copyright 2003, Royal Society of Chemistry.)
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ligand changes from HIm to 4,5-Cl2Im, and then to tBuNC. These results indicate
a change in the electronic ground state from (dxy)

2(dxz, dyz)
3 to (dxz, dyz)

4(dxy)
1. A sim-

ilar tendency is observed in the cation radical [Fe(TMP•)L2]
2+. The pyrrole-H sig-

nal moves downfield from −53.2 to −25.6, and then to 4.6 ppm, which can also be

122 Nakamura et al.

Figure 59. (a) 1H NMR spectrum of [Fe(TMP•)(HIm)2]2+ taken in CD2Cl2 solution at 173 K.
(b) 1H NMR spectrum of [Fe(TMP•)(4,5-Cl2Im)2]2+ taken in CD2Cl2 solution at 173 K. The same
sample taken at 253 K is given in inset (b-1). (c) 1H NMR spectrum of [Fe(TMP•)(tBuNC)2]2+

taken in CD2Cl2 solution at 173 K. Inset (c-1) shows the 0–8 ppm region and inset (c-2) shows
the spectrum obtained from the pyrrole-d8 complex. (Adapted with permission from Ref. 257.
Copyright 2008, Royal Society of Chemistry.)
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ascribed to the change in electron configuration of the low-spin iron(III) from
(dxy)

2(dxz, dyz)
3 to (dxz, dyz)

4(dxy)
1. The diamagnetic nature of [Fe(TMP•)(tBuNC)2]

2+

can then be explained in terms of strong antiferromagnetic coupling between the
half-occupied dxy and half-occupied a2u orbitals in a highly ruffled porphyrin
framework. Thus, the electronic ground state of [Fe(TMP•)(HIm)2]

2+ and
[Fe(TMP•)(tBuNC)2]

2+ should be expressed as S = 1, (dxy)
2(dxz, dyz)

3(a2u)
1 and S = 0,

(dxz, dyz)
4(dxy, a2u)

2, respectively. The pyrrole-H signal of [Fe(TMP•)(4,5-Cl2Im)2]
2+

is observed just between the pyrrole-H signals of [Fe(TMP•)(HIm)2]
2+ and

[Fe(TMP•)(tBuNC)2]
2+, which indicates that [Fe(TMP•)(4,5-Cl2Im)2]

2+ exists as an
equilibrium mixture of two kinds of spin isomers as expressed by Eq. 25:

S = 1, (dxy)
2(dxz, dyz)

3(a2u)
1
� S = 0, (dxz, dyz)

4(dxy, a2u)
2. (25)

The pyrrole-H and m-H signals of [Fe(TMP•)(tBuNC)2]
2+ are observed to be

more upfield by 4.2 and 0.8 ppm than the corresponding signals of diamagnetic
[Co(TMP)(tBuNC)2]

+. Similarly, the meso-C signal of [Fe(TMP•)(tBuNC)2]
2+

appears at 160 ppm at 173 K, which is more downfield by 42 ppm than is the cor-
responding signal of diamagnetic [Co(TMP)(tBuNC)2]

+. Figure 60 shows the
Curie plots of the m-H and pyrrole-H signals of the three complexes. Clearly, the
isotropic shift of each signal decreases as the axial ligand changes from HIm to
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Figure 60. Curie plots of the m-H(m) and pyrrole-H(Pyr) chemical shifts of [Fe(TMP•)L2]2+.
(Adapted with permission from Ref. 257. Copyright 2008, Royal Society of Chemistry.)
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4,5-Cl2Im, and then to tBuNC. The Curie plot of the meso-C signal of
[Fe(TMP•)(tBuNC)2]

2+ exhibits a small downfield shift at higher temperatures.
These results indicate that [Fe(TMP•)(tBuNC)2]

2+ exists mainly as the S = 0,
(dxz, dyz)

4(dxy, a2u)
2 spin isomer with a small population of the S = 1, (dxy)

2

(dxz, dyz)
3(a2u)

1spin isomer. The population of the latter isomer increases only
slightly at higher temperatures, as is revealed from the temperature dependence of
the effective magnetic moments. However, a slight increase in population of the
paramagnetic isomer greatly affects the signal width. That should be the reason why
the meso-C signal disappears as the temperature is raised. As shown in Figure 56,
the meso-C signal of [Fe(TPP)Cl] broadens to a great extent when 0.075 equiva-
lents of [Fe(TPP•)Cl]+ are added.

On the basis of the data described above, low-spin iron(III) porphyrin cation
radicals denoted by [Fe(Por•)L2]

2+ exist in either one of the three possible elec-
tronic ground states. They exist (i) predominantly as S = 1, (dxy)

2(dxz, dyz)
3(a2u)

1 as
in the case of [Fe(TMP.)(HIm)2]

2+, (ii) predominantly as S = 0, (dxz, dyz)
4(dxy, a2u)

2

as in the case of [Fe(TMP.)(tBuNC)2]
2+, and (iii) as an equilibrium mixture of

S = 1, (dxy)
2(dxz, dyz)

3(a2u)
1 and S = 0, (dxz, dyz)

4(dxy, a2u)
2, as in the case of [Fe(TMP•)

(4,5-Cl2Im)2]
2+.257

2. Iron(IV) Porphyrin Complexes

a. Iron(IV) porphyrins with an FeIV=O bond

Iron(IV) porphyrins are in general quite unstable and difficult to obtain. Most of
the iron(IV) complexes reported to date have an FeIV=O group, since they are
more stable than the corresponding iron(IV) complexes without the FeIV=O bond.
Balch, La Mar, and coworkers reported the first example of an FeIV=O complex
[(FeIV=O)(3-Me-TPP)(1-MeIm)] obtained by addition of 1-MeIm to the peroxo-
bridged dimer [(3-Me-TPP)FeIIIO–OFeIII(3-MeTPP)].258,259 The iron(IV) oxidation
state has been confirmed by the solution magnetic moment, which is 2.9 ± 0.1 µB

at 221 K and is invariant down to 183 K. Furthermore, the Mössbauer spectrum
has revealed that the isomer shift of the iron atom is 0.11 mm s−1 at 4.2 K, which
is characteristic of an iron(IV) complex.260 In the 1H NMR spectra, all the signals
are observed between 5 and 10 ppm. The temperature dependence of the para-
magnetic shift of each signal strictly follows the Curie law over a wide tempera-
ture range. The complex reacts instantaneously with FeII(3-Me-TPP) to form
quantitatively the µ-oxo dimer [(3-Me-TPP)FeIII]2O. Thus, the electronic structure
of [(FeIV=O)(3-Me-TPP)(1-MeIm)] should be given as S = 1, (dxy)

2(dxz, dyz)
2.

Thermal decomposition of the peroxobridged dimer of sterically hindered TMP,
[(TMP)FeIIIO–OFeIII(TMP)], yields the five-coordinate [(FeIV=O)(TMP)].261,262
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Similarly, thermal decomposition of the alkylperoxo complex [FeIII(TMP)(OOtBu)]
produces [(FeIV=O)(TMP)].263 Although electrochemical and chemical one-electron
oxidation of [Fe(Por)Cl] have produced [Fe(Por•)Cl]+, as mentioned in the previ-
ous section, the same oxidation of [Fe(Por)(OH)] produces [(FeIV=O)(Por)] if Por
has o-phenyl substituents that prevent the formation of a µ-oxo dimer.264–267 Later,
Groves et al. reported a convenient preparative method for [(FeIV=O)(TMP)];
namely, ligand metathesis of the iron(III) cation radical, [FeIII(TMP.)(ClO4)2], over
moist basic alumina.268 Although [(FeIV=O)(TMP)] is unstable in CH2Cl2 solution
and forms [FeIII(TMP)Cl] within a minute at ambient temperature, it is much more
stable in benzene solution.268 Figure 61 shows the 1H NMR spectrum of
[(FeIV=O)(TMP)] taken in CD2Cl2 solution at 195 K together with the UV spec-
trum taken in benzene solution at room temperature. The 1H NMR chemical shifts
of various FeIV=O complexes are listed in Table 34.231,253,258,261,268–272 As is revealed
from the data in the table, the isotropic shift of each signal in both five- and six-
coordinate Fe=O complexes is quite small. Since these complexes adopt the S = 1,
(dxy)

2(dxz, dyz)
2 ground state, one can expect that the pyrrole-H signals should

appear extremely upfield due to an interaction between half-filled iron dπ and
filled porphyrin 3eg orbitals, as in the case of the S = 3/2 iron(III) complexes such
as [FeIII(TiPrP)(THF)2]

+ and [FeIII(TPP)]Ag(Br6CB11H6)2;
98,157 the chemical shift of

the pyrrole-H signal reaches as much as −62 ppm in the latter complex at 298 K.
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Figure 61. 1H NMR spectrum of (FeIV = O)(TMP) in CD2Cl2 solution at 195 K. The peaks
marked p, m, and o are p-Me, m-H, and o-Me. The peak marked OH is due to the p-Me of
FeIII(TMP)(OH). Inset: UV spectrum in benzene at room temperature. (Adapted with permis-
sion from Ref. 268. Copyright 1994, American Chemical Society.)
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Table 34. 1H NMR chemical shifts of iron(IV) porphyrin complexes.a

Complex T (K) Pyrrole-H Meso-H o-H m-H p-H Ref.

[(FeIV = O)(TMP)] 195 5.85 — (3.40, 1.05) 6.75, 6.20 (2.70) 268
193 6.5 — (3.5, 1.0) 6.6, 6.0 (2.7) 231
203 8.4 — (3.3, n.d.) 6.4, 6.0 (2.6) 261
273 7.30 — (2.80, 1.25) 6.35, 6.70 (2.60) 269

[(FeIV = O)(3-MeTPP)(1-MeIm)] 200 5.1 — 8.7 7.8 7.8 258
[(FeIV = O)(TMP)(1-MeIm)] 213 — — (3.6, n.d.) 7.5 (2.74) 261

243 4.6 — (3.2, 1.6) 7.4 (2.67) 261
193 3.8 — (3.8, 1.2) 7.2, 2.1 (2.8) 231

[(FeIV = O)(TMP)(OMe-d3)]-2- 243 −4.1 — (1.5) — (2.7) 270
[(FeIV = O)(TPP)(L)]b 197 1.2 — 9.1 7.9 8.3 271
[(FeIV = O)(TPP)(1-MeIm)] 193 5.05 — 9.2 7.9 7.9 261
[(FeIV = O)(TpivPP)(THF)] 223 7.2 — 12.9 9.3, 8.7 7.7 272
[(FeIV = O)(2,6-Cl2-TPP)(DMF)] 223 14.1 — — 4.01 4.01 272
[(FeIV = O)(OEP)(1-MeIm)] 222 −1c 15 — — — 273
[(FeIV = O)(EtioP)(1-MeIm)] 222 −1c 16 — — — 273
[(FeIV = O)(TMTMP)] 193 (8.6) 33.3 (3.8, 1.5) 8.8, 7.3 (2.6) 231
[(FeIV = O)(TMTMP)(1-MeIm)] 193 (4.7) 17.2 (2.8, 1.6) 8.1, 7.3 (2.5) 231
[(FeIV = O)(TMTMP)(1,2-Me2Im)] 193 (4.8) 18.0 (3.5, 1.7) 8.1, 7.3 (2.4) 231
[FeIV(TMP)(OMe)2] 195 −37.5 (2.4) 7.72 (2.86) 253

aData in parentheses are the chemical shifts of the methyl signals. bChemical shifts are obtained from Figure 1 of Ref. 271. The axial ligand (L) is
not specified. cPyrrole-CH2.
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Table 35 lists the gross atomic spin populations determined by DFT calculations
for various high-valent iron complexes.274,275 As shown in the table, most of the
unpaired electrons in the FeIV=O complexes are localized on the axial part, i.e. iron
and oxygen atoms, and the amount of the total spin density on the porphyrin ring
is negligibly small. Thus, the theoretical study explains why the isotropic shifts of
the peripheral proton signals in FeIV=O complexes are negligibly small in spite of
the presence of two unpaired electrons in the dπ orbitals.

b. Iron(IV) porphyrins without an Fe=O bond

While there are ample examples of iron(IV) complexes with an Fe=O bond,
iron(IV) complexes without the Fe=O bond are quite rare. The only example is the
bis-methoxo complex, [Fe(TMP)(OMe)2], which is prepared by the addition of
methoxide to the iron(III) porphyrin cation radical, [FeIII(TMP••)(ClO4)2], as shown
in Eq. 26.253

FeIII(TMP•)(ClO4)2 + 2MeO−
� [FeIV (TMP)(OMe)2] + 2ClO4

− (26)

The electronic structure of [FeIV(TMP)(OMe)2] has been examined by various
spectroscopic methods. Figure 62 shows the 1H NMR spectrum of this complex
taken in CDCl3 at 223 K. The 1H NMR chemical shifts of this complex are listed
in Table 34. The characteristic is that the pyrrole-H signal appears at an extremely
upfield position, δ = −37.5 ppm at 195 K, while the other signals such as o-CH3,
m-H, and p-CH3 are quite close to their diamagnetic positions. The effective mag-
netic moment, µeff, is 2.9 ± 0.2 µB between 229 and 193 K in CH2Cl2 solution.
Thus, the complex is best described as an iron(IV) porphyrin with the S = 1,
(dxy)

2(dxz, dyz)
2 ground state, which is further verified by the Mössbauer and

EXAFS data.276 Because of the absence of the Fe=O bond, the unpaired electrons
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Table 35. Gross atomic spin populations of high-valent iron porphyrins.a

Fe Laxial Npor Cα Cβ Cmeso

FeV(P)(N)b 1.579 1.550 −0.018 −0.004 −0.003 −0.002
FeIV(P)(NH)c 0.775 1.289 −0.003 0.000 0.000 −0.006
FeIV(P)(O)c 1.199 0.826 −0.009 0.003 0.001 −0.006
FeV(P)(O)(F)b 2.134 0.961 −0.036 0.000 −0.003 0.000
FeIV(“a2u”-P•)(O)(F)b 1.110 0.904 0.114 −0.045 −0.006 0.221
FeIV(“a1u”-P•)(O)(F)b 1.111 0.888 −0.048 0.141 0.029 −0.051

aP and P. indicate porphyrin and porphyrin cation radical, respectively. bS = 3/2. cS = 1.
(Source: Refs. 274, 275.)
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in the dxz and dyz orbitals delocalize to the porphyrin ring by interaction with the
filled 3eg orbitals to induce a large upfield shift of the pyrrole-H signal. That is the
reason why the 1H NMR spectrum of [(FeIV=O)(TMP)] shown in Figure 61 is
quite different from that of [FeIV(TMP)(OCH3)2] shown in Figure 62, although
both complexes adopt the S = 1, (dxy)

2(dxz, dyz)
2 ground state. A 13C NMR study fur-

ther reveals that [FeIV(TMP)(OCH3)2] has negligibly small spin density at the
meso-C atoms because the meso-C signal appears at 64.3 ppm, at 213 K; the meso-
C signal of low-spin [FeIII(TnPrP)(HIm)2]

+ with the (dxy)
2(dxz, dyz)

3 ground state
appears at 73.1 ppm as listed in Table 4.52 [FeIV(TMP)(OCH3)2] can be produced
together with the two-electron-oxidized product, [(FeIV=O)(TMP•)]+, by oxidation
of FeIII(TMP)(ClO4) with iodosylbenzene or dimethyldioxirane in mixed CD2Cl2

and CD3OD solution.277,278

It was expected that the addition of strong anionic ligands to a solution of
iron(III) porphyrin cation radical would produce an iron(IV) porphyrin as in the
case of [FeIV(TMP)(OMe)2]. Among various anionic ligands, F− should be a suit-
able ligand since it is highly ranked in the magnetochemical series proposed by
Reed et al.157,158 In fact, the electrochemical oxidation of FeIII(TPP)F2

− is unique,
in the sense that the first oxidation wave is at +0.68 V.165,166 Since the first oxida-
tion wave for most five-coordinate iron(III) porphyrins is ca. +1.1 V, the corre-
sponding wave for [FeIII(TPP)F2]

− has been suggested to be due to an iron-centered
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Figure 62. 1H NMR spectra of [FeIV(TMP)(OCH3)2] taken in CDCl3 solution at 223 K.
(Adapted with permission from Ref. 253. Copyright 1985, American Chemical Society.)
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oxidation to form the iron(IV) species, [FeIV(TPP)F2]. However, the complex is
too unstable to obtain an NMR spectrum. A density functional study has also pre-
dicted that one-electron oxidation of [FeIII(TPP)F2]

−  should form the iron(IV) por-
phyrin, [FeIV(Por)F2], rather than the iron(III) porphyrin cation radical.279

However, ab initio CASPT2 calculations by Ghosh and Taylor favor a high-spin
porphyrin cation radical as the ground state by a significant energetic margin over
an iron(IV) porphyrin.280,281 Thus, the electronic structure of the one-electron oxi-
dized product of high-spin [FeIII(TPP)F2]

− is still ambiguous and further experi-
mental studies are necessary.

B. Two-Electron-Oxidized Products of Iron(III) Porphyrins

As shown in Figure 1, a reactive intermediate in the catalytic reaction of
cytochrome P450 is considered to be two oxidizing equivalents above the ferric
state. There are several kinds of two-electron-oxidized species.12,285 They are an
oxoiron(V) porphyrin [(FeV=O)(Por)]+11,12,26,282–284; a six-coordinate iron(V) por-
phyrin without an FeV=O bond [FeV(Por)(X)(Y)]+ where X and Y are anionic
ligands; an oxoiron(IV) porphyrin cation radical [(FeIV=O)(Por•)]+11,12,26,277,285; a
six-coordinate iron(IV) porphyrin cation radical without an FeIV=O bond
[FeIV(Por•)(X)(Y)]+; an iron(III) porphyrin N-oxide12,285,286,287; and an iron(III) por-
phyrin dication.12,285,288,289 Figure 63 shows some of the two-electron-oxidized-
complexes mentioned above.285

In the case of naturally occurring heme proteins that are involved in oxidation
reactions, the reaction intermediate where the second oxidation equivalent is
placed on the iron ligand has been denoted as compound I. The nature of com-
pound I in heme proteins such as peroxidase, catalase, and cytochrome P450 has
been considered to be an oxoiron(IV) porphyrin cation radical [(FeIV=O)(Por•)]+.4–17

In this section we will describe the electronic structures of [(FeIV=O)(Por•)]+ together
with other two-electron-oxidized complexes such as the oxoiron(V) porphyrin
[(FeV=O)(Por)]+, the iron(III) porphyrin N-oxide, and the iron(III) porphyrin
dication.
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Figure 63. Two-electron-oxidized species of iron(III) porphyrin complexes: (a) Iron(III) porphyrin
dication; (b) iron(IV) porphyrin radical cation; (c) iron(V) porphyrin; (d) iron(III) porphyrin
N-oxide. (Adapted with permission from Ref. 285. Copyright 2002, Elsevier Science.)
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1. Oxoiron(IV) Porphyrin Cation Radicals

The first example of an oxoiron(IV) porphyrin cation radical was reported by
Groves et al. in 1981.277 These authors examined the oxidation of [Fe(TMP)Cl]
with 1.5 equivalents of m-CPBA in CD2Cl2–CD3OD-methanol (4:l) solution at
195 K and obtained a green intermediate. The pyrrole-H signal of [Fe(TMP)Cl] at
δ 120 ppm disappears and a new signal appears at δ −27 ppm. Figure 64 shows
the 1H NMR spectrum of the green intermediate taken at 195 K in CD2Cl2-
CD3OD. The o-Me signals appear at 26 and 24 ppm, the m-H signal at 68 ppm,
and the p-Me signal is at 11.1 ppm. Thus, the green intermediate has an unpaired
electron in the a2u orbital. These chemical shifts are highly temperature dependent
and obey the Curie law between 237 and 184 K. The magnetic susceptibility was
determined by the Evans method to be 4.2 µB, which is slightly larger than the
expected value, µeff = 3.87 µB, for an S = 3/2 system. The visible spectrum shows
a broad Soret band at 406 nm and another broad band centered at 645 nm. The
Mössbauer spectrum derived from 57Fe-enriched [Fe(TMP)Cl] shows a quadru-
pole doublet centered at 0.05 mm/s (QS = 1.49 mm/s). Treatment of a CH2Cl2-
CH3OH solution of the green intermediate with norbornene in the presence of
H2

18O yields 18O-incorporated norbornene oxide, which clearly indicates the pres-
ence of an FeIV=O unit in the intermediate. Thus, the complex is best expressed as
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Figure 64. 1H NMR spectrum of [(FeIV=O)(TMP•)]+ taken in CD2Cl2–CD3OD at 195 K.
(Adapted with permission from Ref. 277. Copyright 1981, American Chemical Society.)
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[(FeIV=O)(TMP•)]+, a compound I analog of HRP and cytochrome P450. The large
downfield shift of the m-H signals together with the large upfield shift of the pyrrole-
H signals indicate the presence of an a2u radical together with the half-occupied dπ

orbital(s). Thus, the electronic structure of [(FeIV=O)(TMP•)]+ can be expressed as
(dxy)

2(dxz,dyz)
2(a2u)

1. The EPR spectrum of [(FeIV=O)(TMP•)]+ shows signals at 4.47,
3.50, and 1.98, which suggest the presence of ferromagnetic coupling between the
iron(IV) ion and the porphyrin cation radical to form the S = 3/2 state.290,291

Resonance Raman spectroscopy shows a band at 828 cm−1 for Fe=O.292 The EXAFS
reveals the Fe=O length to be 1.6 Å, which is close to the Fe=O lengths of com-
pound I and compound II of HRP.293 In order to investigate the relationship between
structure and reactivity of [(FeIV=O)(Por•)]+, various oxoiron(IV) porphyrin cation
radicals have been prepared using m-CPBA or ozone as oxidizing reagents.227,294–297

In Table 36 are listed the 1H NMR chemical shifts of such complexes.
Fujii found that the pyrrole-H signal in [(FeIV=O)(TArP•)]+ shifts upfield from

−27.6 to −44.1, −65.5, and then to −72.7 ppm as the meso-aryl substituent changes
from (2,4,6-Me3)phenyl to (2-Cl-6-Me)phenyl, (2,6-Cl2)phenyl, and then to
(2,4,6-Cl3)phenyl.295 In contrast, the paramagnetic shift of the m-H signal
decreases with the same change in the meso-aryl substituent, as listed in Table 36.
These results are interpreted in terms of a mixing of the a1u radical state with the
original a2u radical state; note that the a2u orbital is stabilized relative to the a1u

orbital by introduction of electronegative substituents at the meso position. Thus,
in the complex having strongly electron-withdrawing pentafluorophenyl (C6F5)
groups at the meso positions, i.e. [(FeIV=O)(F5-TPP•)]+, the pyrrole-H signal
appears at an extremely upfield position, −96 ppm at 193 K, which indicates that
the a1u radical character predominates over the a2u radical character.295

Oxo-iron(IV) porphyrin cation radicals with the a1u radical character can also
be expected for [(FeIV=O)(TMTMP•)]+. TMTMP has four methyl and four mesityl
groups at the pyrrole β carbon atoms, as shown in Scheme 1. Thus, it is expected
that the electronic structure and reactivity of [(FeIV=O)(TMTMP.)]+ should resem-
ble compound I of naturally occurring heme proteins such as HRP and peroxidase.
A wide variety of pyrrole-substituted complexes such as [(FeIV=O)(TMTMP•)]+

and [(FeIV=O)(TArP•)]+ have been prepared.295 The 1H NMR chemical shifts of
these complexes are also listed in Table 36. Extremely large downfield shifts of
the pyrrole β-methyl signals suggest that the pyrrole β-carbon atoms have large
spin density, which is consistent with formation of the a1u radical. The meso-H sig-
nals of some complexes appear rather downfield, i.e. 7–55 ppm. These results
indicate that the meso-carbon atoms have a sizable amount of negative spin den-
sity, which is induced by the large positive spin density on the pyrrole α-carbon
atoms characteristic of the a1u radical. The EPR spectrum of [(FeIV=O)(TMTMP•)]+

shows signals at g = 3.6 and 2.0, which are close to those of compound I of
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Table 36. 1H NMR chemical shifts of iron(IV) porphyrin cation radicals [(FeIV = O)(Por•)X].a

Complex T (K) Pyrrole-H Meso o-Me m-H p-Me Ref.

[(FeIV == O)(TMP••)X]

X = F 193 −13.0 26.9, 24.1 71.4 10.7 296
X = Cl 196 −27.0 26, 24 68.0 11.1 277

193 −6.7 23.3, 20.2 60.6 10.7 296
X = OAc 193 −8.3 28.5, 25.7 76.2 11.3 296
X = OSO2CF3

− 193 −26.2 26.8, 24.3 68.6 11.3 296
X = OClO3 193 −26.9 26.0, 23.5 65.3 11.1 296

193 −27.4 26.4, 23.9 66.4 11.3 231
X = NO3

− 193 −19.4 27.8, 25.3 72.5 10.2 231
X = 3-F-4-NO2-PhO− 193 −13.7 26.9, 25.4 71.7 11.3 231

[(FeIV == O)(TMP••)L]++

L = CD3OD 231 −25.7 22.5, 21.3 65.4 10.8 278
L = HImb 193 −11.3 27.5, 26.4 74.8, 73.1 11.7 231
L = 2-MeImb 193 −9.8 broad broad 11.3 231
L = 5-MeImb 193 −11.1 25.8, 24.2 74.9, 73.2 11.2 231
[(FeIV = O)(2,6-Cl2-TPP•)]+c 213 −60.8 31 n.d. 291
[(FeIV = O)[2,4,6-(OMe)3-TPP•]+c 203 −33.2 36.0, 31.6 n.d. 291

[(FeIV == O)(TArP.••]++b

Ar = 2-Cl-6-MePh 193 −44.1 24.4,21.7 55.5, 7.8, 295
47.7

Ar = 2,6,-Cl2Ph 193 −65.5 34.8 295
Ar = 2,4,6-Cl3Ph 193 −72.7 30.0 295

(Continued )

b
8
6
7
_
V
o
l
-
0
7
_
C
h
-
3
2
.
q
x
d
 
 
6
/
4
/
2
0
1
0
 
 
1
0
:
0
4
 
A
M
 
 
P
a
g
e
 
1
3
2



32/Electronic and M
agnetic Structures of Iron Porphyrin C

om
plexes

133

Table 36. (Continued )

Complex T (K) Pyrrole-H Meso o-Me m-H p-Me Ref.

[(FeIV == O)(TMTMP••)X]

X = OClO3 193 (135.5) 55.6 9.6, 7.6 15.0, 14.2 3.6 231
X = NO3 193 (127.7) 34.7 8.3, 7.4 14.6, 13.8 3.3 231
X = 3-F-4-NO2-PhO 193 (101.9) −1.0 7.7, 6.6 13.7, 13.3 3.2 231

[(FeIV == O)(TMTMP••)L]+ b

L = Him 193 (113.2) 0.0 8.7, 7.5 13.4, 12.6 3.2 231
L = 2-MeIm 193 (123.7) −14.8 9.3, 8.0 15.0, 14.2 2.9 231
L = 5-MeIm 193 (111.8) −4.0 8.6, 7.4 13.4, 12.6 3.1 231

[(FeIV == O)(TMTArP••)]ClO4

Ar = 2,4,6-Me3Ph 203 (139.0) 53.4 14.9, 14.0 295
Ar = 2-Cl-6-MePh 203 (151.8) 32.4, 30.8, 12.8, 12.7, 295

30.5, 29.1, 12.6, 12.1,
28.1, 27.3 12.0, 11.9,

11.8, 11.1
Ar = 2,6-Cl2Ph 203 (164.7) −3.0 10.9, 9.8 295
Ar = 2,4,6-Cl3Ph 203 (166.9) −7.5 10.5, 9.4 295

aData in parentheses are the chemical shifts of the pyrrole methyl signals. bCounter anion is ClO4
−. c Counter anion is CF3SO3

−.

b
8
6
7
_
V
o
l
-
0
7
_
C
h
-
3
2
.
q
x
d
 
 
6
/
4
/
2
0
1
0
 
 
1
0
:
0
4
 
A
M
 
 
P
a
g
e
 
1
3
3



Micrococcus lysodeikticus catalase and ascorbate peroxidase.297,298 Thus, com-
pound I of these enzymes should adopt the a1u radical state.299

2. Iron(III) Porphyrin N-Oxides

A bridged iron porphyrin N-oxide has been suggested as a reactive intermediate in
the catalytic cycle of cytochrome P-450 on the basis of the crystal structure of
N-bridged iron porphyrin carbenes,300–306 several metalloporphyrn N-oxides,307–309

and an N-bridged nitrene.310 The first iron(III) porphyrin N-oxide, which is iso-
electronic with the iron(IV) porphyrin cation radical, was prepared and character-
ized by Groves and Watanabe.286 Addition of two equivalents of mCPBA to a
toluene solution of [FeIII(TMP)(mCB)] at 273 K yielded a new complex together
with bis(3-chlorobenzoyl)peroxide. The UV–vis spectrum of this complex showed
a dramatically red-shifted Soret band at 441 nm. The 1H NMR spectrum taken at
223 K showed m-H signals at 17.2, 15.0, and 13.8 ppm (relative intensity 1:2:1)
and p-CH3 signals at 4.2 and 3.9 ppm. The EPR spectrum showed strong signals
at g = 4.3. The solution magnetic moment determined by the Evans method is
5.4 ± 0.1 µB at 248 K in toluene-d8 solution. The electronic structure of this com-
plex has been assigned as rhombically distorted high-spin iron(III) on the basis of
the presence of the downfield-shifted m-H signal. Mechanistic studies have
revealed that the iron(III) porphyrin N-oxide is formed via homolytic O–O bond
cleavage of the coordinated m-chlorobenzoylperoxo ligand. At higher concentra-
tion or under acidic conditions, the oxo-iron(IV) porphyrin cation radical
[(FeIV=O)(TMP•)]+ is formed by heterolytic O–O bond cleavage.287,311

3. Iron(III) Porphyrin Dications

The first well-characterized iron(III) porphyrin dication was reported by Watanabe
and coworkers.288,289 The complex was prepared by the reaction of an iron(III) por-
phyrin N-oxide, FeIII(TMP N-oxide), with trifluoroacetic acid in toluene at low
temperature. The EPR spectrum taken at 77 K shows two signals at 9.5 and 4.25.
The intensity of these signals decreases upon warming the solution to afford the
EPR silent iron(III) cation radical. The pyrrole-D signal in pyrrole deuterated
[FeIII(TMP N-oxide)] appears at 118 ppm at 193 K, which indicates that the com-
plex adopts the ferric high-spin state.

4. Iron(V) Porphyrins

Two groups have reported the formation of iron(V) porphyrins. Nanthakumar and
Goff oxidized pyrrole deuterated [FeIII(F2-TPP)F2]

− with m-CPBA in CH2Cl2
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solution in the presence of excess fluoride ions and obtained a red complex.282a

The product shows the pyrrole-D signal at 1.3 ppm at 210 K. This signal is observ-
able even at 290 K although it is converted rapidly to the starting [FeIII(F2-
TPP)F2]

− complex along with partial decomposition of the porphyrin. The
chemical shift of the pyrrole-D signal obeys the Curie law from 220 to 270 K with
a y intercept at 7.3 ppm. The phenyl proton signals are observed at 9.0 and 15.0 ppm,
unlike the case for iron porphyrin cation radical species. The red complex shows
a Soret band at 430 nm and a Q band at 550 nm. The EPR spectrum taken at 80 K
exhibits three distinct signals at g = 4.38, 3.11, 2.70. Its solution magnetic moment
at 210 K is 4.1 ± 0.2 µB, which is close to the spin-only value expected for S = 3/2.
Since an iron(IV) compound with S = 1 is expected to be EPR-silent, the red com-
plex appears to be the first example of an iron(V) porphyrin. It should be noted
that this complex is observed only in the presence of a large excess of fluoride lig-
ands. Thus, the red complex can be expressed as either [FeV(F2-TPP)F2]

+ or
[(FeV=O)(F2-TPP)F].

Formation of an iron(V) porphyrin was also reported by Morishima et al.283,284

They oxidized [FeIII(2,6-Cl2-TPP)(OCOAr)] with 1.8 equivalents of p-nitroper-
benzoic acid (p-NPBA) in CH2Cl2 solution in the presence of nine equivalents of
m-chlorobenzoic acid at 183 K and obtained the green oxo-iron(IV) porphyrin
cation radical [(FeIV=O)(2,6-Cl2-TPP•)]+. This green solution turns red upon addi-
tion of four equivalents of methanol. The red complex exhibits characteristic
UV–vis bands at 418 and 546 nm, which are similar to those of the FeIV=O
species, but very different from those of iron(III) porphyrin dications and iron(III)
porphyrin N-oxides.286–289 The pyrrole-D and meta-D signals of the deuterated red
complex appear at −35.1 and 8.0 ppm, respectively. While the green complex is
EPR silent, the red one exhibits EPR signals at 4.33, 3.69, and 1.99 at 4.2 K in
frozen CH2Cl2 solution. Both green and red complexes are reduced by two equiv-
alents of tetra-n-butylammonium iodide. The red complex reacts with norbornene
even at 183 K to form norbornene oxide, though this reactivity is about 10 times
less than for the green complex. The solution magnetic susceptibility of the red
complex is 4.0 ± 0.2 µB, indicating that the complex has three unpaired electrons.
The red complex ισ also obtained by addition of 1.8 equivalents of pentafluoroio-
dosylbenzene in the presence of 200 equivalents of methanol. Taken all together,
the red complex is isoelectronic with the green one [(FeIV=O)(2,6-Cl2-TPP•)]+ and
is best expressed as an oxo-iron(V) porphyrin [(FeV=O)(2,6-Cl2-TPP)]+.

The iron(V) porphyrins reported by the two groups are similar in UV–vis and
magnetic properties. However, the former complex is relatively stable even at
ambient temperature while the latter decomposes at 208 K to the starting high-spin
iron(III) complex after several hours. In addition, the 2H NMR chemical shifts of
the deuterated complexes are totally different. While the former complex shows
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the pyrrole-D signal at +1.3 ppm at 210 K, the latter complex shows it at −35.1 ppm
at 178 K. The difference in chemical shifts of pyrrole-D signals could be explained
in terms of the difference in axial ligands. In the case of the former complex, the
iron(V) species is obtained only in the presence of a large excess of fluoride ions.
Thus, the complex could be expressed as [FeV(F2-TPP)F2]

+ rather than
[(FeV=O)(F2-TPP)F]. Even in such a case, it is still difficult to explain why two
kinds of iron(V) species exhibit such a large difference in pyrrole-D chemical
shifts. As mentioned in the previous section, the 1H NMR spectrum of
[(FeIV=O)(TMP)] is very different from that of [FeIV(TMP)(OMe)2] though both of
the complexes adopt the iron(IV) with the (dxy)

2(dxz, dyz)
2 electronic ground state.

In this case, the former complex with the FeIV=O bond shows the pyrrole-H signal
close to the diamagnetic position, at 5.85 ppm at 195 K, while the latter complex
exhibits it at −37.5 ppm at the same temperature, as shown in Table 34.

Jayaraj et al. oxidized similar complexes [Fe(Por)Cl], where Por has strongly
electron-withdrawing aryl groups at the meso positions, including [Fe(2,6-Cl2-
TPP)Cl]. The 1H NMR, UV–vis, Mössbauer, EPR, and resonance Raman spectra
indicated the formation of an oxo-iron(IV) porphyrin radical cation [(FeIV=O)(Por•)]+

with an a1u cation radical even in the presence of methanol.312 On the basis of the
spectroscopic data, Jayaraj et al. ruled out the possible structural assignment of
high-spin iron(V) coordinated to the neutral porphyrin ligand. Dey and Ghosh
reported that DFT calculations suggest that the oxo-iron(IV) porphyrin cation rad-
ical is more stable than the corresponding oxo-iron(V) complex.239 However, since
the 1H NMR spectra of Nanthakumar and Goff, Morishima et al., and Jayaraj et al.
are all different, it is impossible to rule out the existence of the iron(V) porphyrins
reported by Nanthakumar and Goff as well as by Morishima et al. Further exper-
imental and theoretical studies are necessary in order to fully characterize these
iron(V) porphyrins.
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I. Introduction

Circular dichroism (CD) is detected as the difference between the absorption of left
and right circularly polarized light when equal amounts of left and right polarized
light interact with chiral molecules, i.e. ∆A = Al − Ar, where Al and Ar are the absorp-
tions of left and right circularly polarized light respectively.1–6 Depending on the
relative sizes of Al and Ar, the observed CD can be either positive or negative. Since
normal porphyrins (Por) are planar achiral molecules, they do not show CD per se.
However, when chiral substituents are linked (they are called extrinsically active)
or molecules are intrinsically optically active, or when a plurality of Pors have the
proper (chiral) mutual orientation, CD is often observed. In this chapter, the funda-
mental aspects of CD theory which may be required to understand the chapter are
first described, and then Por systems analyzed using this spectroscopy are intro-
duced in roughly chronological order. Here, discussion is confined to electronic
CD, since Pors are chromophores having absorptions in the near-UV to near-IR
regions. Syntheses of some representative optically-active Pors are also introduced,
even where the CD spectra are not necessarily well-analyzed. In particular, some
systems are interesting from the view point of CD analysis even if their CD spec-
tra are not analyzed or even reported.

II. Fundamentals of Circular Dichroism

A. Phenomenological and Theoretical Basis

Since CD is defined as the difference of absorbance between left and right circu-
larly polarized light, we should first know about electronic absorption spectra.
When chromophores are excited by electromagnetic radiation in the form of light,
the transition of the electron from the initial to the final orbital is associated with
a charge migration or electron cloud redistribution, which leads to an electronic
dipole (µ). For each electronic transition, an electronic and a magnetic transition
dipole can be defined. If the initial and final states are labeled i and j respectively,
a linear charge displacement brings about an electronic transition dipole, µij, while
an electron rotation produces a magnetic transition moment mij. The experimental
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absorption intensity is obtained by integration of spectra whose abscissa is
expressed by a unit proportional to energy, and this is directly related to the oscil-
lator strength fij that is proportional to | µij |

2 + |mij|
2. For symmetry reasons, the

electronic dipole term is often much larger (ca. five orders of magnitude) than the
magnetic dipole, so that if the absorption is strong, it is generally called an
electric-dipole allowed transition, and this is the case for almost all aromatic mol-
ecules without chirality. In the case of optically active molecules, a magnetic tran-
sition moment is also produced, i.e. both µij and mij have some value. The direction
of mij is determined using the right hand grip rule. If the second through fifth fin-
gers follow the movement of charge, then the thumb points in the direction of mij.
The CD intensity Rij, called the rotational strength, is experimentally obtained
from the integral of the CD curves. Rij is proportional to the scalar product of µij

and mij, i. e. Rij = µij * mij, and can have both signs. As mentioned above, the inten-
sity of the electronic absorption spectra is roughly proportional to |µij|

2 and that of
the CD spectra µij* mij. CD is therefore generally obtained only in the same wave-
length region as the electronic absorption spectra. An intense CD is observed only
when either µij or mij is large, so that if the electronic absorption is weak, the CD
is also often weak. There is a rule that the integral of the CD over the whole elec-
tromagnetic spectrum is zero. Although CD spectra of only one sign are some-
times observed, in such cases the spectra of the counter sign is hidden at shorter
wavelengths than the instrumental limit.

B. Porphyrin Chromophores

Porphyrins (Figure 1) have an almost square planar shape, so that metallocom-
plexes are approximated as chromophores of D4h or D4 symmetry, while metal-free
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Figure 1. Metalloporphyrin chromophores and degenerate transition dipoles. In the case of
meso-aryl porphyrins, one dipole is along 5 and 15-positions while another is along 10 and
20-positions.
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derivatives have D2h or D2 symmetry. Depending on the type or position of sub-
stituent groups, the symmetry can be lowered further. The porphyrins usually used
for chiroptical systems are often 5,10,15,20-tetraphenylporphyrin and its deriva-
tives. When there is no other substituent on the periphery, the lowest two excited
states are doubly degenerate and the x- and y-directions are set on the lines con-
necting the trans meso–meso positions, while this can be changed by peripheral
substituent groups on the pyrrole ring. For example, in the case of tetraphenyl-
porphyrin, when a carboxyl group is introduced at the para position of one of the
four phenyl groups in order to link to the OH groups of natural products, the two
orthogonal transition dipoles in the π-plane are still lying along the trans
meso–meso directions. In the case of chlorins, where one of the four pyrrole rings
is reduced, the two axes are aligned along the trans pyrrole–pyrrole directions.
Chlorophylls have an extra carbocyclic ring between one pyrrole ring and the
meso positions, so that in this case, the precise direction of the two dipoles has
to be determined by MO calculations. On the other hand, D4h or D4 symmetric
metallophthalocyanines have two degenerate transition dipole moments along the
trans pyrrole–pyrrole directions.

C. Exciton Coupling

Typical exciton coupling is seen when a plurality of chromophores with electric
dipole-allowed transitions interact through space, maintaining independence as a
chromophore. Depending on the arrangement or orientation in space, the resultant
spectra become different (Figure 2).7,8 When two (or more) chromophores are in a
cofacial arrangement, the absorption spectrum shifts to shorter wavelengths,
which is often called an H-aggregate if the constituent chromophores are numer-
ous. Another typical orientation is the almost parallel head-to-tail type which
produces a spectrum at longer wavelengths compared to that of the constituent
chromophore. If many chromophores are arranged in this fashion, this is called a
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Figure 2. Band splitting of face-to-face, head-to-tail, and oblique dimers.
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J-aggregate. A more general type is the case where the chromophores are arranged
obliquely in space. Under these conditions, theoretically, two absorption peaks
would appear at both a longer and shorter wavelength compared to the absorption
peak of the monomer, although depending on the spatial arrangement and distance
of the chromophores, two peaks are not always clearly seen. For a theoretical
analysis, the use of two identical chromophores and a C2 or lower symmetry
arrangement is particularly important for CD spectroscopy. This exciton coupling
method has been widely applied in order to determine the configuration and con-
formation of natural products and organic compounds. Although not necessarily
stated explicitly, there are several important points to consider when using this
method. These are: (1) The chromophores must retain independence. If the chro-
mophores are mutually conjugated, this often leads to an incorrect analysis; (2) It
is desirable to use chromophores which have intense absorption in the wave-
length region where the substrates do not absorb, and (3) It is desirable to use
chromophores whose direction of transition moment is established. From these
standpoints, para-dimethylaminobenzoic acid and 5-p-carboxyphenyl-10,15,20-
triphenylporphyrin have been widely used as chromophores. The former case has
strong absorption (ε = ca. 28,000–30,000) at ca. 310–320 nm, where natural prod-
ucts have almost no absorption. Para-dimethylaminobenzoic acid has a permanent
dipole along the axis connecting the dimethylamino and carboxyl groups, and the
transition moment at the longest wavelength band lies in this direction.9 In the case
of porphyrins, the Soret band lies at a longer wavelength at ca. 410–420 nm, and
its absorption coefficient reaches8,9 the order of ca. 5 or 6 × 105 so that this chro-
mophore can be used for further analysis of large substrates where dimethy-
laminobenzoic acid is of limited use.

Figure 3 illustrates an example of the exciton coupling of a 1,2-diol bis(4-
substituted benzoate). Here, one would like to know the configuration of the two
carbon atoms to which OH groups are linked. The important point to note is that
the direction of the transition moment at the longest wavelength (the line con-
necting the carboxyl C and the para position of the benzene ring) is almost paral-
lel to that of the C–O of C–OH. As shown in Figure 3(b), upon exciton coupling
between two benzoate chromophores, the excited state splits into two energy lev-
els, while the ground state remains as a single state. The energy gap of 2V in the
excited state is called the Davydov splitting. As a result, there are two electronic
transitions leading to two absorption bands. If the two transition moments are not
coplanar, the magnetic moment generated by the oscillating dipole 1 will be non-
orthogonal to dipole 2. Thus, excitations to the two split energy levels give rise to
the CD Cotton effect of mutually opposite signs (Figure 4) which are separated by
the energy gap ∆λ (= 2V, Davydov splitting). Summation of the component Cotton
effects results in a solid curve having two extrema. The maximum at longer
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wavelength is called the first Cotton effect, while that at shorter wavelength is
called the second Cotton effect. The amplitude of split Cotton effects is defined as
∆ε1–∆ε2, where ∆ε1 and ∆ε2 are the intensities of the first and second Cotton
effects. In the case of UV spectra, summation of two component spectra often
leads to a single broadened maximum because in many cases, the energy gap ∆λ
is relatively small compared to the bandwidth. Provided the electronic transition
dipole moments of the two chromophores constitute a clockwise screw sense (pos-
itive exiton chirality), as exemplified by the dibenzoate on the right hand side of
Figure 3a, the sign of the first CD Cotton effect (lower energy side) is positive and
that of the second Cotton effect (higher energy side) is negative (Figure 4, right).
When the two dipole moments make a counter-clockwise screw sense (negative
exciton chirality as shown on the left hand side of Figures 3a and 4), the signs
of the first and second Cotton effects are negative and positive, respectively. Since
the ∆λ is small, the resulting CD spectrum has a bisignate shape with respect
to the absorption maximum. The amplitude of a CD spectrum, which is defined
as the distance between the peak and trough of a split CD curve is (i) inversely
proportional to the square of the interchromophoric distance, (ii) proportional to
the absorption coefficient of their chromophores and (iii) dependent on the inter-
chromophoric projection angle with a maximum at approximately 70 degrees and
minima at 0 and 180 degrees.10
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Figure 3. (a) Exciton coupling between two identical chromophores (degenerate system), as
exemplified by the system of 1,2-diol bis(4-substituted benzoate); (b) by exciton coupling, the
excited states split into two energy levels; the energy gap 2Vij is called Davydov splitting
(redrawn from Ref. 7).
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III. Natural Heme and Synthetic Heme Systems

A. Natural Heme Systems

CD spectra of hemoproteins began to appear at the end of the 1960s, but interpre-
tation of the spectra has rarely been attempted. As an example, Figure 5 shows the
spectra of human hemoglobin.11 Although four hemes are included (in a strict
sense, heme means an iron porphyrins found in nature), there is almost no heme–
heme interaction, so that these can be regarded as representative monomeric heme
spectra. One observes large negative CD troughs at 222 and 208 nm in the
200–250 nm region, which have been assigned to n–π* and π–π* transitions in
an α-helix, and the helix content can be estimated therefrom. Although several
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Figure 4. Typical pattern of CD and electronic absorption spectra of exciton coupling
system. Summation of two component Cotton effects (dotted line) of opposite signs separated
by Davydov splitting (∆λ) yields CD and absorption curves of solid line; positive chirality gives
positive first and negative second CD Cotton effects, whereas negative chirality gives negative
first and positive second Cotton effects; the amplitude (A) is defined as: A = ∆ε1 – ∆ε2 where
∆ε1 and ∆ε2 are intensities of the first and second Cotton effects. (left) Counter-clockwise and
(right) clockwise of two identical exciton coupling chromophores leads to negative (left) and
positive (right) chirality (redrawn from Ref. 7).
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methods are reported to estimate the helix content from the negative CD inten-
sity, the estimated helix contents are in good agreement with the data from X-
ray analysis for myoglobin, lisozyme, ribonuclease, and chimotripcin.12

Greenfield and Fasman12 and others13,14 further suggested a method from which
the content of α-helix, β-sheet structure and random coil structure in unknown
samples can be estimated.12–15 However, the contribution of porphyrin chro-
mophores to the CD in this region is small, so not many porphyrin chemists are
interested in CD in this region.16 The CD of heme in the 250–300 nm region is
generally produced by aromatic amino acids.17 However, only a CD peak at ca.
260 nm commonly appears for hemoglobin,11 myoglobin,18 and cytochrome c,19

and its intensity varies depending on the spin and oxidation of the central iron.
Furthermore, this peak is observed in hemeoctapeptides20 not containing aro-
matic amino acids, S–S bonding, or SH groups so that it is believed to be a
heme-related CD peak.

The ca. 320–650 nm region has been assigned to the porphyrin chromophore.
As clearly shown in Figure 5, the shapes of the CD spectra resemble those of the
electronic absorption, and the sign is positive except in a small region at shorter
wavelengths than the Soret band. Although many hemoproteins show this kind of
CD pattern, only larvae cytochrome b-56321 and b-55522 from the housefly, Musca
domestica L. (Figure 6), cytochrome b2 from bakers’ yeast L-lactate dehydroge-
nase,23,24 indoleamine-2,3-dioxygenase,25,26 and lamprey hemoglobin27 give nega-
tive CD troughs corresponding to almost all the absorption peaks. In addition, a
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Figure 5. CD and electronic absorption spectra of native human hemoglobin. Oxygenated
hemoglobin (broken lines), deoxygenated hemoglobin (solid lines), and methemoglobin
(dotted lines) (redrawn from Ref. 11).
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dispersion type CD is observed for the Soret band of a cytochrome c28 and human
hemoglobin.27 These differences of CD Cotton effects were once conjectured to
reflect the difference of the functions of hemoproteins,21 but were insufficient to
allow generalization. Furthermore, some information or facts had been accumu-
lated on the Soret and visible region CD up to the mid-70s. For example, chang-
ing the oxidation state of the heme iron induces CD changes in both the aromatic
amino acid (200–250 nm) and porphyrin chromophore (ca. 320–650 nm)
regions.29 For this phenomenon, the change of the sixth ligand and the out-of-
plane shift of iron from the porphyrin plane were suggested as the origin.19 No
satisfactory explanation was given for the changes in intensity and shape in the
visible region CD peaks accompanying a change of the axial ligand. On the other
hand, the Soret CD of tetrameric hemoglobin could not be expressed as a summa-
tion CD of the constituting four subunits.30

Under such circumstances, Hsu and Woody were the first to attempt a theo-
retical analysis of the CD spectra of hemoproteins whose several structures were
analyzed by X-ray spectroscopy.31 Before calculation, they extracted rotational
data from experimental data. The Soret rotational strengths in metmyoglobin and
hemoglobin were estimated to be 0.5 and 0.2 Debye–Bohr magnetons (DBM,
1 DBM = 0.9273 × 10−38 cgs unit), respectively. They considered, with respect to the
shape, intensity, and sign of the Soret and visible CD spectra of X-ray-analyzed
myoglobin and hemoglobin, that the interaction between transitions in heme and
the excited states in the globin skeleton and side chains is responsible. On the basis
of Kirkwood’s theory32 as extended by Tinoco33, they then calculated the interaction
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Figure 6. CD spectra of larval ferri- (broken line) and ferrocytochrome b-563 (solid line)
from Musca domestica L. (redrawn from Ref. 21)
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between the Soret or Q transition and π–π* transitions of aromatic amino acids,
π–π* and n–π* transitions of polypeptides, and σ–σ* transitions of alkyl groups
located in the proximity of the heme, and obtained results which could be ration-
alized with the experimental data. According to these authors, the sign and inten-
sity of the Soret and Q band CD are determined by interaction between the
transitions in heme and the allowed π–π* transitions of aromatic amino acids. The
calculated myoglobin rotational strengths arising from interaction with allowed
π–π* transitions in aromatic side chains are 0.306 (Rx = 1.295, Ry = –0.989),
0.0146, –0.0050, and 0.1619 DBM for the Soret, Q, N, and L band respectively.
These are qualitatively in agreement with the experimental results. Here, the Q
band rotational strength was positive and about one order of magnitude smaller
than that of the Soret band. Among the aromatic residues, His(64,7E),
His(97,2FG), Phe(33,14B), Tyr(103,4G) and Tyr(146, 23H) give major contribu-
tions. His(64,7E) is the distal histidine that is close to the sixth ligand of the iron.
The fifth ligand, His(93,8F), gives only a small effect because its imidazole group
sits in a rather symmetrical position with respect to the heme, and the imidazole
plane is nearly perpendicular to the heme plane. Because of the closeness of the
proximal imidazole and heme, one might expect that the resultant Soret rotational
strength would be sensitive to the relative position of these two groups.
Accordingly, calculations were carried out with the imidazole plane rotated by
0–90 degrees and tilted by 1–10 degrees with respect to the heme plane. In all
cases, the calculated Rx and Ry are almost equal in magnitude and opposite in
sign. Hence, the proximal histidine was concluded not to play a major role in
induced Cotton effects of the heme proteins.

In a similar manner, calculations for horse hemoglobin show that the α and β
chains have contributions to the average rotational strength which are nearly equal
in magnitude and opposite in sign (α chain, 0.631 DBM; β chain, −0.634 DBM).31

Among the aromatic residues in the α chain, His-58, Phe-33, Phe-43, Phe-98, Try-
42, Try-140, and Trp-14 make the major contributions to the rotational strength.
For the β chain, the major contributions come from His-63, His-69, Phe-42, Phe-
41, Phe-71, Phe3-85, Phe-103, Tyr-130, and Trp-15. Again the proximal his-
tidines, His-87 of the α chain and His-92 of the β chain, give only small net
contributions to the Soret rotational strength. It was found that,31 because of the
strongly allowed transitions in the far-UV region, tyrosine and tryptophan at a
distance of 10–15 Å from the heme group give significant rotational strength to
the heme transitions. The calculated Soret rotational strength due to intersubunit
interactions was 0.1 DBM, as compared to the experimental 0.23 DBM for human
oxyhemoglobin.

In order to estimate the extent of coupling of the heme transitions with transi-
tions in the polypeptide backbone, the 220 nm (n–π*) and then the 190 nm (π–π*)
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bands of amides (about 120 in all) were considered.31 The net contribution to the
Soret rotational strength from these two types of coupling was negligibly small
(0.003 DBM). In calculating the coupling of heme transitions with transitions in
the alkyl side chains, 65 side chains in myoglobin were included. The intensity of
the σ–σ* transition in the C–C bond was fairly large, but the induced Soret rota-
tional strength through coupling with these transitions was at most only a few
hundredths of a DBM, partly because of the large energy separation between the
Soret and σ–σ* transitions (∼280 nm). The total contribution to the myoglobin
Soret rotational strength from the σ–σ* transitions of the 65 alkyl side chains was
only 0.04 DBM.

Later, similar results were obtained for the CD band of hemoglobin III from
Chironomus34 and cytochome c peroxidase from baker’s yeast (Saccharomyces
cerevisiae).35 A small negative Cotton effect seen at shorter wavelengths in the
Soret band of Figure 5 was reproduced by taking the direction of the transition of
the Soret band into account (experimental data were reproduced when the two
Soret components are polarized towards the bridging methine carbons31). When
calculations were performed assuming that the vinyl groups at the 2 and 4 posi-
tions of protoporphyrin IX were rotated by 45°,36 the contribution of negative CD
was revealed in the Soret band region. In particular, the effect of the two vinyl
groups was so marked that the CD sign and intensity produced by interaction
between the heme transition and π–π* transitions of the aromatic amino acids may
be canceled when two vinyl groups are rotated in a similar direction.

Figure 7a shows the CD spectrum of a undecapeptide–CO complex purified
from horse heart cyctochome c.37 This compound contains only a heme and an
eleven amino acid peptide (Val-Glu-Lys-Cys-Ala-Gln-Cys-His-Thr-Val-Glu), and
has been considered to be the simplest heme model compound (a heme is linked
to two Cys units). With increasing concentration, it aggregates in a head-to-tail
fashion, and the intermolecular distances are estimated to be 10 and 13 Å, respec-
tively, when the iron is in trivalent and divalent states (in the case of heme
octapeptides where a Val-Glu-Lys unit was removed from heme undecapeptide,38

they form a card-type aggregate and the interplanar distance is considered to be
less than 7 Å39). In the spectra, the solid line shows the aggregated state, and can
be explained by an exciton coupling interaction. The minus-to-plus pattern of
almost similar intensity from longer wavelengths associated with the Soret peak
indicates that the molecules are aggregated in a left-handed manner.1,7 Figure 7b
shows the CD spectra of monomeric ferric (solid line) and ferrous hemes (broken
line) coordinated by an imidazole molecule as a fifth ligand. Although the spectra
are similar in shape to those of Figure 5, theoretical calculations were carried out
incorporating various factors,37 since the intensity was much larger than that
seen in Figure 5. The Soret CD intensity was estimated taking into account the
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deformation of the heme plane from the X-ray data,40 in addition to the π–π* tran-
sition of imidazole, π–π* and n–π* of peptides, and polarization of the bonding.
As a consequence, it was found that the n–π* of peptides can be neglected and that
the contribution of the π–π* of imidazole was also small. That is, when imidazole
was coordinated as an axial ligand, the intensity did not change whether one or
two imidazole molecules were coordinated. The π–π* transition of peptides and
the polarization effect of the sulfur of thioether were found to produce large posi-
tive and negative CDs respectively. The polarization effect of the group depended
on the models used, and the experimental data could only be reproduced when the
symmetry axis was situated approximately along the C=O bond. In addition, it was
concluded that the asymmetry of the ligand fields give little contribution.

In recent years, the CD of reconstituted hemoproteins has attracted atten-
tion.41–46 When heme is inserted into apoprotein, the most stable orientation equi-
librium is not always attained immediately, sometimes taking a few minutes to
several weeks to complete. If the porphyrin is deformed and if the front and back
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Figure 7. (a) CD spectrum of the CO complex of reduced heme undecapeptide at two
different concentrations, 6.2 × 10−3 M (solid line) and 1.5 × 10−6 M (broken line), at pH 7.4.
(b) CD spectrum of the heme undecapeptide (concentration = 7.3 × 10−5 M) from equine
heart cytochrome c in the presence of 0.1 M imidazole in aqueous solution, ferric (solid line,
pH 9) and ferrous (broken line, pH 8.4) state (redrawn from Ref. 37).
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sides can be discriminated, the process can be followed as a change in the CD
spectra. Since the same process can also be monitored by NMR, the ratio of front
and back sides can be estimated by comparing the CD and NMR spectra. When
naturally occurring hemes are used, the CD spectrum approaches that of natural
hemoproteins with elapsing time, but occurs almost instantaneously (millisec-
onds) in the case where synthetic porphyrins having a plane of symmetry are
used.45,46 The latter case is considered to be produced as a result of the front and
back sides being identical.

As an example, Figure 8 (top) shows the Soret CD spectra of native and recon-
stituted sperm whale myoglobin in the carbonmonoxy form at pH 7.4,42 and the
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Figure 8. CD spectra of carbomonoxymyoglobin in 0.1 M sodium phosphate buffer (top),
and correlation of CD signal with percentage isomer composition (bottom) (redrawn from
Refs. 42 and 44).
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correlation of CD intensity with isomer composition determined from the 1H NMR
spectra (Figure 8b), major and minor refers to native and disordered forms, respec-
tively).46 By extrapolation of the results in Figure 8 (bottom), the CD intensities of
the pure native and pure disordered orientations were predicted, so that using these
values, the native orientation in sperm whale myoglobin at equilibrium was found
to be predominant (90%) with 10% of the disordered form still persisting.

Reports on the CD spectra of hemoproteins in the near-IR region are very rare.
Iron(II) cytochome c shows very broad, weak absorptions between 600 and
1000 nm, and the corresponding CD spectra have been reported (Figure 9).47 In
this hemoprotein, the fifth and sixth coordination sites are occupied by methionyl
sulfur and histidyl nitrogen. The anisotropy factor (four times the CD intensity
divided by the absorption intensity,48 i.e. 4R/D) is about 0.002, which is larger than
those of typical magnetic dipole-forbidden π–π transitions by about one order of
magnitude. This relatively much larger anisotropy factor for the near-IR band,
compared to the porphyrin π–π transitions, permitted the authors to identify some
of the near-IR bands as due to magnetic dipole allowed d–d transitions. The low
absorption intensity compared with the porphyrin π–π transition was also consis-
tent with this conclusion. Both the absorption and CD spectra were simultaneously
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Figure 9. Absorption and CD spectra of horse heart ferrocytochrome c with resolution into
Gaussian bands using a least-square method. Circles are the experimental points, dashed lines
are the Gaussian components, and the solid lines are the Gaussians (the fit) (redrawn from
Ref. 47).
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fitted on the assumption that the corresponding band has a similar energy and
bandwidth. Three components were required in the absorption spectra (bands I
to III in order of ascending energy), while two CD components were included
associated with band I. These fits were analyzed using the lowest excited singlet
states in Figure 10.49,50 In this magnetic dipole radiation field (600–1000 nm), only
in-plane polarized electric dipole intensity can contribute to the rotational strength
of d–d transitions, since for a transition to be optically active, electric and mag-
netic transition dipole vectors must be parallel or antiparallel.1 As shown in Figure
10, the lowest and second lowest ligand–field transitions are polarized along the
x, y (in-plane) and z-axes, respectively. The lowest transition can therefore borrow
intensity from the nearby intense in-plane polarized, electric dipole-allowed π–π
transitions. As a result, the CD intensity in the lowest transition region was
expected to be larger than the other region. Indeed, between 900 and 1000 nm, the
anisotropy factor was estimated to be 0.013, which is more than 6 times larger than
in the other region, so that band I was assigned to 1A1g → 1Eg.

47 The two CD com-
ponents in this region were then presumed to be the components of the doubly
degenerate 1Eg states.

In Ref. 50, an 1A2u charge-transfer state was predicted by the authors to lie
close to 1Eg. This charge-transfer state arises by promotion of an electron from the
top-filled porphyrin π-orbital to an empty iron dz2 orbital. Therefore, this transition
is polarized normal to the porphyrin plane (z-axis). Taking into account that this
CT transition is predicted at 17,000 cm−1,49 either band II (14,400 cm−1, ca. 795
nm) or III (15,800 cm−1, ca. 633 nm) can be assigned to this CT band. Thus, the
use of CD spectroscopy coupled with electronic absorption spectroscopy enabled
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Figure 10. Singlet states of a low-spin d 8 iron in a tetragonal crystal field with first-order
energies relative to the ground state. Also indicated are the magnetic dipole allowed transi-
tions from the ground state which are allowed in octahedral symmetry (redrawn from Ref. 47).
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the analysis of d–d transitions. Although for low-spin iron(II) carboxymyoglobin,
the lowest energy d–d transitions and z-polarized CT transitions of similar energy
were found at 16,000 and 19,000 cm−1, which are higher than the observed 14,400
and 15,800 cm−1 for ferrous cytochrome c, this was attributed to a weaker ligand-
field for the latter. These differences are further attributed to differences in the fifth
and sixth ligands, which in carboxymyoglobin are hystidyl nitrogen and carbon
monoxide.

The near-IR CD of bovine liver catalase (Figure 11) has also been measured.51

Native Fe(III) catalase shows a very intense near-IR CD peak at 880 nm with [θ] =
30,000 and a shoulder at 970 nm. When an extraneous ligand was added, the
magnitude of the CD bands decreased in the order of native > azide > cyanide.50

Fe(III) catalase is known to have a high-spin character compared with other
hemeproteins, since one of the axial ligands is phenolate, different from the imi-
dazole of most hemoproteins.52 Indeed, the effective Bohr magneton numbers for
native catalase and its azide and cyanide analogs are 5.96, 5.86, and 2.63, respec-
tively,53 indicating that both the native and azide forms are ferric high-spin and
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Figure 11. Near-IR MCD, CD and absorption spectra for native Fe(III) bovine liver catalase
(solid lines), and its azide (dotted broken lines), cyanide (broken lines), and imidazole (dotted
lines) derivatives (redrawn from Ref. 51).
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that cyanide is a ferric low-spin compound. MCD spectra in this region showed
dispersion type Faraday A terms except for cyanide, and at a shorter wavelength
than for other ferric hemoproteins. From these spectroscopic results,54–57 the near-
IR band has been assigned to a charge-transfer transition from porphyrin a1u, a2u

(π) to iron eg (dπ) orbitals. However, the reason for the extraordinarily strong CD
has not yet been elucidated.

Although high-spin ferrous myoglobin shows positive CD bands at ca. 1330,
970, and 760 nm with low anisotropy factors of 0.01, 0.001, and 0.0001, respec-
tively, favoring the assignments as charge-transfer transitions or magnetically for-
bidden d–d transitions, no definitive assignment has yet been performed.58

However, from the energy of transitions in the CD spectra, the bands at 1330 and
760 nm have been tentatively assigned to a d–d and some charge-transfer transi-
tion, respectively.

A few reports of the vibrational CD (VCD) spectra for hemoproteins or recon-
stituted hemoproteins have been reported in the literature.59–61 VCD spectra of the
asymmetric stretch of azide ligated to the heme of a series of evolutionally diverse
and site-directed mutant hemoglobin and myoglobin (Mb) were anomalously
intense in most cases examined. These papers also demonstrated its intriguing sen-
sitivity to subtle protein-ligand interactions between the azide ligand and distal
globin amino acid residues based on the observation of a drastic decrease in the
VCD intensity of the azide stretching in a variety of metMb whose distal histidine
was replaced by other amino acids. Figure 12 shows the IR and VCD spectra of
several myoglobin and hemoglobin species. In the absorption spectra, some
species show bands at ca. 2044 and 2022 cm−1, the former of which was assigned
as derived from the ionically bound high-spin azide form and second as derived
from the covalently bound low-spin azide form. Interestingly, the only species
which have large anisotropy ratios (−8.0 to −9.5 × 10−4) showed a negative VCD
sign corresponding to the low-spin band.59 The authors considered several factors
in trying to find the origin of the heme-azide VCD spectra. For negative
anisotropy values, the electric and magnetic dipole transition moments must
orient in roughly opposite directions such that their scalar vector projection on one
another is negative, while the magnetic dipole transition moment must be unusu-
ally large in relation to the accompanying electric dipole transition moment. As the
most likely source of the large circulating electron current for the magnetic dipole
transition, the authors further considered the heme-ring with a large number of π-
electrons (ca. 20). The observed anisotropy values of ca. 10−3 in the VCD spec-
trum demonstrate that the lone azide oscillator generates a large magnetic dipole
transition moment. Long-range electron flow, the coupling of electric current to
the nuclear moment of the azide ligand, a polarizability mechanism and vibronic
coupling have all been suggested as possible mechanisms for this.
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In order to clarify the VCD mechanism of the azide ligand, Teraoka et al. then
investigated the VCD spectra of metMb with a variety of extraneous ligands
(SCN−, OCN−, CN−, and CO), in addition to a reconstituted azidometMb with
ironoctaethylporphyrin (FeOEP) (Figure 13a).60 No VCD band was observed for
the reconstituted azidometMb, although the dipole strength was as great as that
of native metMb with an iron-protoporphyrin IX and both 2024 (low-spin) and
2042 cm−1 (high-spin) absorption bands appeared (Figure 13b). From this obser-
vation, it was proposed that the asymmetry of the porphyrin ring may be an impor-
tant factor for the strong VCD signal. The metMb cyanide complex exhibited an
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Figure 12. IR absorption and VCD spectra of the following: (A) 11.5 mM horse metMbN3,
and 7.1 mM mutant (Asn E11) human metMbN3 with 2.7 mM unbound N3−; (B) 6.0 mM ele-
phant MbN3; (C) 8.0 mM human HbN3; (D) 6.0 mM CTT III HbN3, pH 7 with 0.01M phos-
phate buffer (redrawn from Ref. 59).
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extraordinarily strong positive VCD band (Figure 13c), i.e. in the opposite sense
to the case of the azide complex, corresponding to the CN stretching vibration,
while no VCD band was observed for metMb with SCN−, OCN−, or CO axial lig-
ands. The anisotropy value of the VCD band of metMb cyanide was 2.8 × 10−3,
which is almost four times stronger than that of metMb azide and opposite in sign.
They concluded that the relative orientation of the electric and magnetic dipole
moments induced by the stretching of a ligand is approximately parallel for the
cyanide but antiparallel for the azide in the ferric low-spin state.

B. Synthetic Heme Systems

In this section, only systems designed to mimic heme systems or systems con-
taining both porphyrin and polypeptides are described. Ikeda and Nezu reported
the absorption and CD spectra for aqueous solutions of a water-soluble porphyrin,62,63

meso-tetra(4N-methylpyridinium)porphyrin tosylate (TMpyP tosylate), in the
presence of poly(L-glutamic acid) or poly(S-carboxymethyl-L-cystein) at differ-
ent pH values. At neutral and alkaline pH, where poly(L-glutamic acid) is
randomly coiled, essentially no CD was induced in the Soret region over a wide
range of [polypeptide]/[TMpyP] ratios. At acidic pH, where poly(L-glutamic acid)
is helical, a positive CD band and a negative CD band were induced at 415 and
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Figure 13. Absorption and VCD spectra of (A) 2.3 mM of metMb(OEP)N3 reconstituted with
iron-octaethylporphyrin at pH 7.0 (B) 2.3 mM metMbN3 and (C) 13.5 mM (KCN) metMbCN
at ph 7.0 (redrawn from Ref. 60).
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Figure 14. CD spectra of TMpyP mixed with poly(L-glutamic acid) at pH 4.4 (poly(L-
glutamic acid) makes α-helix at pH smaller than ca. 6). [TMpyP] = 1.00 × 10−5 M, [poly(L-
glutamic acid)]/[TMpyP]: a, 1.0; b, 5.0; c, 10.0; d, 50.0 (redrawn from Ref. 63).

Figure 15. Absorption and CD spectra of TMpyP aqueous solutions in the presence of poly(S-
carboxymethyl-L-cyctein) at [poly(S-carboxymehtyl-L-cystein)]/[TMpyP] = 100. [TMpyP] =
1.00 × 10−5 M. a, pH7.41; b, pH 4.49 (redrawn from Ref. 63). Poly(S-carboxymehtyl-L-cystein)
exists as random coil and β-sheet structures at pH 7.41 and 4.49, respectively.

442 nm, respectively if the [polypeptide]/[TMpyP] ratio was high, but this induced
CD became considerably weaker as the [polypeptide]/[TMpyP] ratio was lowered
(Figure 14). In the presence of poly(S-carboxymethyl-L-cyctein), the absorption
spectra differ considerably depending on the pH (Figure 15).63 At neutral and
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alkaline pH, where the polypeptide exists as a random coil structure, the absorp-
tion spectrum was typically that of normal porhyrins. At pH 5.5, where the poly-
mer exists as a β-sheet structure, the Soret band shifted to longer wavelength and
the Q band concomitantly increased. Although no CD was induced when the pep-
tide had a coil structure, a weak and broad CD was induced when the peptide
adopted the β-sheet structure, but strangely only in the Q band region. Although
the absorption and CD spectral behavior of TMpyP in the presence of polypeptide
was thus described phenomonologically, no explanation has been given by way of
interpretation.

Fukushima studied the effect of NaCl on the absorption and CD spectra of a
system comprising poly(Glu-Val-Lys-Val) (molecular weight, ca. 14,000) and
diprotonated tetrakis(4-sulphonatophenyl)porphyrin (TPPS) in aqueous solution.64

Experiments were carried out mainly at pH 4, where poly(Glu-Val-Lys-Val) exists
in a β-sheet structure and the central two pyrrole imine nitrogens of TPPS are
diprotonated. In the absence of poly(Glu-Val-Lys-Val), diprotonated TPPS shows
a Soret band at 434 nm ascribed to monomeric species. As a result of the addition
of poly(Glu-Val-Lys-Val) or NaCl, a new peak due to aggregates appears at around
489 nm. Interesting CD behavior was observed when [poly(Glu-Val-Lys-Val)]/
[TPPS]= 1:5 (Figure 16), depending on the NaCl concentration. As seen in curves
a–c in Figure 16, when the NaCl concentration was typically less than 250 mM,
the sign of the CD curve changed from minus to plus in ascending energy corre-
sponding to both the 434 and 489 nm absorption bands, thus suggesting that the
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Figure 16. CD spectra of 6.67 × 10−5 M TPPS (5,10,15,20-tetrakis(4-sulfonatophenyl)por-
phyrin) in aqueous solution at pH 4.0 and [poly(Glu-Val-Lys-Val)]/[TPPS]=2 in the presence
of poly(Glu-Val-Lys-Val) at different NaCl concentrations. [NaCl]: a, 0 mM; b, 100 mM;
c, 250 mM; d, 500; e, 1000 mM (redrawn from Ref. 64).

b867_Vol-07_Ch-33.qxd  6/11/2010  3:07 PM  Page 167



aggregates adopt an S-chiral conformation. Although a dispersion type CD curve
was observed in the 434 nm region where the author assigned a monomeric TPPS
Soret band, this was ascribed to two different monomeric species bound consecu-
tively to different sites located on the polypeptide. When the NaCl concentration
was increased to 500 and 1000 mM (curves d and e), the CD sign corresponding
to the 489 nm absorption band changed from plus to minus in ascending energy.
The author, therefore, concluded that the helicity of the aggregates changed from
S to R with increasing NaCl concentration. Since the ellipticity at 217 nm for the
polypeptide was unchanged with increase of the NaCl concentration, the above
CD change upon increase of NaCl concentration was thought to be unrelated to
any polypeptide conformational change. Thus, it was presumed that an increase in
the ionic strength induced a chiral conformational transition due to the prevention
of electrostatic interaction between TPPS and the polypeptide. By conducting
experiments under various conditions, the author claimed that four types of aggre-
gate were obtained. However, it was difficult to carry out quantitative analysis,
since the conformation between the porphyrin and polypeptide is unknown.

The CD and absorption spectra of synthetic peptide-sandwiched mesoheme
have been reported by several groups. Benson and coworkers prepared com-
pound 1 (Figure 17, top) using iron(III) mesoporphyrin IX,65 and 2 (Figure 17,
middle) using iron(III) mesoporphyrin II.66 A theoretical analysis of the CD data
has not been attempted. However, interestingly, compound 1 showing a negative
CD ([θ] = −80,000) corresponding to the Soret absorption band in water exhibited
reduced intensity with increasing helix content as a result of the addition of
the helix-stabilizing cosolvent (1,1,1,3,3,3-hexafluoro-2-propanol) to ca. [θ] =
−15,000.65 For this phenomenon, they inferred that a greater alignment of the pep-
tide backbone amides alters the average orientation of the transition dipoles of the
amides relative to the Bx and By transitions of the heme. In contrast, compound 2
showed a positive CD in helix-stabilizing co-solvent.66

Pavone and coworkers67,68 prepared hemoprotein model compounds containing
iron or cobalt 3,7,12,17-tetramethylporphyrin (deuteroporphyrin IX) (Figure 17,
bottom). In the case of the cobalt(III) complex, they succeeded in separating two
equally abundant ∆ and Λ complexes using HPLC.68 These isomers showed either
a negative (∆ isomer) or positive (Λ isomer) CD envelope corresponding to the
Soret absorption peaks (Figure 18). Interestingly, the absolute CD intensity was
different, i.e. a negative trough of the ∆ isomer was about twice as large as the pos-
itive peak of the Λ isomer. By using the CD intensity at 222 nm assigned to an α-
helix, it was revealed that helix content in the ∆ isomer is always larger than that
in the Λ isomer under similar conditions.

Sakamoto and coworkers designed and synthesized a series of amphiphilic
two α-helix peptides, which bound iron(III) mesoporphyrin IX through a ligation
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of two histidine (His) residues.69 These peptides contain 17 amino acid residues.
Hydrophobic Phe, Ile, Leu, Val, and Ala residues (Figure 19) were systematically
substituted into the peptide structure around the axial ligands in order to explore
how hydrophobic and/or steric effects alter the interaction between the peptides
and the heme. In Figure 19, eight positions designated by X and Y were substi-
tuted. Figure 20 shows the CD spectra in the 190–250 nm region in the absence
(broken lines) and presence (solid lines) of the heme. CD curves with an intense
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Figure 17. Peptide-sandwiched mesohemes reported by Benson et al. (left and middle) and
monochrome reported by Pavone et al. (right) (redrawn from Refs. 65, 66 and 67). The mean-
ing of A, K, E, H are not explicitly described even in original papers, although they are amino
acid residues.
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positive peak at 190 nm and weaker negative troughs at 209 and 222 nm, such as
( j) in this figure, indicate that the peptides are forming an α-helix. In many cases
(a, b, c, e, f, j, k, and f ), the peptide exists as an α-helix, but in the presence of the
heme the CD intensity often increased, indicating an increase in the α-helicity.
This was attributed to a ligation of the peptides to iron through the His residue.
Namely, in acidic pH where the His residue was protonated and therefore the lig-
ation was disabled, this kind of increase was not observed. In cases d, g, h and l
of Figure 20, the helix content in some peptides, particularly those containing
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Figure 18. Schematic representation of the ∆ and ∆ isomer configuration of the cobalt(III)
complex of Pavones’ mesoheme (Fig. 17, bottom), and their CD spectra in the Soret region at
various trifluoroethanol concentration (0–30%) (redrawn from Ref. 68). The fifth and sixth
positions are coordinated by histidinyl imidazole.
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valine, appeared very low in the absence of the heme. However, even in these
cases, α-helix was generated by the addition of the heme except for case g (β-sheet
structure in both absence and presence of the heme).

Figure 21 shows the CD spectra in the Soret region, which were collected
under similar conditions as in Figure 20. The heme bound to the Ile- and Val-
containing peptides, except for H2a17-VV, showed a strong induced CD peak in
the Soret region, which was split into a negative peak at longer wavelengths and
a positive peak at shorter wavelengths (d–f, h, l). The crossover wavelengths were
coincident with those of the maximum position of the Soret peak, and the intensi-
ties of both positive and negative peaks were almost equal, indicating that the
induced Soret CD was derived from exciton coupling with heme-heme interactions.
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Figure 19. Structure of the designed peptide, H2α17-XY (a) Amino acid sequence of
H2α17-XY; (b) Schematic illustration of two-α-helix peptide structure bound to the heme and
helix wheel and net drawings of the 17-peptide (redrawn from Ref. 69).
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The split Cotton effect indicated that the heme groups were highly oriented in
close positions in the self-assembled peptides. Among the Ile- Val-containing pep-
tides, the most hydrophobic H2a17-IL showed the largest Soret CD peaks. On the
other hand, the most hydrophilic H2a17-LV showed the smallest Soret CD peaks.
These results were taken to imply that the mutual orientation and distance of heme
molecules in the assembled peptides varied depending on the hydrophobicity
and/or arrangement of hydrophobic residues around the heme.

The CD spectrum of heme bound to H2a17-FL was characterized by a nega-
tive peak at longer wavelengths and a weak positive peak at shorter wavelengths
(b). These data suggest that two hemes are left-handed in (d–f, h, l). The CD spec-
tra of the heme in the presence of H2a17-VV, -AA, -AL, and -LA (g, j–l) showed a
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Figure 20. CD spectra of H2α17-FF (a), -FL (b), -LF (c), -II (d), -IL (e), -LI (f ), -VV (g), -VL (h),
-LV (i), -AA (j), -AL (k), and -LA (l) in the absence (broken lines) and presence (solid lines) of
heme (redrawn from Ref. 69).
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small or no induced CD in the Soret region, suggesting that the peptide could not
bind the heme effectively.

IV. Chlorophyll, Bacteriochlorophyll, Chlorin,
and Bacteriochlorin Systems

A. Natural Chlorophyll and Bacteriochlorophyll Monomer
and Dimer Systems

1. Chlorophyll a and Bacteriochlorophyll a and Their Derivatives

Of the few existing reports on the CD of chlorophylls,70–73 that by Housser and
Sauer is the most detailed.73 The CD, MCD, and absorption spectra of chlorophyll
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Figure 21. The Soret CD spectra of heme in the presence of H2α17-FF (a), -FL (b), -LF (c),
-II (d), -IL (e), -LI (f ), -VV (g), -VL (h), -LV (i), -AA (j), -AL (k), and -LA (l) in the absence (bro-
ken lines) and presence (solid lines) of heme (redrawn from Ref. 69).
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a (Chl a), pheophytin a (Pheo a, the metal-free complex of Chl a), pyrochloro-
phyll a (pyroChl a, the compound obtained by removal of the C-10 carbomethoxy
group from Chl a), pyropheophytin a, (pyroPheo a, the metal-free compound of
pyroChl a), and as protochlorophyll pigments, photochlorophyll a (PChl a), and
4-vinylprotochlorophyll a (VPChl a) were reported together with those of some of
their dimers in Ref. 73. (Figure 22 contains the structures of protochlorophyll a
and Chl a73). Before their analysis, it was known, as an empirical interpretation,
that the effects of alternation in the asymmetry of the substitution at carbon atoms
C-10 (in the cyclopentanone ring V) and C-7 and C-8 (of ring IV) are found to be
directly related to the signs and amplitudes of the CD bands.71,72 For example,
from their optical activity data, Wolf et al.71 succeeded in confirming that the 10-
carbomethoxy group present in methyl pheophorbide a is in the trans configura-
tion relative to the propionic acid side chain on C-7.

Figure 23 shows the CD, MCD and absorption spectra of Chl a and pyroChl
a, while Figure 24 shows the spectra of Pheo a and pyroPheo a (note these are
metal-free compounds of Chl a and pyroChl a in Figure 23). Note that in each fig-
ure, in the pyro compounds, the 10-carbomethoxy group is eliminated from Chl a
or Pheo a. The optical spectra of PChl a (Figure 25) and its demetalated species,
protopheophytin a (PPheo a, Figure 26) are quite different from those of Figures 23
and 24, since the pyrrole ring IV in the proto compounds is unsaturated, which is
different from the compounds in Figures 23 and 24 (see Figure 22). Several gen-
eral observations can be made from an examination of these spectra. In some
cases, a strong MCD band is observed to correspond to a weak or non-existent CD
band, e.g. the Qx(00) bands of Chl a and pyroChl a in Figure 23 and of Pheo a in
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Figure 22. Molecular structures of protochlorophyll a and chlorophyll a, showing the absolute
configuration of the asymmetrically placed ring substituents reported for chlorophyll a.
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Figure 24. As seen in Figures 23 and 24, the almost degenerate B bands (Soret
bands) are more clearly resolved in the MCD compared to the CD spectra. On the
other hand, the longest wavelength component in the Soret region appears in the
CD but not in the MCD spectra of PChl a (Figure 25) and PPheo a (Figure 26).
Optical activity data of the chlorophyll a and protochlorophyll a pigments in ether
are summarized in Table 1.73

The CD spectra of the group of compounds show some distinct correlations
with molecular structure, particularly for the Q band. The relevant data are sum-
marized in Table 2.73 Since CD is sensitive to slight conformational changes,1–7,9,10

one has to be aware of the structural differences in the species studied. Chl a con-
tains substituents asymmetrically placed at ring carbons C-7, C-8, and C-10. PChl
a has only the C-10 substituent asymmetry, and pyroChl a has only the C-7 and
C-8 asymmetries, by virtue of the loss of the C-10 carboxymethyl substituent and
its replacement by a proton upon pyrolysis. As seen in Figures 23 and 24, Chl a
and pyroChl a show negative and positive CD corresponding to the Q and Soret
bands, respectively, while their metal-free derivatives, Pheo a and pyroPheo a
exhibit positive, negative, and positive CD corresponding to the Qy(00), Qx(00),
and Soret bands, respectively. In addition, as is discernible from a comparison
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Figure 23. CD (broken lines) and MCD (solid lines) (upper and middle curves) and absorp-
tion (lower curve) spectra of Chl a and pyroChl a in ether. In absorption spectra, solid and
broken line are for Chl a and pyroChl a, respectively (redrawn from Ref. 73).
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between Chl a and pyroChl a (Figure 23) and between Pheo a and pyroPheo a
(Figure 24), the loss of asymmetry at the C-10 carbon atom commonly produces
an increase in the CD intensities of the chlorophyll pigments. From the MCD
spectra in Figures 25 and 26, the splitting of the Qy and Qx components is smaller
for PChl a and PPheo a than for the species in Figures 23 and 24, due to the unsat-
uration of ring IV. Corresponding to the split Q components, the CD sign of PChl
a (Figure 25) changes from positive to negative in ascending energy, while
negative CD was observed for the Q band of Chl a and PChl a at the longest
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Figure 24. CD (broken lines) and MCD (solid lines) (upper and middle curves) and absorp-
tion (lower curve) spectra of Pheo a and pyroPheo a in ether. In absorption spectra, solid and
broken line are for Chl a and pyroChl a, respectively. These are the metal-free compounds of
the compounds in Figure 23 (redrawn from Ref. 73).
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wavelength. An analysis of the behavior for PPheo a was more difficult since its
CD was much smaller in magnitude (Figure 26). From the MCD sign, which is
positive and negative at 640 and 593 nm, respectively, the longest wavelength
band was assigned as a Qx component, which is different from other derivatives.
A negative CD trough was observed corresponding to the Qx band.

The authors calculated the anisotropy factors using a point dipole to repre-
sent the electric transition moments, and compared these with experimentally
obtained values (Table 3).73 Although the calculated values were smaller than the
experimental quantities by at least an order of magnitude, the sign was repro-
duced. It was found that the contribution to the CD of the carboxymethyl sub-
stituent at carbon atom C-10 of the cyclopentenone ring V is of an opposite sign
compared to the C-7 and C-8 substituents of ring V. For the C-10 substituent, the
CD contributions were positive in the y-polarization direction and negative in the
x-polarization direction, while the reverse was true for the C-7 and C-8 sub-
stituents (x polarization through rings II–IV). It was also suggested that the sub-
stituents at C-10 and at C-7 and C-8 are probably the only ones responsible for
the visible CD.
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Figure 25. CD (broken line) and MCD (solid line) (upper) and absorption (lower) spectra of
PChl a in ether. (redrawn from Ref. 73). As seen in Figure 22, in PChl a, the pyrrole ring IV is
unsaturated different from Chl. a whose ring IV is saturated.
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The formation of aggregates gives rise to important modifications in the absorp-
tion and optical activity compared to the corresponding monomers. Figures 27–29
show the spectra of the dimer species in CCl4. The Chl a (Figure 27), pyroChl a
(Figure 28), and PChl a (Figure 29) spectra are characterized by the appearance of
split components in the Q and B monomer absorption bands upon formation of the
dimers, concomitant with hypochromicity of the dimer absorption compared with
the monomer. The Qy bands of Chl a and pyroChl a clearly show absorption
shoulders on the long-wavelength side, and the maxima are shifted slightly to the
red. In the Soret region, the bandwidths become larger and the maxima are also
shifted slightly to longer wavelength. On the other hand, the Q and B transitions
of the aggregated PChl a are shifted to shorter wavelength compared to the
monomer. The Q transitions for PChl a (Figure 29) do not show any clear splitting
in the absorption, but the bandwidth is slightly increased. The B transition, how-
ever, showed a very distinct separation of components for the aggregate (436 and
455 nm, respectively).

The CD spectra of the dimers provide clear evidence of additional splitting. In
the case of Chl a and pyroChl a (Figures 27 and 28), the Qy bands exhibit positive
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Figure 26. CD (broken line) and MCD (solid line) (upper) and absorption (lower) spectra
of PPheo a in ether (redrawn from ref. 73). PPheo a is the metal-free compound of PChl a in
Fig. 22.

b867_Vol-07_Ch-33.qxd  6/11/2010  3:07 PM  Page 178



33/Optically Active Porphyrin Systems Analyzed by Circular Dichroism 179

Table 1. Optical activity of the chlorophyll and protochlorophyll pigments in ether (from Ref. 73).

Absorption spectra
(εmax × 10−3) Optical activity (∆ε (λmax))

λmax, nm (mole/l)−1 cm−1 Assignments CD MCD

Chi a

661 86.3 Qy(0–0) −13.8(657 nm) +160(662 nm)
615 12.6 Qy(1–0) −60.5(618 nm)
575 6.8 Qx(0–0) −130(575 nm)
530 3.4 Qx(1–0)

Bx(0–0) +11.0(428 nm) +355(434.5 nm)
428 113

By(0–0) −177(420 nm)

PyroChl a

661 80 Qy(0–0) −21(657 nm) +156(660 nm)
615 13.9 Qy(1–0) −78(615 nm)
578 8 Qx(0–0) −135(578 nm)
530 4.5 Qx(1–0)

Bx(0–0) +14.7(428 nm) +333(433 nm)
428 123

By(0–0) −194(420 nm)

Pheo a

667 61 Qy(0–0) −79(665 nm) +48(668 nm)
609 9.15 Qy(1–0) −4.9(610 nm)
561 3.75 Qy(2–0)
533 12 Qx(0–0) +0.86(535 nm) −165(532 nm)
506 13.8 Qx(1–0)
470 5.85 Qx(2–0)

Bx(0–0) +20.3(410 nm) +190(418 nm)
408 123

By(0–0) −105(390 nm)

PyroPheo a

667 49 Qy(0–0) −10.5(665 nm) +37(668 nm)
609 7.8 Qy(1–0) −6.5(610 nm)
561 3.95 Qy(2–0)
535 9.9 Qz(0–0) −3.7(537 nm) −119(534 nm)
507 12.1 Qx(1–0)
470 7.45 Qx(2–0)

Bx(0–0) +17.25(410 nm) +149(418 nm)
408 109

By(0–0) −80(388 nm)

PChl a

622 22 Qy(0–0) +3.0(624 nm) +130(622 nm)
602 5.35 Qx(0–0) −3.75(600 nm) −188(601 nm)
570 8.05 Qy(1–0) +22.5(568 nm)
556(sh) 5.05 Qx(1–0)? +19.4(557 nm)
533 3.75 Qy(2–0)? +8.15(535 nm)
438 137 Bx(0–0) −7.55(438 nm)

432 182 By(0–0) +25(432 nm)
+91(432 nm)
−65(423 nm)

(Continued )

{

{

{

{

{

b867_Vol-07_Ch-33.qxd  6/11/2010  3:07 PM  Page 179



CD corresponding to the shoulders in the absorption bands (677 and 680 nm,
respectively), cross zero near the absorption peaks (664 and 670 nm), and show
negative CD bands on their short wavelength sides (659 and 661 nm). For the B
transition, the behavior is reversed, with the negative CD band being on the
long wavelength side. In the case of PChl a, the longest wavelength component
(628 nm) is negative, while it is positive for Chl a and for pyroChl a. In the region
of overlap between the x and y components, the effects add together, which may
be the reason for the very intense negative CD band centered at 443.5 nm.

In order to interprete the CD spectra in Figures 23–29, the bands must first be
properly assigned. For this, the knowledge of MCD and theoretical treatment of
Kirkwood32 was utilized. Thus, the long wavelength transition was assigned as y-
polarized for all compounds except PPheo a in Figure 26 (x-polarized). Implicit in
the Kirkwood model is the assumption that each of the asymmetric centers acts
independently on the transition moments. Accordingly, it was expected that the
observed rotational strengths can be accounted for by a summation of the interac-
tions associated with each significant asymmetric site on the porphyrin ring. This
was observed quantitatively for the different compounds studied for the Qy tran-
sitions of PChl a, pyrroChl a, and Chl a. However, it cannot be tested further for
the Qx bands, because the corresponding CD component could not be distin-
guished. The correspondence of calculation and experiment was insufficient, since
the calculated CD intensity was weaker than the experimentally observed inten-
sity by one order.

In the case of strongly interacting dimers, the oscillators associated with cor-
responding transitions in different molecules couple with each other, leading to a
splitting of each of the excited states, and producing CD components associated
with each of the new transitions. From previous studies, the spectrum in CCl4 was
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Table 1. (Continued )

Absorption spectra
(εmax × 10−3) Optical activity (∆ε (λmax))

λmax, nm (mole/l)−1 cm−1 Assignments CD MCD

PPheo a

638 1.32 Qx(0–0) −0.50(638 nm) +22(638 nm)
588 10.2 Qy(0–0), Qx(1–0)? ? −40(593 nm)
565 14.5 Qy(1–0), Qx(2–0)? ? −9(560 nm)
524 7.7 Qy(2–0)? ? +19(530 nm)
432(sh) 82.5 Bx(0–0) ?

418 145 By(0–0) +8.7(418 nm)
+153(427 nm)

−98(410 nm){
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Table 2. Experimental values of absorption and rotational strengths of chlorophylls and protochlorophylls in ether (from Ref. 73).

PChla PyroChl a Chi a PPheo a PyroPheo a Pheo a

λmax, nm Qy 622 661 661 588, 565 667 667
(?)

Qx 602 578 575 638 535 533

ωmax, cm−1 Qy 16,080 15,130 15,130 17,010 14,990 14,990
17,700

Qz 16,610 17,300 17,390 15,670 18,690 18,760

10−3εmax, (mole/1)−1 cm−1 Qy 22 80 86.3 10.2 49 61
14.5

Qx 5.35 8 6.8 1.32 9.9 12

Band width ∆ω, cm−1 Qy 325 420 390 570,a 530 405 405
Qx 450a 780a 760a 440a 490a 490a

Oscillator strength Qy 0.0 0.155 0.155 0.027 0.091 0.114
f = 4.33 × 10−9 ∫ε(ω)dω 0.0355

Qx 0.0110 0.029 0.024 0.0027 0.0225 0.027

Dipole strength Qy 4.35 21.7 21.7 3.34, 12.9 16.1
1036 µ2, (esu cm)2 4.24

Qx 1.42 3.53 2.91 0.36 2.54 3.06

Molecular ellipticity Qy +10 −69 −46 ? −35 −26
10−3(θM)max, 10−2 deg(mole/1)−1 cm−1 Qx −12.4 −1.65 +12.2 +2.85

Rotational strength Qy +1.48 −14.3 −8.7 ? −6.9 −5.2
1040RA(cgs) Qx −1.82 −0.34 +2.4 +0.55

1044RA/µ2 = 104∆εmax/εmax Qy +1.36 -2.6 −1.60 ? -2.15 -1.30
Qx −7.0 −3.8 +3.7 +0.72

1084RA/µ2 ωmax = 108∆εmax/εmax cm Qy +0.85 −1.73 −1.06 ? −1.43 −0.86
Qx −4.22 −2.42 +2.00 +0.38
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thought to be that of dimers, and in detailed studies by Katz and coworkers, the
molecules were proposed to be oriented so that the C-9 carbonyl group of one
molecule interacts with the central magnesium of the other.74 (Note that the so-
called Fischer nomenclature was used by Katz and coworkers because the work
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Table 3. Comparison of experimental and calculated anisotropy factors for chlorophyll and
protochlorophyll pigments (from Ref. 73).

Calculated
Asymmetry Centers Transition Experimental 108∆ε/εω, cm 1084π∑fij, cm

PChl a PPheo a

C-10 Qy +0.85 +0.107
Qx −4.22 −2.42 −0.180

PyroChl a pyroPheo a

C-7, C-8 Qy −1.73 −1.43 −0.45
Qx +2.00 +0.198

Ch a Pheo a

C-7, C-8, C-10 Qy −1.06 −0.86 +0.062
Qx +0.38 +0.018

Figure 27. CD and absorption spectra of Chl a dimer in CCl4 (redrawn from Ref. 73).
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Figure 28. CD and absorption spectra of pyroChl a dimer in CCl4 (redrawn from Ref. 73).

pre-dates adoption of the IUPAC system). Furthermore, the CD data of Katz and
coworkers showed that the porphyrin rings do not lie in parallel planes, but that
one molecule is inclined with respect to the other. Examination of the short wave-
length regions of the dimer spectra for Chl a and pyroChl a in Figures 27 and 28
shows a very close correspondence between the two, even though the correspon-
ding monomer spectra are quite dissimilar (Figure 23). This was taken as evidence
to indicate marked similarities in the dimer structures of Chl a, pyroChl a, Chl b
and BChl. The inclusion of pyroChl a in this group was significant, in that it does
not posses a carboxymethyl substituent on the C-10 carbon, indicating further that
the carboxymethyl substituent on C-10 has no significant influence on the forma-
tion of the dimer. In the case of PChl a, where ring IV is not reduced, the CD spec-
trum of the aggregated dimer species is quite different (Figure 29). Here, the
longest wavelength component of the CD is negative for the aggregated PChl a
(solid curve) whereas it is positive for each of the other molecules. Thus, it was
concluded that PChl a has a significantly different dimer structure from that of
Chl a and the other molecules. The major difference in molecular structure
between PChl a and the other molecules is that the first C-C bond of the propionic
ester substituent at C-7 lies in the porphyrin plane for PChl a, but is at an almost
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tetrahedral angle for the others. Since this group is farther from the proposed point
of interaction at C-9 than the C-10 carboxymethyl group, the authors could not
connect the dimer structure to the CD spectra.

2. Bacteriochlorophylls c, d, e and g

Although the structures of bacteriochlorophyll (BChl) c, d, e and g (Figure 30)
were established before the end of the 20th century, little is known about their CD
spectra.75–88 BChl c in vivo is a mixture of at least five homologs, all of which form
aggregates in organic solvents such as CH2Cl2, CHCl3, and CCl4. Various groups
have reported absorption and CD spectra under various conditions. However, the
spectra are sensitive to changes in both position and intensity from group to group,
depending on the pre-treatment, concentration, temperature, and solvent used for
the measurements. The spectra of two species which appear reliable from the
experimental data are shown here. The first is the spectra of epimerically pure
BChl c, isolated from Chlorobium tepidum (Figure 31),85 and the other is the spec-
tra of BChl g and g′ from Heliobacterium chlorum (Figure 32).81 The structure of
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Figure 29. CD and absorption spectra of PChl a dimer in CCl4 (redrawn from Ref. 73).
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quite unstable BChl g resembles that of BChl b, both pigments containing the
unusual ethylidene group at ring II (Figure 30). Photoisomerization of BChl g at
ring II yields Chl a, the main chlorophyll of oxygenic photosynthesis. BChl g′ is
the 132-epimer of BChl g. In the case of BChl c, a strong CD peak and trough were
observed corresponding to the Q and Soret bands, respectively, while in the case
of BChl g and g′, the CD sign at both the Q and Soret absorption peaks was the
same, positive for BChl g′ and negative for BChl g. Although the absorption spec-
tra of BChl g and g′ are very similar, the CD spectra are distinctly different, not
only in sign but also in the intensity in the Q region. Attempts to interpret the CD
spectra of BChl c, d, e, and g have not been successful.

3. Light Harvesting Complex 2 (LH2)

The photosynthetic antenna of purple bacteria consists of two types of light-
harvesting antenna complex, termed complex 1 (LH1, the core antenna complex)
surrounding the reaction center, and complex 2 (LH2, a peripheral antenna
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Figure 30. Structures of bacteriochlorophyll c, d, e and g (redrawn from Refs. 81 and 84).
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complex) positioned away from the reaction center. The crystal structures of bac-
terial LH2 complexes from two species, Rhodospirillum (Rs.) molischianum and
Rhodopseudomonas (Rps.) acidophila determined in 199589 and 199690 opened the
door to an increasingly detailed understanding of the unusual spectroscopic and
dynamic properties of the bacterial antenna complexes. The LH2 from Rps. aci-
dophila consists of nine copies of each of two proteins (a and b), 27 BChl and
18 carotenoid molecules arranged in a ring structure with C9 symmetry. A strik-
ing feature is their separation into two parallel rings. The ring of 9 BChl is larger
in diameter than the ring of 18 BChl, while the spacing between successive BChl
in the ring of 18 is closer, by a factor of two, than the spacing in the ring of 9 BChl
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Figure 31. (a) Absorption and (b) CD spectra of synthetic epimerically pure BChl c (solid
line) and BChl c from Chlorobium tepidum (doted line) in Et2O (redrawn from Ref. 85).
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(Figure 33). Thus, the ring of 18 closely-spaced BChl is thought to be responsible
for B850 and the ring of 9 widely-spaced BChl for B800.

The absorption spectra of LH2 complexes from different species of purple
bacteria features an intense band at 850–860 nm and another band of about half
that intensity at ca. 800 nm. At shorter wavelengths, there is a single band at ca.
590 nm attributable to the Qx band of BChl, while bands in the 400–500 nm
region are attributed to carotenoids. The Soret band generally appears around
350–400 nm. The CD spectrum of LH2 exhibits a −/+ pattern in ascending energy,
corresponding to the Qy bands at ca. 850–860 nm, and a much weaker CD of
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Figure 32. CD spectra of BChl g (broken line) and g ′ (solid line) in benzene at room
temperature (redrawn from Ref. 81). Although not shown, absorption spectra are very similar
except Qx band at around 550–600 nm; the peak of g ′ is sharper.

Figure 33. Schematic structure of LH2 from Rps. acidophila. The BChl a molecules with the
central Mg atom are shown. D1 refers to a protomer and D2 refers the dimer between adja-
cent protomers. The directions of the Qy transition dipole vectors are indicated by vectors.
Upper part consists of 18 B850 pigments; below are shown the 9 B800 pigments (redrawn
from Ref. 102).
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negative envelope associated with the ca. 800 nm Qy band (Figure 34).102,104

Linear dichroism studies show that the transition moments of both B800 and B850
lie in the plane of the chromophore membrane (the closely associated BChl in
the ring of 18 are arranged in a head-to-head and tail-to-tail fashion around
the ring).106

Sauer and coworkers101 were the first to calculate the spectrum of LH2 of Rps.
acidophila using the X-ray crystal structure.89 They adopted a point monopole
approximation in order to calculate the chromophore-chromophore interactions.
The BChl a transition energy was first set at 12,500 cm−1 corresponding to the
absorption wavelength of the B800 ring, where the excitonic interactions are
small. By increasing the units of calculation from the protomer (two B850 and one
B800), the trimer (one third of the full nonameric complex, with six B850 and
three B800), the nonamer (18 B850 and nine B800), they showed that the absorp-
tion spectra are essentially additive, to give the spectrum of the complete nonamer.
In the case of the protomer, the Q band appeared seemingly as a single peak at ca.
12,300 cm−1, while in the trimer, split Q bands appeared at ca. 11,900 and 12,000 cm−1,
and in the nonamer, finally largely split Q bands were estimated at ca. 11,800 and
12,500 cm−1, substantiating that the 850 nm band is essentially produced by exci-
tonic coupling. Finally, to match the experimental spectrum, the transition ener-
gies of the B850 molecules were scaled to 12,260 cm−1. In addition, by calculating
the set of 18 B850 and the set of nine B800 separately, the authors confirmed
that the B800 molecules are sufficiently isolated in LH2, and that the excitonic
interaction among molecules in B800 is small. In addition, as seen in Figure 34,
although the zero-crossing of the CD spectrum appears at lower energy than the
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Figure 34. Experimental (dashed lines) and simulated (solid lines) of LH2 antenna of Rps.
acidophila at room temperature (redrawn from Ref. 102).
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absorption peak by ca. 7 nm. This was explained by the negative rotational
strength of the lowest energy state and the positive rotation just above this.
Furthermore, because the lowest state has very weak absorption while the state
just above it is very strong, the CD zero-crossing is at a lower energy than that of
the absorption maximum.

The next higher level of calculation, i.e. an INDO/S calculation, was carried
out for B800 (eight pigments) and B850 antenna (16 pigments) of Rs. molischi-
anum,97 which was the largest semi-empirical calculation on bacterial antenna. For
calculation of the B850 antenna, the BChl a molecule was approximated by a
reduced structure containing 44 atoms. The chromophore–chromophore interac-
tions were estimated semi-empirically using the known crystal structure.
However, the computed energy levels did not predict the experimental transition
energies well.

Linnanto and coworkers then calculated the excitonic spectra of the LH2
antenna complex of Rps. acidophila adopting four different approaches.102 For
comparison, the energy levels were first calculated by applying the frequently
used dipole-dipole approximation between all the 27 BChl a pigments of a single
LH2 complex (case A). In the second level of calculation, the interaction energy
between the neighboring B850 BChl a molecules was calculated semi-empirically
(case B). Here, the values of nearest neighbor interaction matrix elements of the
B850 ring were estimated by considering both possible ab–BChl a dimers as a
supermolecule. By using this method, the special extension of the transition den-
sities and the overlap between the wave functions with nearest neighbor molecules
were taken into account. The calculation was further improved (case C) by calcu-
lating semiempirically (ZINDO/S) the transition energy of each monomer (B800,
B850a and B850b) with a selected part of the protein. The difference from case B
is that the monomer energies were calculated separately instead of using the
experimental value of 12,937 cm−1 (773 nm).

The transition energies of the B850 BChl a monomers were calculated with
the histidine residues. The B800 monomer was calculated with the nine nearest
amino acids, the part of the phytyl tail of B850 which is in close vicinity of B800,
and part of the carotenoid. In this way, the effects of surrounding protein environ-
ments were included. The result was then used to recalculate the interaction
energy. In the last phase (case D), diagonal and off-diagonal disorder was included
in the calculation, in order to account for the inhomogeneous line width of the
experimental spectrum. Here, the computation included uncorrected random vari-
ation of the values of matrix elements which leads to inhomogeneous broadening
of the spectral lines. The transition dipoles were kept fixed, while homogeneous
widths of 210 cm−1 (B800) and 188 cm−1 (B850) were fixed for each transition. The
diagonal disorder was 200 cm−1 (B800) and 220 cm−1 (B850), and the off-diagonal
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disorder was 10% of the value of the matrix element. These linewidths were sim-
ilar to the experimental values.107–109 The results are clearly shown in Figure 35,
together with the experimental spectra (dashed line).

In Case A, the exciton interaction energy between the nearest neighbor BChl
a of B850 were 346 cm−1 (within the protomer) and 249 cm−1 (between the pro-
tomers). The exciton interaction energies between non-neighboring pigments were
of the order of 30–40 cm−1. The absorption intensity was concentrated mainly on
four excited states, two of which were red shifted only to 775 nm. The other two
states were red shifted to 811 nm, corresponding to a displacement from the Qy
transition energy of the monomeric BChl a at 773 nm. The energy separation of
the two absorption bands was much smaller. Thus, although the calculated values
were not accurate, the general shapes of the absorption and CD spectra were in
agreement with the experimental results. In case B, the exciton interaction energy
between the nearest neighbor BChl a of B850 were 771 cm−1 (within the protomer)
and 712 cm−1 (between the protomers), which were twice as large as those in case A.
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Figure 35. Exciton stick electronic absorption (left) and CD (right) spectra of LH2 complex
and simulated spectra with a 350 cm−1 Gaussian line width. The experimental spectra at room
temperature are shown as dashed lines for comparison. (a), (b) and (c) correspond to cases A,
B and C, respectively, in the text (redrawn from Ref. 102).
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The calculated absorption intensity was again concentrated mainly on four exci-
ton states, and these four components formed two absorption bands, as in case A.
The positions of these absorption bands were at 775 nm corresponding to the B800
transition, and 871 nm associated with B850 transition. The energy separation
between the two transitions is about twice as large as is experimentally observed.
The CD spectrum consisted of two pairs of lines: one pair centered at around 775
nm with an energy separation of only 17 cm−1 and one pair at around 876 nm with
an energy separation of 140 cm−1. The sequence of signs of the CD lines was iden-
tical with that obtained in case A. In case C, the Qy transition energies of the three
monomers were calculated, on the wavelength scale, at 797 (B800), 784 (B850b),
and 779 nm (B850a), respectively.

Compared with the Qy transition energy of monomeric BChl a, shifts induced
by the surroundings of the BChl a monomers were −385 (B800), −189 (B850b)
and −107 (B850a) cm−1. The exciton interaction energies between the nearest
neighbor BChl a of the B850 ring are ca. 650 cm−1 (within the a,b-protomer) and
560 cm−1 (between the protomers). The calculated absorption intensity of the
whole LH2 complex is again concentrated on four components, and gives rise to
two absorption bands at ca. 800 and 862 nm (Figure 35 bottom), which are very
close to the experimental peaks. The energy separation of these two bands was
910 cm−1, while the energy difference between the low-energy exciton state 1A and
1,2E1 state was 125 cm−1. The CD spectrum consists of two pairs of lines (Figure 35,
bottom). One pair is centered at 800 nm with an energy separation of 18 cm−1, and
one pair at 867 nm with an energy separation of 125 cm−1. From these results, the
authors concluded that the red-shift of the B800 band is to a large extent due to
pigment–protein interactions, which is consistent with hole burning data indicat-
ing that exciton effects are unimportant for the B800 molecules and therefore, the
B800 band.110 Finally, by introducing diagonal and nondiagonal disorder to the
exciton Hamiltonian, the experimental CD and absorption curves were simulated,
with the results shown in Figure 34 as solid lines. Good agreement with the exper-
imental spectra was obtained.

B. Synthetic Chlorins, Bacteriochlorins and Their Dimeric
and Aggregated Systems

Although the CD spectra of several synthetic chlorin and bacteriochlorin systems
have been reported,111–118 papers which include analysis are very rare. Here, we
restrict ourselves to introducing representative spectra of relatively well-defined
systems.

Pandy, Kadish, Fukuzumi and coworkers compared the electronic absorption and
CD spectra of ring-B reduced chlorins obtained by oxidation of bacteriochlorins
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with those of ring-D reduced chlorins (Figures 36 and 37).117 In these cases, there
is a tendency for both the Qy and Soret bands to appear at longer wavelength when
the B-ring is reduced (see in particular Figure 37). CD spectra were also reported,
and CD peaks and troughs were observed associated with each absorption peak.
Interestingly, the CD sign of the ring-B reduced species was opposite to the ring-D
reduced species; with respect to the Qy and Soret bands, the B-ring reduced chlo-
rins always gave positive and negative CD signs respectively. Although the authors

192 Kobayashi

Figure 36. Electronic absorption and CD spectra of ring B or D reduced chlorins containing
five-membered rings in CH2Cl2 (redrawn from Ref. 117).
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suggested exciton coupling produced by self-association of the molecules, this
interpretation is incorrect, since there are no dispersion type curves associated with
absorption peaks, and the intensity is weak so that the spectra are noisy. The spec-
tra shown in Figures 36 and 37 are characteristic of intrinsically active molecules.

Bucks and Boxer reported data of several cofacial chlorophyll-based dimers
(Figures 38 and 39).111 The main structural difference between the compounds in
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Figure 37. Electronic absorption and CD spectra of ring B or D reduced N-butyl-purpurinimide
in CH2Cl2 (redrawn from Ref. 117).
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Figures 39 and 40 are that in the former case, five-membered rings are fused
while in the latter, six-membered rings are fused. In order to discuss the CD and
absorption spectra, an understanding of the conformation is prerequisite.
Inspection of a molecular model of the cofacial dimer showed that the macrocy-
cles are parallel, and the angle between the y-axes is about 40 ± 5°. The centers
might be offset by as much as 3.5 Å, as the rings move closer to maximize their
π–π interactions. The structure of the hinged dimer was less well defined because
of the considerable flexibility in the connection. For small opening angles of the
hinge, the y-axes of the monomers were at approximately 90 degrees to each
other. Based on this information, the two components of the cofacial dimer were
predicted to be separated by about 700 cm−1 (ca. 30 nm) with most of the oscil-
lator strength in the higher energy component (8:1, leading to a blue-shift). The
rotational strengths of these components should be large, equal and opposite in
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Figure 38. Chemical structures and schematic molecular conformations for the dimers by
Bucks and Boxer (redrawn from Ref. 111).
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sign, with the band at lower energy positive. In the case of the hinged dimer, the
Qy transition should not be split, since the transition moments are perpendicular,
and any excitonic components in the CD should cancel out, as is indeed observed
(Figure 39, middle). In the singly-linked “folded” dimer, the transition dipole
moments are nearly antiparallel, so that nearly all of the oscillator strength is
expected to lie in the lower energy component of the split Qy band (leading to a
red shift). Although the rotational strength appears to be nearly zero theoretically,
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Figure 39. Comparisons of the absorption and CD spectra for the monomers (top and
middle, broken lines) and the dimers (top and middle, solid lines) shown in Figure 38. In the
bottom, “folded” (solid lines) and “open” (broken lines) forms were obtained by changing
the solvent; “folded” was in toluene, and “open” was in toluene:pyridine = 9:1 v/v (redrawn
from Ref. 111).
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the CD intensity in Figure 39, bottom is not particularly weak, indicating that the
dipole coupling effect is still significant.

Kosaka and Tamiaki reported a well-defined cyclic hetero-dyad as a model
compound for stacked chlorophylls, together with a linear non-cyclic hetero-dyad
(Figure 40).115 The largest difference of the constituent chlorin units is that one
chlorin has a 13-keto carbonyl group while another has no substituent at the
13 position. After NMR analysis and consideration of the total energies obtained
by molecular modeling, the cyclic dyad was concluded to take a conformation as
shown at the bottom of Figure 40. The Qy absorption maximum of the cyclic dyad
and linear dyad appeared at the same wavelength. The Qy and Soret bands of the
former were slightly broader in the red and blue regions, respectively, relative to
the latter. Intense S-shaped and reversed S-shaped CD signals in the Qy and Soret
regions, respectively, of the cyclic dyad demonstrated that the two constituting
chlorin units were close enough to give rise to an intramolecular transition dipole-
dipole moment interaction. By applying the CD exciton chirality method, the S-
shaped signal in the Qy region of the cyclic dyad revealed a “clockwise” rotational
orientation of the two Qy transition dipole moments on the N21-N23 axis, which
is in accordance with the two electronic transition moments drawn at the bottom
of Figure 40 (top view).

Tamiaki and coworkers reported the aggregation of a Zn chlorin.83 Including
previous data,78 it was known that the central zinc atom, the hydroxyl group at
C-31 and the keto group at C-131 are prerequisites for aggregation. Furthermore,
for the aggregation of the Zn chlorin in nonpolar solvents (Figure 41), it was found
that the 31-hydroxyl oxygen of one chlorin coordinates to the zinc of another as a
fifth axial ligand, and that the hydrogen of the ligated hydroxyl binds to the 131-
carbonyl oxygen of a third molecule. In Figure 41, the spectra drawn as dotted
lines are for monomeric species in THF. In this state, the CD is very weak. By
adding 1 vol% of hexane, the Qy band shifted to the red, as seen for natural Mg
chlorins,78,118 and an intense dispersion type CD appeared corresponding to the Qy
band, indicating the presence of strong exciton coupling due to supramolecular
structure formation. As compatible structures, an antiparallel orientation, with
head-to-head dimeric building blocks joined by hydrogen bonding and chlorine
ring overlapping, has been proposed (Figure 42).

V. Synthetic Porphyrin Monomer Systems

Although several CD spectra of synthetic monomeric porphyrins have been
reported, their analysis has been limited. In most cases, only the spectra were
reported without explanation. In this section, therefore, only the structures of
compounds and their spectra will be presented.
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Figure 40. Structures of cyclic (top left) and linear (top right) chlorophyll hetero-dyads and
their electronic absorption and CD spectra in CH2Cl2. Solid lines are for cyclic dyad. The
bottom shows the optimized structure of cyclic dyad, which is consistent with NMR data
(redrawn from Ref. 115).

b867_Vol-07_Ch-33.qxd  6/11/2010  3:07 PM  Page 197



Daniell and Bruckner reported the enantiomeric resolution of a ruffled por-
phyrinoid (Figure 43).119 As indicated by + and − signs in the structure of this
figure, the relative position of the carbon atoms are displaced from the mean plane
of the macrocycle. Two enantiomers displayed the Soret and Q bands at 442 and
ca. 660 nm, and exhibited mirror image CD spectra. The sign at the Soret and Q
was opposite for the two enantiomers.

Naruta and coworkers reported four binaphthyl-linked porphyrins and their
CD spectra (Figure 44).120,121 In these cases, S-binaphthyl-linked porphyrins show
positive CD in all regions with the R-binaphthyl-linked examples being con-
versely negative. No explanation was given for these data.

Inoue, Aida and coworkers reported several CD-active porpohyrins122–127 with
one of the simplest examples being shown in Figure 45.122 In the structure, the
ethyl and methyl peripheral substituent groups on the pyrrole rings are oriented in
a single-handed manner, so that two structures constitute antipodes depending on
whether the RNH group is on this side or the other side of the porphyrin plane.
The antipodes showed CD of perfect mirror images in the Soret band region.
Pyrrole N-alkylated porphyrins (Figure 46) are conceptually an extension of the
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Figure 41. Electronic absorption and CD spectra of a Zn chlorin in THF (solid lines) and
THF:hexane (99:1 v/v) (dotted lines) (redrawn from Ref. 83).

b867_Vol-07_Ch-33.qxd  6/11/2010  3:07 PM  Page 198



33/Optically Active Porphyrin Systems Analyzed by Circular Dichroism 199

Figure 42. Schematic anti-parallel structures of Zn chlorine aggregates which show spectra
drawn in solid lines in Figure 41 (top) and proposed supramolecular (bottom) (redrawn from
Ref. 83).

Figure 43. Ruffled porphyrins reported by Daniell and Bruckner, and their CD spectra (redrawn
from Ref. 119). The “+” and “−” in the structures indicate the ruffled conformation, that is, the
relative position of the carbon atoms with respect to the mean plane of the macrocycle.
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compounds in Figure 45.123 Again, methyl and ethyl groups on the pyrrole β-positions
are arranged in a single-handed manner, so that these molecules can be enan-
tiomers depending on whether the alkyl group is protruding upwards or down-
wards from the porphyrin plane. In their case, however, four chiral porphyrins
were obtained, since the authors used optically active R and/or S-alkyl groups.
No interpretation of the CD spectra was attempted. Strapped porphyrins, shown
in Figure 47 are chiral following resolution using optically active HPLC.124

Although the correspondence between the CD spectra (sign) and enantiomeric
structures were not elucidated, the data give insight into the CD generation mech-
anism. The spectra exhibited in A and B in Figure 47 contain a benzene ring in the
strap. However, as C shows, compounds without a benzene ring in the stap also
show an intense CD signal at the Soret band, indicating that a benzene ring in the
strap portion is not important for strong CD generation. Since the enantiomers in
this figure are intrinsically active compounds which do not contain any chiral
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Figure 44. Eclipsed and staggered forms of the four optically active binaphthyl-linked
porphyrins reported by Naruta et al. (redrawn from Ref. 120). In the structure, the –R– portion
represents binaphthyl units.
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moiety, the CD can most probably be considered to be generated by interaction of
the electronic dipole moment in the amido moiety with that in the porphyrin plane.
If optimized structures are obtained, it is now possible to calculate the CD spectra
of the compounds in this figure, although this was not possible at the time the
paper was published.

The oxophosphorus porphyrins in Figure 48 were also prepared.125 It was
proven beforehand from X-ray data that upon treatment with acid, oxoporphyrins
produce the protonated form (cationic hydroxo complex) in which the porphyrin
is ruffled and distorted from planarity.128 The CD spectra of the enantiomers of
the ethyl complex in a basic medium (planar oxo form) exhibited mirror-image
monosign CD bands in the Soret region with a [θ] value of approximately 5000
(Figure 48A(a)), while in an acidic medium (ruffled hydroxyl form) the CD inten-
sity was significantly enhanced, to give a [θ ] value of ca. 25,000 (Figure 48A (b)).
In the case of the phenyl complex, a much clearer pH dependence was observed.
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Figure 45. Structures and CD spectra of zinc α-(pivaloylamino)etioporphyrin reported in
Ref. 122 (redrawn from Ref. 122). The relationship between the antipodes and CD spectra has
not been elucidated.
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In basic media (planar oxo form), negative or positive monosignated CD bands
were observed, similar to the case of the ethyl complex Figure 48B (a). While in
acidic media (ruffled hydroxyl form), the CD showed split Cotton effects (Figure
48B (b)). The authors attributed this difference in the CD profile of the latter com-
pound to an electronic interaction between the porphyrin chromophore and the
axial phenyl groups. A D2-symmetric porphyrin126 and cobalt porphyrins which
have similar structures to those in Figure 46 are also known.127

Ogoshi and coworkers reported two types of C2 symmetric type porphyrin
having two chromophores at the opposite positions of a porphyrin moiety
(Figure 49).129,130 In the case of porphyrins containing two naphthyl units, CD spec-
tra were measured in the presence of L or D-amino acids or their esters.130 In partic-
ular, when hydroxyl groups are present in the naphthyl moiety, extraneous amino
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Figure 46. Structures and CD spectra of pyrrole N-alkylated porphyrins reported in Ref. 123
(redrawn from Ref. 123).
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acids fix the mutual special orientation of the naphthyl groups and porphyrin by
hydrogen bonding to the OH group and coordinating to the central zinc atom. All of
the hydrogen-bonded host-guest complexes exhibited a split Cotton effect; i.e. all
complexes with L-aminoacid esters, where the longer wavelength peak of the Soret
band was negative and the shorter wavelength peak was positive (Figure 49).
However, a single-peak CD was observed if the OH group was changed to OCH3.
For aliphatic amino acid ester-complexes, positive and negative CD envelopes had
the same intensity, while for aromatic amino acid esters, the induced CD was not
symmetric, and the envelope at longer wavelength was always stronger than that at
shorter wavelength. Accordingly, it was concluded that not only hydrogen bonding
interactions but also aryl–aryl interactions between the aromatic group of aromatic
amino acids and the porphyrin make a contribution to the observed Cotton effects.
Since the Soret band consists of two nearly degenerate transitions (Bx and By) in the
porphyrin plane, the two being perpendicular to each other, the positive and nega-
tive peaks were assigned to the two nearly-degenerate transitions. As possible mech-
anisms, hydrogen bonding which would fix the orientation of the carbonyl group of
the guest amino acid (ester), and consequently the coupling between the magnetic
transition dipole moment of the carbonyl group and the electronic transition dipole
moment of the porphyrin Soret transitions were considered. A mechanism of cou-
pling between the naphthyl electric transition dipole moment and the two Soret elec-
tric transition moments was ruled out, since this mechanism was theoretically found
to induce Cotton effects with the same sign in both the Bx and By bands.
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Figure 47. Structures and CD spectra of the antipodes reported in Ref. 124 (redrawn from
Ref. 124). The relationship between the antipodes and CD spectra has not been elucidated.
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Figure 48. Oxophosphorus porphyrin and their absorption and CD spectra. F1 and F2
means first and second eluted fractions in HPLC experiments, (a) is the planar oxo form
obtained under basic conditions and (b) indicates ruffled hydroxy form obtained under acidic
conditions (redrawn from Ref. 125).
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VI. Synthetic Porphyrin Dimer and Oligomer Systems

A. Bis-porphyrin Systems Linked to Optically Active Naphthalene Units

Hayashi and coworkers linked two zinc porphyrins to optically active (S)-binaphthyl,
and used this as a ditopic coreceptor for a series of diamines. CD spectra were
recorded for varying lengths of alkyl group between the two terminal amino
groups, (Figure 50).131 In the absence of diamines, the diporphyrin showed a plus-
to-minus CD pattern as viewed from longer wavelength, corresponding to the
Soret band, since (S) binaphthyl is a right-handed conformer. When diamines were
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Figure 49. Hydroxy- or methoxy-substituted naphthyl-linked zinc porphyrins and the CD
spectra of hydroxynaphthyl-linked porphyrin in the presence of (a) L- (solid line) and D- (bro-
ken line) leucine methyl ester, and (b) L-(solid line) and D- (broken line) phenylalanine methyl
ester (redrawn from Ref. 130).
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Figure 50. Binaphthayl-linked bis-porphyrin reported by Hayashi et al. and its CD spectra in
the absence (1) and presence of 1,8-diaminooctane (2) or N-octylamine (3) (modified from
Ref. 131).
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added to the system, two amino groups coordinate to the zinc ion so that the angle
between the two porphyrins changed. When 1,8-diaminooctane was used, the
complexation constant was the largest, and the most intense bisignate CD was
observed, although it was plus-to-minus in ascending energy. As shown in the
proposed structure in Figure 50, the two porphyrins maintain a right-handed
helicity in this state.

Tsubaki and coworkers synthesized oligomers of naphthalenes in a right-
handed or left-handed manner, and linked tetraphenylporphyrins (H2TPPs) at the
two terminals (Figure 51).132 By changing the number of naphthalene units, and
accordingly the distance between the two porphyrins, they measured long-range
exciton-coupled CD. They succeeded in detecting a coupled CD associated with
the Soret band of the H2TPPs separated by ca. 66 Å (this is the record to date).
However, a rather more intriguing point is the finding of a very clear correlation
between chirality and intensity. The authors concluded from the X-ray data of sev-
eral oligomers and molecular mechanics calculations that the average dihedral
angle between the adjacent naphthalene units is ca. 89–90 degrees. If this is the
case, as shown in Figure 52, when four naphthalene units are linked with only an
S-configuration, the two H2TPPs are orientated in an anticlockwise direction,
which leads to a negative exciton-coupled CD spectrum. However, when they are
linked through two S- and one R-configuration, the two H2TPPs are positioned in
a clockwise direction, so that a positive split CD is expected. The results are excel-
lent (Figure 53). In this figure, (S)-binaphthalene and (S,R,S)-quaternaphthalane
have positively split CD curves, while in the case of (S,S,S)-quaternaphthalene, a
negatively coupled CD is exhibited, but the absolute intensity is approximately the
same as that of (S,R,S)-quaternaphthalane. With increasing naphthalene units
from 4 to 8 and further to 16, the intensity of the observed coupled CD decreased
at a ratio of 75:22:6 for the estimated ratio of 4:1:0.25. This is a useful system,
since naphthalene units are linked linearly in a straight line and the interdistance
of the two porphyrin units can be easily estimated. 
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Figure 51. Hexadecanaphthalene that posseses two H2TPPs (redrawn from Ref. 132).
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B. Dimeric Porphyrin Systems Without Optically Active Substituents

The first optically meso–meso linked porphyrin dimer was reported by Yoshida
and Osuka in the year 2000.133 Soon thereafter, a series of meso–meso linked Zn
diporphyrins strapped with a dioxymethylene group of various lengths were
reported (Figure 54).134 Shortening the strap length resulted in a gradual decrease
of the dihedral angle between the porphyrins and an increasing distortion of the
porphyrin ring. The absorption spectrum of relatively unconstrained diporphyrins
S10 strapped with a 10-carbon chain exhibits a split Soret band at 414 and 447 nm
and a weak Q00 and prominent Q01 bands, both of which are similar to those of
nonstrapped diporphyrin. Shortening the strap length causes systematic changes in
the absorption spectra, in which the intensities of the split Soret band decrease, the
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Figure 52. (A) (S,S,S )-quaternaphthalene with two H2TPP units, and presentation of (B)
anti-clockwise (S,S,S )- and (C) clockwise (S,R,S )-quaternaphthalene structures (redrawn from
Ref. 132).
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absorption bands at about 400 nm and longer than ca. 460 nm increase in inten-
sity, and a prominent one-band feature of a Q-band becomes a distinct two-band
feature with concurrent progressive red-shifts of the lowest Q00 band. These
strapped porphyrins were separated into the optically active enantiomers through
a chiral HPLC column. The two isolated enantiomers displayed opposite Cotton
effects, as shown in Figure 55. There was no significant Cotton effect in the Q-band
region. The CD spectrum of the fast eluting isomer, S10(A) exhibited Cotton effects,
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Figure 53. CD and electronic absorption spectra of naphthalene oligomers; (S )-2mer, (S,S,S )-
and (S,R,S )-4mers, (S,S,S,S,S,S,S )- and (S,S,S,R,S,S,S )-8mers, and (S,S,S,S,S,S,S,R,S,S,S,S,S,S,S )-
and (S,S,S,S,S,S,S,S,S,S,S,S,S,S,S )-16mers (redrawn from Ref. 132).

Figure 54. Strapped porphyrins Sn (redrawn from Ref. 134).
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positive at 446 nm, negative at 416 nm, and positive at 398 nm. These CD spec-
tra were interpreted as a superimposition of two bisignate split Cotton effects with
opposite signs. In the case of S10(A), the first Cotton effect at around 430 nm was
positive and the second one at around 405 nm was negative, and thus the negative
band at 416 nm had the largest intensity. As the strap length was shortened, the
first bisignate Cotton effect was red-shifted, while the second one remained at
almost the same position. The intensities also changed with the strap length, and
the largest intensity was observed for S4. For oblique diporphyrins, exciton cou-
pling between µµ⊥1 and µµ⊥2 and between µµ//1 and µµ//2 can explain the three absorp-
tion peaks in the absorption spectra, but the CD spectra cannot be explained
conceptually. Although not published135 this kind of CD spectra can be conceptu-
ally reproduced if µµ//1 and µµ//2 are slightly bent.

Bringmann and coworkers reported meso-arylated β–β linked diporphyrins
and their atropo-enantiomers,136,137 using Zn, Cu, Ni, and Pd as central metals, or
metal-free. Although enantiomers were obtained by repeated resolution using
HPLC on a chiral phase, the enantiomeric purity decreased with time, the extent
of which varied according to the central metal; after 24 hours, copper and nickel
were almost racemic, while zinc was enantiopure. X-ray data revealed that the
two nickel porphyrin moieties are largely distorted and have a ruffled conformation,
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Figure 55. Absorption and CD spectra of several strapped diporphyrins; S10(A), S10(B), S4(A),
and S2(A) in CH2Cl2. A and B means fast and second eluting isomer, respectively (redrawn
from Ref. 134).
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while the two zinc porphyrin moieties have a near-planar structure. The CD data
were, accordingly, collected for the dizinc porphyrins (Figure 56). Corresponding
to the split Soret band, the P-enantiomer showed a plus-minus-plus pattern in
ascending energy, which is very close or almost identical to the CD pattern observed
for the meso–meso linked diporphyrins (Figure 55).134 The authors did not attempt
to explain the spectra either by concept or exciton coupling theory. DFT calcula-
tions using a B3LYp/3-21G basis set, however, reproduced a plus-minus-plus CD
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Figure 56. A β–β linked Zn porphyrin dimer and the electronic and CD spectra of their
enantiomers (redrawsn from Ref. 137).
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pattern for the Soret region of P-configurated Zn diporphyrin consistent with
experiment.136

Matano and coworkers reported the synthesis of meso-phenylsulfinyl zinc
porphyrins and their self-organization to S-oxo-tethered cofacial dimers.138 When
a hexane:2-propanol (100:1) solution of the above zinc porphyrins were applied to
a chiral HPLC, two fractions were obtained in high optical purity. Under condi-
tions where the homodimers and monomer were considered to be present in a 4:1
ratio, the authors measured the CD spectra of these isolated species. The first frac-
tion showed a plus-to-minus pattern in the Soret band region in ascending energy,
so that the absolute configuration of this fraction was assigned as S. From NMR
data, the dimer was considered to be produced through the coordination of an
oxygen of S=O to the Zn atoms (Figure 57).

From several meso–meso, meso–β, and β–β linked porphyrin dimers, Osuka
and coworkers succeeded in isolating optically active meso–meso and β–β doubly
linked dimers (Figure 58) whose enantiomers show a mirror-image relationship in
their CD spectra.139 According to the X-ray structure, the two porphyrin rings
adopt an almost coplanar, helically twisted conformation, perhaps due to steric
repulsion of the hydrogen atoms at the nearest pyrrole β protons. Interpretation of
the CD spectra was attempted using the exciton chirality method. However, this
was an essentially unsuitable system since the constituting porphyrin chro-
mophores were not independent. Indeed, theoretical studies using MCD and TD-
DFT calculations later proved that the assignment in Ref. 139 was incorrect; the
right-handed dimer showed a mainly positive CD envelope in the Q band region
(Figure 59).140

Werner, Vogel and coworkers reported the enantiometric separation and
determination of the absolute configuration of “figure eight” cyclooctapyrroles
(Figure 60).141 Although this species is not a porphyrin, it is considered to be a por-
phyrinoid system since two metals can be incorporated utilizing four pyrrole rings
each, i.e. the loop-shaped conformation of the macrocycles exhibits two struc-
turally identical, helical N4 cavities. The “figure eight” structure in the solid state
was confirmed by X-ray crystallography, and that in the solution by NMR analysis.
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Figure 57. A cofacial dimer of meso-phenylsulfinyl zinc porphyrin (redrawn from Ref. 138).
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The four dipyrrin units are almost planar, so that the helical conformation of the
two tetrapyrrole substructures is mainly attributable to the torsions of the bipyr-
role C–C single bonds (N–C–C′–N′ torsion angle: Φ = 30°). The enantiometric
separation was carried out on an HPLC column, and the enantiomers in this figure
were optically stable in hexane even at 60 °C. As shown in Figure 60, the (M,M)
enantiomer (solid line) and (P,P) enantiomer (broken line) exhibit exciton-coupled
type CD spectra.

Ethane-bridged bis(zinc octaethylporphyrin) complexed with (R,R)-1,2-
diaminocyclohexane results in a stable 1:1 tweezer complex exclusively as a con-
sequence of its remarkably large association constant (> 107M−1).142 The structure
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Figure 58. A meso–meso β–β doubly linked porphyrin dimer and its left- and right-handed
structure (redrawn from Ref. 140).
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Figure 59. (a) MCD, CD and absorption spectra of the porphyrin dimer in Fig. 58, and (b)
calculated CD and absorption spectra obtained as a sum of a Gaussian-type function with a
half-band width of 1300 cm−1 (redrawn from Ref. 140).

Figure 60. Structures of “figure eight” octapyrrole (M,M )- (top) and (P,P )- (bottom) enan-
tiomers and their CD spectra (solid and broken lines, respectively) (redrawn from Ref. 141).
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of this chiral tweezer complex was analyzed by X-ray crystallography to have a
noncrystallographic pseudo-two fold axis through the centers of the ethano-
bridge, and furthermore its electronic and conformational structures in solution
were examined by analyzing the CD, MCD, and electronic absorption spectra
(Figure 61). In this figure, three well-resolved absorption bands are seen at 410,
419, and 436 nm. The positions of the MCD peaks coincide very closely with
these transitions, indicating their nondegenerate character. Importantly, electronic
transitions of different polarization exhibit MCD signals of opposite sign, so that
it was found accordingly that the two transitions (at 408 and 419 nm) with the
same positive CD sign are indeed of different polarization: the higher energy
MCD signal (at 408 nm) is positive, while the lower energy MCD signal (at 424 nm)
is negative.

To rationalize the experimentally observed spectral data, and taking into
account the assignment of the transition polarization, theoretical absorption and
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Figure 61. Experimental MCD, CD, and absorption spectra as well as the calculated CD and
absorption spectra of the tweezer consisting of ethane-bridged bis(zinc octaethylporphyrin)
and (R,R)-1,2-diaminocyclohexane. Each calculated exciton band was described by a single
Gaussian curve. The notations plus and minus represent the in-phase and out-of-phase transi-
tions, respectively (redrawn from Ref. 142).
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CD spectra were calculated using the geometrical parameters obtained from the
corresponding crystal structure and the spectral parameters of the corresponding
porphyrin monomer on the basis of the Kuhn–Kirkwood coupled-oscillator mecha-
nism.32,33,143 This tweezer system consists of two identical porphyrin moieties, each
having two different transition moments B// and B⊥, which have parallel and per-
pendicular orientations to the ethane bridge, respectively (Figure 62). This arrange-
ment results in two major types of degenerate exciton interaction (B// – B// and
B⊥ – B⊥ couplings), and thus leads to four exciton states. The relative orientation
between these two pairs of electronic transition is anticlockwise, which according
to the exciton chirarity method7 predicts the negative chirality that was observed
experimentally. The resulting calculated absorption spectrum has three well-
resolved bands that are also similar to the experimental results (Figure 61). The
face-to-face conformation and short distance between the centers of the interact-
ing electric dipoles (r12 = 6.23 Å) results in the higher energy B//(+) and B⊥ (+) and
lower energy B// (−) and B⊥ (−) exciton states being well separated. These pairs of
states become optically allowed and partially forbidden transitions, respectively,
as a consequence of strong exciton interactions that result in the observed absorp-
tion profile. Furthermore, the MCD B// (+) and B⊥ (+) bands should theoretically
be of opposite sign because of their orthogonal polarization, which is in full agree-
ment with the experimental results. A minus-to-plus CD pattern was calculated for
the both B// – B// and B⊥ – B⊥ couplings, and results in one intense negative CD
signal at lower energy and two partly resolved, positive CD signals at higher
energy. This CD pattern was in good agreement with that observed experimentally.
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Figure 62. Definition of the direction of the transition dipole moments used in the theoreti-
cal analysis. r12 is the distance between the centers of gravity of the porphyrin units. The sub-
scripts 1 and 2 are used to distinguish the two chromophores (redrawn from Ref. 142).
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Furthermore, the electronic absorption and CD spectra were nicely reproduced by
TD-DFT calculations at the B3LYP/6-31G(d) level.

Ethane-bridged bis(zinc octaethylchlorin) was resolved to yield two enan-
tiomers which exhibit dispersion CD signals in the regions of chlorin B and Q
transitions (Figure 63).146 UV-visible absorption profiles of 1a (first eluting frac-
tion in HPLC column) and 1b (second fraction) are not distinguishable from each
other, showing considerable broadening and splitting of the corresponding B and
Q bands due to strong excitonic interaction. In the case of the CD spectra, very
clear dispersion curves were observed, not only in the B band region but also in
the Q band. The positions of the CD peaks and troughs in the B region coincide
closely with the maxima of the split B band in the absorption spectrum. The
anisotropy factor in the Q band region is more than three times that in the B band
region. Furthermore, and importantly, the B and Q signals have opposite CD signs,
which is a clear indication of distinct special orientation of the relevant coupling
transitions, apparently due to the different polarization along the chlorin x- and
y-axes (see Figure 63). 

For assignment of the absolute configurations of the two fractions 1a and 1b, the
coupling direction of the chlorin’s lowest energy Qy electronic transitions is of the
utmost importance because of their well-distinguished absorption characteristics.
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Figure 63. Absorption and CD spectra of two enantiomers (1a and 1b) of ethane-bridged
bis(zinc octaethylchlorin). 1a and 1b are the first and second eluting enantiomers in the HPLC
column (redrawn from Ref. 144).
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In particular, the negative sign of the Qy couplet of 1a indicates an anticlockwise
orientation of the corresponding transitions, while in the case of 1b, the situation
is exactly the opposite. According to X-ray data possessing C2 symmetry, these
bis-chlorins are V-shaped, with the reduced pyrrole rings of two chlorin moieties
located at the closest special position to each other. In this geometry, two Qy tran-
sitions of the (S,S/S,S)-enantiomer form a clockwise turn that, in accordance with
the exciton chirality method, corresponds to positive chirality as determined
for 1b. For the (R,R/R,R)-enantiomer the direction of coupling and thus the
corresponding chirality sign are opposite, as seen for 1a.

To theoretically confirm this assignment, the CD spectrum of the (R,R/R,R)-
enantiomer was calculated using the following approach. Firstly, the spacial
geometry of this enantiomer was obtained at the semi-empirical PM3 level using
the corresponding crystallographic data as a starting point (interchromophoric
distance is 8.16 Å). Under such conditions, a Coulombic rather than electron
exchange interaction model is more appropriate to apply for the two chlorin chro-
mophores. In the second step, spectral parameters (exciton energies and transition
moments) of the chlorin monomer were obtained from CI calculations at the
ZIBDO/S level of zinc 5-methyloctaethylchlorin. The derived absorption spec-
trum of the monomer consists mainly of four well-distinguished (Qy, Qx, Bx, and
By) transitions (Figure 64b), and is typical of chlorin-type chromophores.73–88

Finally, on the basis of the geometrical and spectral parameters obtained by the
point-dipole approximation and the Kuhn-Kirkwood coupled oscillator analy-
sis,32,33,143 the theoretical electronic absorption and CD spectra of the (R,R/R,R)-
enantiomer were calculated (Figure 64a). The calculated spectral features are in
good agreement with the experimental spectra of 1a. It is clearly seen that the
intensity of the out-of-phase Qy(−) transition is smaller than that of the in-phase
Qy(+) transition due to the partially forbidden nature as a result of the V-shaped
orientation of these dipoles. A negligibly small CD signal arising from the Qx–Qx
coupling is also predicted correctly, since its intensity is proportional to the square
of the magnitude of the Qx transition moment. Furthermore, the lower energies of
the Qy and Bx transitions, in comparison to the corresponding Qx and By transi-
tions, allow one to attribute the origin of their opposite chirality signs to the dif-
ferent direction of the coupled transitions: i.e., clockwise and anticlockwise for the
x and y polarizations, respectively. Thus, this theoretical model nicely reproduces
the relative energy levels and intensities of the coupling transitions, particularly
the three degenerate Qy–Qy, Qx–Qx, and Bx–Bx couplings. Although there was
some overestimation of the CD intensities arising from the By–By coupling, the
actual CD signals of the CD By band are expected to be less pronounced due to
the smaller excitonic splitting than those of the Bx bands. More importantly, this
analysis predicted the negative chirality of the most red-shifted and energetically
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isolated Qy transitions of 1a, thus unambiguously supporting the assigned
absolute configuration.

C. Oligomeric Porphyrin Systems

CD spectra of several oligomeric porphyrin systems have been reported. However,
since the systems become complex, virtually no anaysis has been carried out. For
example, Osuka and coworkers synthesized meso-cinchomeronimide-appended
meso–meso–linked metal (H2 and Zn) porphyrin dimers (Figure 65) which can
exist as mixtures of six atropisomers.145 These atoropisomers can be separated
since the free rotation of the cinchomeronimide group is considerably restricted
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Figure 64. (a) Calculated absorption and CD stick spectra of (R,R/R,R)-bis-chlorin drawn in
Figure 63 based on the optimized structure. The notations (+) and (−) represent the in-phase
and out-of-phase transitions, respectively. (b) Computed linear absorption spectrum of zinc 5-
methyloctaethylchlorin (redrawn from Ref. 144).
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due to the steric hindrance of the two imide-carbonyl groups. Depending on
whether the nitrogen atoms of the cinchomeronimide are facing outwards or
inwards from the porphyrin plane, these atropisomers are expressed by adding the
subscript in–in, in–out, out–out, in addition to handedness (S and R). When the
zinc complexes of the separated isomers were dissolved in solution, they exhib-
ited high-fidelity self-sorting assembly, to form discrete cyclic trimers, tetramers,
and pentamers with large association constants from 7in–in, 7in–out, and 7out–out,
respectively (compound 7 in the paper) (Figure 66). Although the absorption spec-
tra of R7in–in, R7in–out, and R7out–out (meso–meso linked diporphyrin) are practically
identical, with two strong Soret peaks at 427 and 465 nm and a Q01 band at
574 nm, their self-assembled oligomers showed the CD spectra shown in Figure 67.
Although these CD spectra appear to be rationalized by exciton coupling theory,
no analysis has been attempted.

Osuka and coworkers reported fairly similar box-type porphyrin enantiomers
and their absorption and CD spectra.146 Although the CD spectra were perfect
mirror images of each other (Figure 68), again no explanation was given. Aida and
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Figure 65. meso-Cinchomeronimide appended meso–meso linked metal (H2, Zn) dipor-
phyrin and its six kinds of atropisomers. In the abbreviations, S and R indicate chirarity, “in”
and “out” means whether the nitrogen atoms of cinchomeron moiety is oriented inward and
outward, respectively, of the porphyrin plane (redrawn from Ref. 145).
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Figure 66. Structures of DFT-calculated (a) (R-7in–in)3, (b) (R-7in–out)4, and (c) (R-7out–out)5. The
structure of (c) is very close to that confirmed by X-ray (redrawn from Ref. 145).

coworkers reported box-type porphyrin assemblies having CD spectra very close
to those in Figure 68.147

Stang and coworkers reported a cyclic tetramer of a 5,15-diphenyl-10,20-
dipyridyl metal-free porphyrin connected by four optically active R or S-binaphthyl
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(BINAP) units (Figure 69 top) and their electronic absorption and CD spectra
(Figure 69 bottom).148 Although the absorption spectrum is typical of monomeric
porphyrin without aggregation, very sharp bisignate CD curves were observed in
the Soret band region. The apparent Davydov splitting is 10 nm. The authors sug-
gested three types of coupling interaction: (a) four “adjacent” porphyrin couplings
(pairs of porphyrins attached to the same transition metal corner), (b) two “oppos-
ing” porphyrin couplings (porphyrins on opposite sides of the macrocycle), and
(c) a combination of (a) and (b). Careful examination of the structure revealed that
both the “adjacent” and “opposing” pairs of porphyrin chromophores are in the
same chiral environment of the BINAP ligands. This was in accord with the signs
of the first and the second Cotton effects observed in the CD spectrum for the
Soret band of the macrocycle, as well as with the large magnitude of the splitting
due to mutual cooperativity. Interestingly, when zinc was inserted into the macro-
cycle, a bisignate CD was not recorded, but a single peak (when R(+)-BINAP was
used) was observed corresponding to the Soret peak. The authors suggested that
this is due to the high symmetry (D4h) of the zinc complex. In the case of the
metal-free complex, the Bx and By (Soret) transition is separated by about
200–250 cm−1 and the direction of transition moment is mutually normal.149 Thus,
when R(+)-BINAP was used as a linkage, the coupling interaction among Bxs
may give a negative CD and that among Bys a positive CD. Then, as a result, a
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Figure 67. CD spectra of R-7 in CHCl3. Broken dotted, dotted, and solid lines represent
the spectra of cyclic trimer, tetramer, and pentamer, respectively in Figure 66 (redrawn from
Ref. 145).
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bisignate CD curve is observed since the energies of Bx and By are very close.
Whether this is correct or not has to be judged carefully by considering the
optimized structures.

Kimura and coworkers reported (R)- or (S)-BINAP-linked diporphyrins and
their CD spectra (Figure 70).150 Similarly to the abovementioned Stang and
coworker’s case, metal-free derivatives display bisgnated CD signals in the Soret
region. The R-enantiomer exhibited a positive CD sign at 427 nm corresponding
to the Soret absorption peak and a negative CD sign at shorter wavelength. When iron
was inserted, the bisignate CD signal almost disappeared, and the R-enantiomer
showed positive CD in the Soret region, strongly suggesting that the Soret CD
is actually induced CD produced by a coupling interaction between the BINAP
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Figure 68. (top) (R)-Isomer structure of tetrameric box type assembly of meso-pyridine
appended meso–meso-linked Zn porphyrin dimer. (bottom) The absorption and CD spectra
of the above box type assembly of the Zn porphyrins. CD spectra-isomer relationship is not
elucidated, although mirror-like curvatures are recorded (redrawn from Ref. 146).
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Figure 69. (top) A cyclic tetramer of 5,10-diphenyl-10,20-dipyridyl porphyrin connected by
four Pd2+ ions. L2 means R(+)- or S(-)-BINAP. X = H2 or Zn. (bottom) CD and UV-vis spectra
of the above tetramer, X = H2: (solid line) L2 = R(+)-BINAP, (dotted line) L2 = S(−)-BINAP
(redrawn from Ref. 148).
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chromophore and the porphyrin chromophore.151 Fe(III) porphyrins generally
produce µ-oxo dimers when treated with basic solutions. Kimura and coworkers
also treated their iron complexes with aqueous solutions at various pHs, par-
ticularly at alkaline pH.150 Since Fe porphyrins form oligomeric or polymeric
µ-oxo complexes intermolecularly, the resulting species began to show bisignate
CD curves in the Soret region due to excitonic interaction (Fe–Fe distance is
ca. 0.38 Å).

Liu, Ji and coworkers reported chiral linear zinc porphyrin arrays con-
structed from an amino acid-bridged zinc porphyrin dimer and ethylene
diamine via self-assembly (Figure 71).152 Unfortunately, there are several mis-
conceptions in this paper with respect to the interpretation of the electronic
absorption and CD spectra. When the positions of the Soret band of zinc por-
phyrin and amino acid-bridged zinc porphyrins were compared, the band of the
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Figure 70. The structure of BINAP-linlked porphyrin dimer by Kimura et al. (M = H2), and
their CD spectra. The rotation direction in the inset in the original paper was wrong (here it
was fixed) (redrawn from Ref. 150).
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Figure 71. (top) Zn porphyrin dimers bridged by amino acid, (middle) formation of one-
dimentional assembly of the zinc porphyrin by the addition of bidentate ligands, and (bottom)
CD spectra of some of the Zn dimers in the absence of extraneous ligands (redrawn from
Ref. 152).
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dimer was at longer wavelength but the difference was always 0–3 nm. The
authors concluded that this was due to the formation of a head-to-tail dimer
produced by a π–π interaction. Unless there is further clear evidence, such as
from NMR, these small values might be considered to be substituent effects or
experimental error. The authors insisted that the CD spectra were correlated to
chiral π–π stacking of the zinc porphyrins in the dimers even where no bisig-
nate CD curves are seen in Figure 71. Furthermore, it is strange that glycine-
bridged dimers show mirror-image CD curves (Figure 71(a)) since there is no
L or D-isomer for glycine. Zn porphyrin dimers linked by alanine or threonine
showed CD envelopes of either plus or minus in both the Soret and Q band
regions. This kind of CD curve can never be explained as being produced by
chiral π–π stacking of the zinc porphyrins in the dimers. In the paper, the
authors show that the CD curves in Figure 71 are diminished by adding extra-
neous bidentate ligands. Since zinc porphyrins are generally five-coordinate in
the presence of extraneous strong ligands, these data suggest that, in the
absence of extraneous bidentate ligands, the amino group and carbonyl oxygen
in the bridging moiety coordinate to two zinc ions in the dimer, so that the two
porphyrin planes are very close. Accordingly, the CD curves in this figure
appear to be produced by interaction of the porphyrin and the amino acid in
the bridging moiety. Since the CD envelope changes sign by the use of L- or
D-amino acid, this fact also strongly suggests that the CD was induced by the
bridging amino acid. 

Tamiaki and coworkers reported a similar porphyrin dimer, but with cyclic
dipeptides (2,5-piperazinediones) as the linking units, and provided valuable
data (Figure 72).153 A porphyrin monomer with an appended optically active
2,5-piperazinedione gave no CD signal, but a dimer linked by cyclo(L-Tyr-L-
Tyr) showed a minus-to-plus CD pattern in ascending energy in the Soret
region (left-handed helicity), while a dimer linked by cyclo(D-Tyr-L-Tyr) was
CD silent in the same region. These data indicate that the CD was generated
by exciton coupling of the two porphyrin chromophores and that the two
porphyrins most probably take a C2 or C2v arrangement in the cyclo(L-Tyr-L-
Tyr)-linked dimer.

The CD spectra of water-soluble porphyrins (mostly anionic tetrasulfonate
or cationic N-methylpiridinium-4-yl porphyrins) in the presence of D- or L-
polyglutamate154 or poly-L-lysine155 have been reported. Although the CD spectra
show a mirror-image relationship upon changing the coexisting L- or D-amino
acid polymer, no detailed analysis was given in these reports, where the por-
phyrins exist as aggregates.

Sebek and Bour evaluated, with the aid of quantum chemical computations,
the magnitudes of the perturbational, dipolar, and direct covalent contributions
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Figure 72. Structures of cyclic dipeptides (2,5-piperazinedione)-appended monopophyrin
1aH, and cyclic dipeptides (2,5-piperazinedione)-bridged diporphyrin 2aH and 3aH. The
difference between 2aH and 3aH are in the cyclic dipeptide moiety; 2aH is composed of
cyclo(L-Tyr-L-Tyr) while 3aH consists of cyclo(D-Tyr-L-Tyr) (redrawn from Ref. 153).
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to the electronic CD of porphyrin systems.156 They claimed that TD-DFT,
particularly with the hybrid B3LYP functional, are suitable for estimating the
electronic excitation energies and spectral intensities. Transition dipole cou-
pling between chirally stacked porphyrins was determined as the most impor-
tant mechanism contributing to the optical activity. Perturbation models
realized by a chirally arranged porphyrin and a point charge provided very
small CD signals.

Kim and coworkers discussed the stacking of tetrakis(3-N-methylpyridinium-
4-yl)porphyrin on poly[d(A-T)2] (DNA) in terms of electronic absorption, CD,
and linear dichroism spectroscopy under different conditions (particularly at vari-
ous NaCl concentrations).157 In the investigation of the porphyrin-DNA interac-
tions, a negative CD band in the Soret region has generally been accepted as an
intercalated porphyrin, while porphyrin bound at the groove exhibits a positive
CD band. A bisignate CD band is pronounced for the stacked porphyrins. In the
presence of poly[d(A-T)2], the cationic porphyrins showed bisignate signal chang-
ing of plus-to-minus in ascending energy, but this signal changes with time when
the NaCl concentration is low. Together with the data of linear dichroism, the
authors concluded that the molecular plane of the porphyrin is almost parallel to
the DNA base plane under the above conditions. No concrete conclusions were
drawn from the CD data in this study.

Aida and coworkers found an interesting phenomenon using their 5,15-
bis(4-carboxyphenyl)-10,20-dendronyl zinc porphyrins (Figure 73).158 As the
dendritic moieties, they prepared from first to third generations. When por-
phyrins containing second generation dendrons at the 10 and 20 positions were
dissolved at 5 mM (very concentrated solution) in CHCl3, absorption peaks at
453 and 413 nm were displayed, which were assigned to a J-aggregated
species. Similar absorption spectra were obtained when porphyrins contraining
third generation dendron were dissolved at 5 mM in benzene. On the other
hand, this type of absorption spectrum was not observed for species whose car-
boxyl groups at 5 and 15 positions were methyl esterified (these showed a sin-
gle Soret band at ca. 423 nm). When the J-aggregated solutions were cast onto
glass plates, the authors noticed that the spin-coated films displayed a chirality
dominance in the statistical distributions which was dependent on the spinning
direction. As seen typically in Figure 73, films spin-coated in a clockwise direc-
tion showed a plus-to-minus CD pattern in ascending energy, corresponding to
the 453 nm peak, while those films spin-coated in an anticlockwise direction
displayed exactly the opposite CD behavior. For this kind of phenomenon to
occur, the distance between the porphyrin and dendron units was important: if
the distance was too short, the bisignate CD curves were not observed (for
details, see Ref. 158).

33/Optically Active Porphyrin Systems Analyzed by Circular Dichroism 229

b867_Vol-07_Ch-33.qxd  6/11/2010  3:07 PM  Page 229



VII. Application of Porphyrins to Conformational Analysis

A. Determination of the Helicity of Polyisocyanides

Takei and coworkers determined the helicity of helical polyisocyanide using
exciton coupling of porphyrins.159 Chiral polyisocyanide was synthesized
35 years ago, in 1974.160 Since then, nobody has succeeded in finding a relation-
ship between the helicity and CD sign. Takei prepared poly(aryl isocyanide)s
with a polymerization degree of 100, where aryl = alkyloxycarbonylphenyl, and
furthermore alkyl = (L)- or (D)-menthyl, (D)-isomenthyl, (D)-neopenthyl, (S)-butyl,
and (S)-octyl (Figure 74, compounds 1a–1f ). Simultaneously, corresponding
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Figure 73. (top left) 5,15-bis(4-carboxyphenyl)-10,20-didendronyl zinc porphyrin prepared
by Aida et al. (top right) Third generation dendron linked to the 5,15 positions of the zinc por-
phyrin, (bottm left) the electronic absorption of the porphyrin in this figure (red) and its methyl
ester derivative (green) at 5 mM in benzene, and (bottom right) CD spectra of thin films (n =
0,1) prepared by spin-coating in the clockwise (red curves) and counterclockwise (blue
curves) directions (redrawn from Ref. 158).
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Figure 74. (a) Structures of optically active isocyanide homopolymers, 1a–1f (degree of
polymerization (DP) = 100), (b) structures of optically active isocyanide triblock copolymers
containing a block with tetraphenylporphyrinyl substituents, 2a–2f (DP = 100), and (c) elec-
tronic absorption and CD spectra of 1a (dotted lines) and 2a (solid lines). The inset in (c) shows
the subtracted CD spectrum: i.e. 2a–1a (redrawn from Ref. 159).
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triblock copolymers containing a tetraphenylporphyrin unit as one of two aryl
groups were prepared (Figure 74, compounds 2a–2f). As the dotted lines in this
figure show, the homopolymer with an (L)-menthyloxycarbonylphenyl group
exhibits a very weak broad absorption band between 300 and 500 nm, and a
broad positive CD envelope in the same wavelength region. The triblock
copolymer showed absorption bands due to the tetraphenylporphyrin moiety; a
Soret band in the ca. 380–450 nm region and four weak Q peaks in the 500–700 nm
region. The CD spectrum is similar in shape to that of the corresponding
homopolymer, except in the Soret region, which indicates that the helicity of
the homopolymer and the triblock copolymer is the same. Subtraction of the
CD spectrum of the homopolymer from that of the triblock copolymer showed
a positive-to-negative pattern (positive CD couplet) on going from longer to
shorter wavelength (see the inset of (c)) in the Soret region, indicating that the
CD spectrum in this region of the copolymer is produced by superimposition of
this positive couplet and the broad CD envelope originating from the
homopolymer main chain. Then, from the positive-to-negative CD pattern in
the Soret region, this copolymer was found to have right-handed helicity.
Therefore, the homopolymer poly(aryl isocyanide)s showing a positive CD
envelope in the 300–500 nm region was found to be a right-handed polymer.
Thus, the CD sign-helicity relationship of the chiral polyisocyanide was eluci-
dated 35 years after its advent. This assignment was opposite to that predicted
theoretically, and underlines the importance of experimental evidence.161

Interestingly, the helicity depended on the configuration (L or D) of the alkyl
moiety, being right-handed (P helicity) for (L) and left-handed (M helicity)
for (D).

B. Determination of the Absolute Configurations of Natural Products

Nakanishi, Berova, Woody and coworkers applied exciton-coupled CD spec-
troscopy to determine the absolute configurations of natural products.162,163

In 1995 and 1996, these authors began using zinc(II) or metal-free 5-(4-
carboxyphenyl)-10,15,20-triphenylporphyrins to determine the configuration
of steroids and brevetoxin.162,163 First, with respect to the transition moment
directions for the porphyrin Soret band, Woody described in Ref. 163 that we
can not expect the porphyrin chromophore to behave like a linear oscillator as
previously assumed, instead that it must be treated as a nearly circular oscilla-
tor, with nearly degenerate, orthogonal transition moments of approximately
the same magnitude. However, in all the cases they examined in which the
bis-porphyrin derivative can be compared with bis(p-dimethylaminobenzoyl)
derivatives, the signs of the Cotton effects were identical that they suggested
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that the normal exciton rule for linear oscillators can be used. After all, it was
concluded that the effective transition moment can be regarded as being in
the 5,15-direction of the porphyrin skeleton. Two porphyrin molecules were
linked to steroids and brevetoxin molecules by ester linkages, and utilizing the
CD exciton coupling, they determined the absolute configuration. Within the
samples examined, all results were consistent with those obtained using bis[p-
(dimethylamino)benzoates]. There are several merits to using pophyrin chro-
mophores; 1) the absorption coefficient of the Soret band is very large, 2) the
position of the Soret band is much longer compared to chromophores found in
many natural products, and 3) the polarization direction is known to run along
the C-5/C-15 direction.162 Porphyrins at the termini of dimeric steroids and
brevetoxin B exhibited exciton coupling over interchromophoric distances of
up to 50 Å (Figure 75).

Several years later, the same authors applied the CD exciton method to
gymnocin-B, separated from the red tide species, dinoflagellate Karenia miki-
motoi at Kushimo, Japan.164 Gymnocins are a series of cytotoxic marine poly-
cyclic ethers, and in gymnocin-B, two hydroxyl groups are present at C-10 and
C-37, separated by ca. 20 Å (Figure 76). This exhibited a positive-to-negative
sign in ascending energy, showing that two OH groups are in a right-handed
configuration.

Since chiral bis-porphyrins are the subject of intense interest as chiral recep-
tors and as probes in the determination of the structure and stereochemistry of
natural and synthetic products, Woody and coworkers reconsidered the CD spec-
tra of bis-porphyrins from three classes to provide an improved framework for
their interpretation: I, where the porphyrins can adopt a relatively wide range of
orientations relative to each other, II, porphyrins having a fixed orientation and III,
porphyrins undergoing π-stacking (Figure 77).165 The calculations primarily
utilized the classical polarizability theory of DeVoe (point dipole approxi-
mation),166,167 but were supplemented by a quantum chemical matrix method
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Figure 75. Structure and CD spectra of brevetoxin-bridged porphyrin dimer and its CD spec-
tra in MeOH/water = 4:1 (redrawn from Ref. 163).
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(monopole approximation with the program MATMAC).168 Class I was repre-
sented by three isomers of the diester of 5a-cholestane-3,17-diol with 5-(4′-
carboxyphenylporphyrin) (αβ, βα, ββ) (Figure 78). Careful analysis of the
torsional degrees of freedom led to two to four minimum-energy conformers for
each isomer. The CD spectra in the Soret region were calculated as Boltzmann-
weighted averages over the low-energy conformers for each isomer. Three mod-
els were used: the effective transition moment model, in which only one of the
degenerate Soret components is considered, along the 5–15 direction (D = 88.3 D2);
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Figure 76. Structure of gymnocin B linked with two tetraphenyl porphyrins at C-10 and C-37
OHs, and its experimental (solid line) and calculated (broken line) CD spectra (redrawn from
Ref. 164).
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the circular oscillator model, in which both Soret components are given equal
weight (D = 88.3 D2 each); and the hybrid model, in which the 10–20 oscillator
is given half the weight (D = 44.1 D2, a value heuristically justified) of the 5–15
oscillator, to mimic the effect of extensive vibrational averaging about the 5–15
direction. All three models predicted Soret exciton couplets with signs in agree-
ment with experiment. Quantitatively, the best results were given by the hybrid
and circular oscillator models, validating the widely-used effective transition
moment model for qualitative assignments of bis-porphyrin chirality, and thus
permitting application of the exciton chirality model. However, simultaneously,
it was indicated that for quantitative studies, the circular oscillator or hybrid
models should be used. The simplified effective transition moment and hybrid
models were justified by the vibrational averaging in class I bis-porphyrins, and
it was stressed that they are to be used only with these kinds of system. Two
class II bis-porphyrins were also studied by DeVoe method calculations in the
circular oscillator model, which yielded good agreement with experiment
(Figure 79).169 For class III bis-porphyrin systems, the calculations gave only
qualitative agreement (Figure 80), and limitations in the conformational analy-
sis with the close contacts and dynamic effects in these π-stacked systems
precluded quantitative results.

Methods for determination of the absolute configurations of amino acid,
amino alcohols, α-hydroxy acids, monoalcohols, primary and secondary
monoamines, and α-chiral carboxylic acids by zinc and magnesium porphyrin
tweezers were developed mainly by the Nakanishi and Berova and their

33/Optically Active Porphyrin Systems Analyzed by Circular Dichroism 235

Figure 77. Schematic representations of the three classes of bis-porphyrins. Class I:
compounds with unrestricted rotation (about one or more axes). Class II: compounds with
two porphyrin rings with fixed special orientation. Class III: compounds with π–π stacked
porphyrins (redrawn from Ref. 165).
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coworkers over a period of about 10 years from the late 1990s onward.170–178

The concept is simple (Figure 81). As exemplified in Figure 81, the chiral sub-
strates are linked to the achiral trifunctional bidentate carrier molecule (3-
aminopropylamino)acetic acid, and the resultant conjugates are then
complexed with dimeric zinc porphyrin hosts, giving rise to 1:1 host/guest
sandwiched complexes (primary and secondary amines coordinate to two zinc
ions). These complexes exhibit exciton-coupled bisignate CD spectra due to
stereo-differentiation, leading to preferred porphyrin helicity. Since the chiral
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Figure 78. Three isomers (αβ, βα, ββ) of diester of 5α-cholestane-3,17-diol with 5-(4′-
carboxyphenyl-10,15,20-triphenylporphyrin (redrawn from Ref. 165).
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sense of twist between the two porphyrins in the complex is dictated by the
stereogenic center of the substrate, the sign of the complex determines the
absolute configuration at this center. The twist of the porphyrin tweezer in
the complex can be predicted from the relative steric sizes of the group flanking
the sterogenic center, such that the bulkier group (L) protrudes from the com-
plex sandwich. As an example, the case of (S)-2-(1-hydroxy)ethylnaphthalene
(Figure 82) which is shown as a conjugate in Figure 81 can be considered. The
schematic representation (Newman projection) depicts the substituent attached
to the stereogenic center which leads to the prediction of the CD couplet sign.
If the hydroxyl group is placed at the rear, as shown, the clockwise arrangement
of L (larger group), M (medium group) and hydrogen results in a positive CD
couplet, and vice versa. The absolute sense of twist between the porphyrin
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Figure 79. Structure of spactially obliquely fixed diporphyrin and its experimental (solid
lines) and calculated (broken lines) electronic absorption and CD spectra (redrawn from
Refs. 165 and 169).
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electric transition moments, and hence the sign of the exciton-coupled CD is
dependent on whether the P-2 porphyrin of the tweezer coordinates to the sec-
ondary amine nitrogen from the direction of the M or L group (Figure 81). The
preferred conformer determines the sign of the CD couplet, and hence the
observed CD exciton chirality reveals the absolute configuration of the sub-
strate. The assignment of M and L to substituents at the stereogenic center is
thus crucial for predicting the sign of the CD couplet. However, at the same
time, the authors emphasized that factors other than steric bulk, such as elec-
tronic interactions, hydrogen bonding, and rotational degrees of freedom can-
not be ignored. The authors discussed L/M based on relative steric factors and
electronic factors separately. In Ref. 178, meso-tetra(pentafluoro)phenyl zinc
porphyrins are used. It is stressed that an electron-withdrawing effect increases
the Lewis acidity of the central zinc, thereby facilitating coordination of guest
(Lewis base) molecules.
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Figure 80. (R,R) (αα)-form of diester of 5α-cholestane-3,17-diol with 5-(4′-carboxyphenyl-
10,15,20-triphenylporphyrin (redrawn from Ref. 165).
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Figure 82. Prediction of CD couplet in the case of (S )-2(1-hydroxy)ethylnaphthalene and CD
amplitude observed in the experiment. MCH is methylcyclohexane (redrawn from Ref. 172).
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Figure 81. Complex formation between a conjugate and a tweezer leads to two conceivable
conformations with opposite sense of twists. The predominant conformation I, the one in
which the L (larger) group is protruding away from the porphyrin-1/porphyrin-2 sandwich, giv-
ing rise to a typical CD couplet representing the sense of twist between the two porphyrins
and hence the absolute configuration at the stereogenic center; the broken curve in the
absorption spectrum represents the tweezer prior to complexation (redrawn from Ref. 172).
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VIII. Concluding Remarks

CD spectroscopy is highly sensitive to small conformational changes so great care
must be taken in analyzing CD spectra. If X-ray data exist, those coordinates
should be used to calculate CD solution spectra, since all conformational analyses
reported to date have shown close agreement with the X-ray structures. Some
researchers who are unfamiliar with the technique calculate CD spectra based on
optimized enantiomeric structures of low symmetry porphyrinic compounds. This
should be avoided since near planar porphyrin ligands are often predicted to have
deformed low symmetry structures resulting in unrealistic calculated spectra. CD
spectral analysis of compounds for which no X-ray data exist must be performed
carefully. The most important factors are the distance and angles between the
chromophores. If the orientations of the electronic and magnetic transition
moments are estimated correctly, the CD sign pattern can often be successfully
predicted. Knowledge derived from the assignment of electronic absorption spec-
tra should be used whenever possible. For instance, the use of strong electronic
absorption bands can be particularly helpful during CD studies, as described in the
context of conformational analyses of natural products. Since many research insti-
tutes and universities are now able to provide porphyrinoid researchers with easy
access to CD spectrometers, it is important for researchers in the field to fully
understand this elegant spectroscopic technique. This can be achieved relatively
easily based on a brief study of the theory of circular dichroism and chirality.
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List of Abbreviations

AcO acetate
ADMA anthracene-9,10-bis-methylmalonate
BSA bovine serum albumin
BHDC benzyl-n-hexadecyldimethyl ammonium chloride
BTH 2,6,-di-tri-tert-butyl-4-methyl phenol
CEL cremophore EL
CTAC cetyltrimethylammonium chloride
CTAB cetyltrimethylammonium bromide
1-ClNP 1-chloronaphthalene
DABCO 1,4,diazobicyclooctane
DCM dichloromethane
DMF dimethylformamide
DMSO dimethylsulfoxide
DPBF 1,3-diphenylisobenzofuran 
EC ethyl cellulose
HPLC high performance liquid chromatography
HSA human serum albumin
ISC intersystem crossing
LB langmuir-blodgett
LDH layered double oxide
MPc metallophthalocyanine
NPc naphthalocyanine
PBS phosphate buffer saline (or solution)
Pc phthalocyanine
PDT photodynamic therapy
Py pyridine
d-py deuterated pyridine
PVC polyvinyl chloride
SDS sodium dodecylsulfate
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SOLM singlet oxygen luminescence method
THF tetrahydrofuran
TX triton X-100
ΦF fluorescence quantum yield
Φ∆ singlet oxygen quantum yield
ΦP photodegradation quantum yield
τT triplet lifetime

I. Introduction

Phthalocyanines (Pcs) and metallophthalocyanines (MPcs) have a wide variety of
applications due to their diverse chemical, structural, electronic and optical prop-
erties.1–7 As a result of their bright blue, green to violet colors and excellent light-
fastness, Pcs are used worldwide as dyes and pigments.7 MPc complexes, in
particular CuPcs, are produced in industry on a large scale (~50,000 tons per year).
Phthalocyanines show exceptional thermal and chemical stability, with strong
acids only protonating conventional MPc complexes.8–11

Pcs have found application in rewritable optical media (CD-RW),1 as photo-
conducting materials in laser printers and photocopiers,1 in nonlinear optics,12

Langmuir-Blodgett (LB) films,13 semiconductor devices2,13 and as electrochemical
and chemical sensors.14,15 They have also attracted much attention in oncology as
photosensitizers for malignant tumor treatment in photodynamic therapy (PDT).
PDT uses a combination of a photosensitizing drug (e.g. MPcs) and light in the
presence of molecular oxygen to obtain a therapeutic effect based on selective cell
destruction.4 For use in photocatalysis (photosensitization), MPc complexes con-
taining non-transition metal ions are employed. High triplet state quantum yields
and long triplet lifetimes are required for efficient photosensitization, and these
criteria may be fulfilled by the incorporation of diamagnetic metals such as zinc,
aluminum or silicon into the phthalocyanine macrocycle. A recent review by Ishii
and Kobayashi provided the photophysical (singlet and triplet state parameters)
data of a range of substituted and unsubstituted MPc complexes,16 and fast meth-
ods for the direct detection of triplet states such as time-resolved electron para-
magnetic resonance were discussed. The present chapter focuses chiefly on main
group phthalocyanine complexes with emphasis on their photochemical behavior
(singlet oxygen and photostability), in addition to some photophysical studies car-
ried out on these complexes. The effects of phthalocyanine ring substituents on
these parameters will also be discussed. The common abbreviations employed in
this chapter are listed in front. Table 1 lists the phthalocyanine substituents dis-
cussed in this chapter. Figure 1 lists MPc (not included in Table 1) and related
complexes which will be used in this chapter.
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Table 1. General ring (R1 to R4) substituents of phthalocyanines.

R can be any of the ring substituents listed in Table 1a. Each ring substituent is represented by
S followed by an identification number. A q following S1, S2, S3 and S4 refers to the quater-
nized form of the complex. X1 and X2 are general axial ligands; X can be any of the axial lig-
ands in Table 1b. The axial ligands are represented by L followed by an identification number.
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Table 1a. Ring substituents.

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

Water solubilizing ligands
S1 67, 69, 98, 115

S1q 67, 98,115

S2 70,118,119

S2q 70
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S3 68, 70

S3q 68, 70

S4 72

S4q 72

S5 73

S6 74

S7 75

S8 76

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S9 74

S10 36, 54, 78, 97, 156

S11 78

S12 79

S13 79

Other ligands
S14 89, 139, 118, 179, 

186, 188, 198

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S15 36

S16 36

S17 36, 41

S18 8, 36, 44, 45, 54, 127,
136, 139, 148, 156,
177, 179, 184, 191,
200, 186, 211

S19 132

S20 134

S21 36

S22 136

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S23 8, 33, 36, 37, 41, 54,
88, 139, 148, 156,
157, 177, 179, 184,
186, 191, 200, 211

S24 36, 137, 139

S25 136, 137

S26 138

S27 149

S28 100, 150

S29 143

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S30 88

S31 87

S32 147

S33 147

S34 147

S35 147

S36 147

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S37 151, 168

S38 148

S39 149

S40 36, 37, 45

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S41 36

S42 36, 45, 156

S43 36

S44 36

S45 45

S46 161

S47 161

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S48 160

S49 159

S50 75

S51 158

S52 166

S53 79

S54 78

S55 164

(Continued )
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Table 1a. (Continued )

Identification
Ring substituent (R1, R2, R3, R4) number Ref.

S56 79

O
O

O

O

O

OO
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Table 1b. General axial ligands.

Identification
Axial ligand (X1, X2) number Ref.

L1 141

L2 141

L3 141

O3SCH3 L4 127

L5 183, 185

L6 183

(Continued )
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Table 1b. General axial ligands.

Identification
Axial ligand (X1, X2) number Ref.

L7 183

L8 182

L9 45

L10 145

L11 145

L12 195

L13 44, 127, 193

(Continued )
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Table 1b. (Continued )

Identification
Axial ligand (X1, X2) number Ref.

L14 44, 127, 193

L15 44, 127

L16 44

L17 192, 194

L18 127

L19 127

L20 127

L21 127

L22 127

(Continued )
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Table 1b. (Continued )

Identification
Axial ligand (X1, X2) number Ref.

L23 127

L24 127

L25 127

L26 127

L27 127

L28 44, 127

L29 202

O

OOC
COOH

O3S

NOOC

COOHOOC

O
NH2

Figure 1. Molecular structure of complexes re-drawn from the references provided: 1 (and
1q),63 2 (and 2q),87,102 3 (M = Zn or 2H),54,97,148 4 (M = Zn or 2H),156 5,164 6,164 7,164 8,54,148 9,155

10,181,182 11,181 12 (M = Ga(III) or In(III)),183 13 (M = Zn, Al(III) or Co),207 14.17
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1q (quaternized 1) 2q (quaternized 2)
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Figure 1. (Continued )
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Figure 1. (Continued )
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Figure 1. (Continued )
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Figure 1. (Continued )
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II. Photochemical and Photophysical Parameters

Photochemical studies include singlet oxygen and photodegradation quantum
yields, as well as photocatalysis, while photophysical studies include fluorescence
and triplet state quantum yields and lifetimes. Since the fluorescence lifetimes
have been extensively reviewed,16 they will not be included in this chapter.
Figure 2 shows a Jablonski diagram representing the photophysical processes fol-
lowing light absorption.

A. Singlet Oxygen Quantum Yields (ΦΦ∆∆)

MPc complexes act as photosensitizers for many reactions, including the degra-
dation of pollutants17–19 and transformation of alkenes and alkanes.20 Most notable
among the uses of Pcs is their use as photosensitizers in oncology, particularly in

N

N
N

N
N

N
N

N

N

N
N

N
N

N
N

N

Nd

14

Figure 2. Jablonski diagram. Abs = absorption, Fl = fluorescence, Ph = phosphorescence.

Figure 1. (Continued )
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photodynamic therapy (PDT).4,21–28 ZnPc complexes in particular are well known
for their photosensitizing abilities,29–37 while unmetalated phthalocyanine
complexes show very little PDT effect.28 It is believed that during photosensitiza-
tion (photocatalysis), the MPc molecule is first excited to the triplet state, and then
transfers the energy to ground state oxygen, O2(

3∑g), generating excited state
oxygen, O2(

1∆g), the chief cytotoxic species, which subsequently oxidizes the
substrate. This is the Type II mechanism as shown in Scheme 1.27,38–45

Singlet oxygen is generated when oxygen in its triplet state (3O2) interacts with
a sensitizer (in its triplet state, 3MPc*).Thus singlet oxygen quantum yields are
expected to be comparable to the MPc triplet state quantum yields if quenching of
the latter by ground state oxygen is efficient.39 The excited triplet state of the MPc
(3MPc*) can also interact with ground state molecular oxygen or substrate mole-
cules (Eqs. 4 and 5) generating superoxide (Eqs. 4 and 6) and hydroperoxyl radi-
cals (Eq. 7), which subsequently afford oxidation of the substrate (Eqs. 8 and 9)
by a Type I mechanism (Scheme 2).27,40

It has been reported that the Type II mechanism is more prevalent39 in pho-
toinitiated oxidation reactions; thus the magnitude of singlet oxygen quantum
yield (Φ∆), which expresses the amount of singlet oxygen generated per quanta of
light, is often employed as a main criterion in choosing the photosensitizers to be
used in photocatalytic reactions. Many factors associated with the sensitizers are
responsible for the magnitude of the determined quantum yield of singlet oxygen,
including: triplet excited state energy, ability of substituents and solvents to

(1)

(2)

(3)
1O Subs Oxidation products2 + Æ

3 3 1
2MPc* O O2+ Æ

MPc MPc MPcISCÆ æ Æææ1 3* *

Scheme 1. Type II mechanism.27,38–45 Here, MPc = metallophthalocyanine, ISC = intersystem
crossing, Subs = substrate, 3O2 = O2(3∑g) and 1O2 = O2(1∆g).

(4)

(5)

(6)

(7)

HO2
• + Subs–H → H2O2 + Subs• (8)

(9)Subs , Subs , H O Oxidation Products+
2

∑ ∑ Æ2

O HO2
H

2

+-∑ ∑æ Ææ

MPc O MPc O2 2
-∑ -∑+ Æ +

3MPc* Subs MPc Subs+ Æ +-∑ +∑

3
2 2MPc* O MPc O++ Æ +∑ -∑

Scheme 2. Type I mechanism.27,40 MPc = metallophthalocyanine, Subs = substrate.
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quench the singlet oxygen, the triplet excited state lifetime and the efficiency of
the energy transfer between the triplet excited state of the sensitizer and the
ground state of oxygen.

The singlet oxygen quantum yields for the MPc complexes may be conve-
niently determined using a singlet oxygen quencher such as 1,3-diphenylisoben-
zofuran (DPBF), or by using the singlet oxygen luminescence method (SOLM).
The results using the two methods are comparable.33 Side reactions are excluded
when SOLM is employed. When DPBF is employed in micellar solutions, chain
reactions occur as a result of the endoperoxide initially formed, but this problem
can be overcome by adding sodium thiosulfate which destroys endoperoxide.33

DPBF is an efficient 1O2 quencher in organic solvents and its disappearance can
be readily monitored by following the decrease in its absorption peak at 416 nm
[in dimethylsulfoxide (DMSO), for example], as in Figure 3.33

(10)

(11)

(12)

(13)

(14)

(15)
1 k
O MPc Chemical reaction (chemical quenching)q(MPc)

2 + æ Ææææ

1 k 3O MPc O + MPc  (physical quenching)p(MPc)
2 2+ æ Ææææ *

1 k 3O DPBF O + DPBF  (physical quenching)p(DPBF)
2 2+ æ Ææææ *

1 k
O DPBF Oxidation products (chemical quenching)q

2 + æ Ææ

1 k 3O O Natural decayd
2 2æ Ææ

3 3 1O MPc O2 2+ æ Ææ* hn

Figure 3. Change in absorption spectra of diphenyl isobenzofuran (DPBF) as singlet oxygen
is produced by the phthalocyanine. Inset: Representation of the reaction of singlet oxygen
with DPBF.

Scheme 3. Physical and chemical reactions of DPBF in the presence of 1O2.
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Anthracene-9, 10-bis-methylmalonate (ADMA) may be employed as a singlet
oxygen quencher in aqueous media by monitoring its disappearance at 380 nm in
the presence of singlet oxygen. Scheme 3 shows the fate of 1O2 in the presence
of DPBF.

DPBF acts exclusively as a chemical quencher in DMSO and other organic
solvents, and thus Eq. 13 may be disregarded. Physical quenching through Eq. 14
may also be ignored since Φ∆ does not depend on the concentration of the sensi-
tizer (MPc). Furthermore, the reaction rate of the sensitizer with 1O2 according to
Eq. 15 is negligible compared to the rate of 1O2 of reaction with DPBF. Thus, only
Eqs. 11 and 12 are relevant to the decay of singlet oxygen, and these equations
may be used in deriving Eq. 16 for the determination of Φ∆ employing a standard
such as unsubstituted ZnPc19,35,37:

(16)

where ΦD
Std is the singlet oxygen quantum yield for the standard, W and WStd are

the DPBF photobleaching rates in the presence of MPc derivatives under investi-
gation and the standard, respectively. Iabs and IStd

abs are the rates of light absorption
by the MPc derivative and standard, respectively. A similar equation may be
derived for the use of ADMA as a quencher.

Iabs is determined by Eq. 17:

(17)

where α is the fraction of light absorbed, S is the cell area irradiated, NA is
Avogadro’s constant and I the light intensity.

In the absence of appropriate standards, DPBF (or ADMA) quantum yields
(ΦDPBF) are calculated using Eq. 1833:

(18)

where C0 and Ct are the respective concentrations of DPBF before and after irra-
diation, t the irradiation time and V is the volume of the sample. Singlet oxygen
quantum yields are then calculated using Eq. 1933:

(19)
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where kd is the singlet oxygen decay rate constant and kq the reaction rate constant
of DPBF in the presence of singlet oxygen. 1/Φ∆ is obtained from the intercept of
a plot of 1/ΦDPBF versus 1/[DPBF].

The use of the singlet oxygen luminescence method (SOLM) relies on the
luminescence of singlet oxygen at 1270 nm, which is a spin forbidden process
(S1–T1) (Figure 4), but occurs in an area that is generally free from interference.
However, the signal is weak. The dynamic course of 1O2 concentration [1O2] can
be clearly recorded, following Eq. 20 as described theoretically in the literature38:

(20)

where the τD is the lifetime of 1O2, τT is the lifetime of MPc at the triplet state, t is
time in seconds and A is a coefficient involved in sensitizer concentration and
singlet oxygen quantum yield. The singlet oxygen quantum yield may then be
determined by the relative method using a standard such as ZnPc, Eq. 21:

(21)

where Φ∆
Std is the singlet oxygen quantum yield for the standard, A and Astd are the

coefficients of the sample and standard, respectively. Standards which are often
employed for Φ∆ are listed in Table 2 in different solvents.12,27,33,41,42,48

The equipment employed for the SOLM method is shown in Figure 4, and
consists of an ultrasensitive detector such as a Ge detector, combined with a series
of filters to minimize background signals. The equipment uses a laser excitation
source as shown in Figure 5. A typical signal obtained from the SOLM for singlet
oxygen obtained from an MPc complex is shown in Figure 6.
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Figure 4. Simplified Jablonski diagram showing the 1270 nm luminescence of singlet
oxygen. ISC = intersystem crossing, Fl = fluorescence.
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Figure 5. A diagrammatic representation of the singlet oxygen detector system using the
singlet oxygen luminescence at 1270 nm.

Table 2. Photochemical and photophysical data for complexes commonly used as
references for triplet quantum yields (ΦT), fluorescence quantum yields (ΦF) and singlet oxy-
gen quantum yields (Φ∆).a

λQ band/nm λ T/nm
Complex Solvent (log ε) (log ε) ΦT ΦF Φ∆ τT (µs) Ref.

ZnPc Toluene/ 671.5 (5.25) 490 (4.56) 0.58 0.34 0.54 330 48
1% py

ZnPc DMSO 672 (5.38) 0.50 0.20 0.67 350 41
ZnPc DMF 670 0.56 33
ZnPc 1-ClNP 0.3 47
ZnPc Ethanol 670 0.53 33
ZnTtBPc Ethanol 674 (5.20) 490 (4.55) 0.58 0.54 200 12
Li2Pc Acetonitrile 665 (5.18) 469 (3.58) 0.60 0.5 0.50 60 50
Chlorophyll a Pyridine 0.59 27
Chlorophyll a Benzene 0.60 27
Chlorophyll a Toluene 0.60 27
Chlorophyll a Ether 0.32 48
Cresyl violet Methanol 0.54 48
Rhodamine 6G Ethanol 0.94 46, 49

aThe following symbols apply to all tables: ΦF = fluorescence quantum yield (in general the
standard used for determination of ΦF is chlorophyll a in ether (ΦF = 0.32) [49]); ΦT = triplet
quantum yield; Φ∆ = singlet oxygen quantum yield; τT = triplet life time.

B. Photodegradation Quantum Yields (ΦΦP)

Photostability of MPc complexes is important for their application as photocata-
lysts (photosensitizers). Photodegradation is the oxidative degradation of a photo-
sensitizer molecule with time into lower molecular weight fragments.33

Photodegradation generally depends on the structure of the molecule, concentra-
tion, solvent and light intensity. It is believed that photodegradation is a 1O2 medi-
ated process, since 1O2 is highly reactive and it can react with macrocyclic metal
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complexes, such as phthalocyanines as shown in Scheme 4.34 Phthalimide was
found to be the photooxidation product following degradation of MPcs.34

Photodegradation (photobleaching) is characterized by a decrease in the intensity
of both the Q- and B-bands, without a shift in maxima or formation of new bands
in the visible region. Photobleaching quantum yields (Φp) may thus be determined
using Eq. 22.19,33,35,37

(22)

where Ct and C0 in mol.l−1 are the MPc molar concentrations after and prior 
to irradiation, respectively, V is the reaction volume, S the irradiated area of the
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Scheme 4. Photodegradation of phthalocyanine by singlet oxygen. Modified from Ref. 34.
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Figure 6. A typical decay curve observed during singlet oxygen determination using its
luminescence at 1270 nm.
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cell, t the irradiation time, NA is the Avogadro’s number and Iabs is defined
by Eq. 17.

C. Fluorescence Quantum Yields (ΦΦF)

Fluorescence properties of MPcs such as spectral shifts, fluorescence quantum
yields and lifetimes are influenced by the presence and nature of the central
metal, aggregation, nature of solvent, pH, halogenation, photoinduced electron
transfer or electronic energy transfer, amongst other factors. Fluorescence
quantum yield (ΦF) is a measure of the efficiency of the emission process.
Fluorescence quantum yields may be determined by the comparative method,
using a well-known standard. Equation 23 may be employed,44–47 using a
reference such as chlorophyll a:

(23)

where F and FStd are the areas under the emission curves of the sample and
standard, respectively, A and AStd are the absorbances of the sample and standard,
respectively, and n and nStd are the refractive indices of the solvents used for
sample and standard, respectively. The references often employed for the deter-
mination of fluorescence quantum yields (ΦF) are listed in Table 2.41,46–50

D. Triplet State Quantum Yields (ΦΦT) and Lifetimes (ττT)

Population of the triplet state with excited MPc molecules is of importance in vis-
ible light driven processes such as photocatalysis (photosensitization), since these
excited molecules transfer their energy to ground state oxygen to produce singlet
oxygen which is essential in these processes. 

Laser flash photolysis gives information about the triplet–triplet absorption
and the lifetime of the excited species. The equipment employed is shown diagra-
matically in Figure 7. The triplet quantum yield (ΦT) is based on the maximum
absorption of the triplet state generated during laser flash photolysis experiments.
The triplet state absorption of MPcs is at ∼500 nm, a region which is far away
from their ground state absorption maximum (Q- band ∼700 nm). This provides
for easy measurement of the triplet absorption since there is no overlap. ΦT can be
determined using a standard with a known ΦT, some of the standards are listed in
Table 2.12,41,48,50 The transient absorption due to the triplet state between 450 and
550 nm is accompanied by loss in the absorption in the Soret and Q-band regions
due to depletion of the parent compounds (Figure 8). For triplet quantum yield

F FF F
Std

Std

Std Std

FA n

F A n
=

2

2( )

34/Photochemical and Photophysical Properties of Metallophthalocyanines 275

b867_Vol-07_Ch-34.qxd  6/4/2010  10:06 AM  Page 275



276 Nyokong and Antunes

determinations, either the singlet depletion method, Eq. 24,41,51–54 or triplet absorp-
tion method, Eq. 25,54,55 may be employed:

(24)

(25)

where ∆AS and ∆AS
Std are the changes in the singlet state absorbance of the MPc

derivative and standard (such as ZnPc), respectively. ∆AT and ∆AT
Std are the
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Figure 7. A diagrammatic representation of the laser flash photolysis system used for triplet
yields and lifetimes.

Figure 8. Typical differential absorption spectrum of a metallophthalocyanine (MPc). Inset:
Typical triplet decay curve of MPc.
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changes in the triplet state absorption of the MPc derivative and the standard,
respectively. ΦT

Std is the triplet state quantum yield for the standard. εS and εS
Std are

the singlet state extinction coefficients for the MPc derivatives and the standard,
respectively. εT and ε T

Std are the triplet state extinction coefficients for the MPc
derivatives and the standard respectively, and are determined from the molar
extinction coefficients of their respective singlet states (εS and εS

Std), the changes in
absorbances of the ground singlet states (∆AS and ∆AS

Std) and changes in the triplet
state absorptions (∆AT and ∆AT

Std), according to Eqs. 26 and 27:

(26)

(27)

The lifetime of an excited state is the time taken to diminish the population
of the molecules in that state to 1/e of its initial concentration. A decay curve
(Figure 8 inset) gives the triplet lifetime. The lifetimes of the transients are deter-
mined from a software program such as OriginPro 7.5, used in fitting the triplet
decay curve. The triplet curve may obey second order kinetics, at high concentra-
tions (> 1 × 10−4 M), due to the triplet–triplet recombination.56

III. Water Soluble Phthalocyanine Complexes

For PDT action, it is necessary that the drug be easy to administer via systemic
injection into the blood stream. As the blood itself is a water-based system, water
solubility then becomes an essential requirement for a PDT drug. Additionally,
the drug will have to traverse lipid membranes, meaning that it should also be
lipophilic. Water solubility is also essential for use of MPc complexes in the
photodegradation of pollutants such as chlorinated phenols under homogeneous
conditions. Hence, water soluble Pc complexes will be discussed separately. The
most common water-soluble complexes are the sulfonated MPcs.57,58

Sulfonation59 by the reaction of MPc complexes with fuming sulfuric acid (con-
taining SO3) gives a variable mixture of differently sulfonated metallophthalo-
cyanine complexes (MPc(SO3

−)n, where M = metal ion, n = mixture of 1, 2, 3, or
4 sulfonate groups, which will be represented as MPc(SO3)mix in this chapter,
each containing a variety of positional isomers. Mixed-sulfonated aluminium
phthalocyanine [ClAl(III)Pc(SO3)mix], commercially known as Photosens has
been developed as a PDT drug with a fair measure of success.27 Tetrasulfonated
derivatives are generally synthesized by Weber and Busch’s method.60
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Pentasulfonation has been reported in cases where tetrasulfonation was
expected.61

Tetrapyridinoporphyrazine (Figure 1, complexes 1 and 2) are phthalocyanines
in which the outer benzene rings are replaced with electron-withdrawing pyridine
rings.62 The N,N′,N′′,N′′′-tetramethylated quaternized forms of tetrapyridinopor-
phyrazines (Figure 1, complexes 1q and 2q) are tetrapositively charged and hence
water soluble.62–66 Other positively charged water soluble complexes include quat-
ernized phthalocyanines containing substituents S1q, S2q, S3q or S4q which are
quaternized forms of S1, S2, S3 or S4.67–72 A wide variety of quaternized MPc
complexes exist in addition to the ones mentioned above. These include MPc com-
plexes substituted with S5,73 S6,74 S7,75 S8,76 and S9.74 MPcs containing carboxylic
acid groups,77 hence negatively charged, have also been studied. These include
MPc complexes substituted with S10,78 S11,78 S12,79 and S13.79 Some cationic
phthalocyanines have been found to target vulnerable sites in cells,80 showing their
importance in tumor necrosis and photoinactivation of bacteria.

A. Aggregation Behavior

Aggregation is usually depicted as a coplanar association of rings progressing
from monomer to dimer and higher order complexes. Aggregation in MPcs is
dependent on the concentration, nature of the solvent, nature of the substituents,
complexed metal ions and temperature. In the aggregated state, the electronic
structure of the complexed phthalocyanine rings are perturbed, resulting in the
alternation of the ground and excited state electronic structures. Water soluble Pc
complexes readily form aggregates. Sulfonated MPc complexes often form dimers
or higher aggregates in solution.

The relative geometry of the macrocycles determines the spectroscopic behav-
ior of aggregates. According to Kasha’s molecular exciton theory,81 the absorption
band of aggregates will be blue-shifted (Figure 9) with respect to the monomer
band when the angle between the polarization axes of monomer and the line of
molecular center of the aggregate is larger than 54.7°. If the angle is equal to 90°,
the molecules are in a face-to-face fashion (the so-called H-type aggregate). On
the other hand, when the angle is smaller than the critical angle of 54.7°, the aggre-
gate peak is red-shifted (the so-called J-type aggregate). The cofacial arrangement
(common in most Pc aggregates) generally yields the blue-shifted H-aggregates,82,83

whereas an edge-to-edge arrangement of the J-aggregates is less common. The H
aggregates show an absorption band around 630 nm.82 MPc photosensitizers that
form dimers and higher aggregates show a lower photosensitization efficiency.57,84

Aggregation reduces the lifetimes of the MPc excited state, most probably due to
enhanced radiationless excited state dissipation.83 Therefore, the quantum yields
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of the excited states and consequently, singlet oxygen generation, are lowered. The
degree of sulfonation, isomeric composition and the nature of the central metal ion
affect the extent of aggregation. Biological environments support monomerization
of phthalocyanines.

1. Sulfonated Derivatives

ClAl(III)Pc(SO3)mix, (OH)2Si(IV)Pc(SO3)mix and (OH)2Ge(IV)Pc(SO3)mix com-
plexes in pH 7.4 buffer show broadening and splitting of the Q-band.51,53 This
behavior is characteristic of the formation of aggregates in sulfophthalocya-
nines. For these three complexes, addition of a surfactant (Triton X-100) did not
bring about any noticeable change in shape and intensity of the spectra, sug-
gesting that these complexes are in a monomeric state. Addition of Triton-X-100
to solutions of ZnPc(SO3)mix and (OH)2Sn(IV)Pc(SO3)mix induced considerable
increases in intensity of the low energy band in the visible region, suggesting
that the molecules are aggregated and that addition of Triton X-100 breaks up
the aggregates.

The degree of aggregation in water increases with lipophilicity,58 hence the
prevalence of the less sulfonated fractions in solution is expected to increase
aggregation. High performance liquid chromatography (HPLC) confirmed53 that
ClAl(III)Pc(SO3)mix, (OH)2Si(IV)Pc(SO3)mix and (OH)2Ge(IV)Pc(SO3)mix had a
prevalence of fractions with a higher degree of sulfonation, hence were not aggre-
gated compared with ZnPc(SO3)mix and (OH)2Sn(IV)Pc(SO3)mix complexes which
contained less sulfonated fractions and were therefore more aggregated.
ClAl(III)Pc(SO3)mix, (OH)2Si(IV)Pc(SO3)mix and (OH)2Ge(IV)Pc(SO3)mix consisted

Figure 9. Energy levels showing the transitions involved in aggregated MPc complexes.
Modified from Gasyna, Z.; Kobayashi, N.; Stillman, M. J. J. Chem. Soc. Dalton Trans. 1989,
2397–2405, Copyright 1989 Royal Society of Chemistry.
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mainly (~90%) of tetrasulfonated derivatives, while ZnPc(SO3)mix, and
(OH)2Sn(IV)Pc(SO3)mix contained approximately the same amounts of the tetra-,
tri- and di-sulfonated derivatives.52 Tetrasubstituted MPc complexes (MPc(SO3)4)
contain positional isomers in a statistical ratio of 1:1:2:4 (for the 2,9,16,23-,
2,10,16,24-, 2,9,17,24- and 2,9,16,24-isomers). The isomers are difficult to sepa-
rate chromatographically. For a series of ClAl(III)Pc(SO3)n complexes, only the
di-85 and tri-sulfonated complexes were essentially monomeric.42,85

2. Carboxylated Derivatives

The ground state electronic absorption spectra of (OH)Al(III)Pc(COOH)8,
ZnPc(COOH)8, (OH)2Si(COOH)8 and (OH)2Ge(IV)Pc(COOH)8 in PBS pH 7.4
shows no aggregation, typical of octacarboxysubstituted complexes, whereas
tetracarboxylated derivatives (MPc(COOH)4) are aggregated.19,77,86 The plurality
of COOH substituents prevents aggregation. For MPc complexes containing S12
and S13 substituents, the former resulted in aggregated MPc complexes, while
those containing S13 were not aggregated due to the bulkiness of the sub-
stituent.79 MPc complexes substituted with S10 or S11 were also found to be
aggregated.78

3. Quaternized Derivatives

MPc complexes containing quaternizable groups are constantly reported in the
literature.68–72,74–76,87,88 According to the literature,64,65 water soluble porphyrazine
complexes (complexes 1q or 2q; Figure 1) do not form aggregates in aqueous
solutions. Positively charged water soluble phthalocyanine complexes contain-
ing substituents S1q, S2q, S3q or S4q are aggregated in solution.67–72 For exam-
ple, ZnPc complexes tetra- or octasubstituted with substituent S4q are highly
soluble in aqueous media but were aggregated with the monomer band appear-
ing near 700 nm and the band due to aggregates near 640 nm.72 The presence of
the bulky quaternized 2-diethylaminoethanethiol substituent S4q at the periph-
ery of the ZnPc does not prevent aggregation of the Pc macrocycles. The addi-
tion of a surfactant, Cremophore EL (CEL), to the aqueous solution of these
complexes resulted in a decrease in the intensity of the band due to the aggre-
gates, with a concomitant increase in the intensity of the band due to the
monomeric species. The disappearance of the peak due to the aggregates was,
however, not complete.72 Addition of Cremophore EL reduced aggregation
resulting in increased photoactivity and improved photosensitizing ability for
MPcs substituted with S1q to S4q. Aggregated MPcs are expected to disaggre-
gate and exhibit monomeric behavior in organic solvents, and this was observed
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for ZnPc complexes tetra- or octasubstituted with substituent S4q in dimethyl-
sulfoxide (DMSO).72 The presence of trialkylated compounds, due to incomplete
quaternization of the outer nitrogen atoms, induces severe aggregation.87 Water
soluble quaternized ZnPc complexes containing S6, S7, S8 and S9 were also
found to be aggregated in water.74–76

Water soluble ClGa(III)Pc complexes containing S1q substituents were not
aggregated in water; however their Clln(III)Pc counterparts were aggregated
in water.67,69 It is not clear why the two derivatives show different aggregation
behavior. The addition of Triton X-100 to the water solution of the ClIn(III)Pc
derivatives resulted in disaggregation, as evidenced by the sharp increase in the
intensity of the monomer peak and a decrease in the intensity of the dimer peak
(Figure 10).69 However, the disappearance of the peak due to the aggregate is not
complete as judged by the persistence of the peak at 649 nm even after addition of
Triton X-100. Water soluble ZnPc complexes containing S2q substituents were
highly aggregated in water, and the spectra were recorded in a water–pyridine
solvent mixture.70

B. Fluorescence Spectra and Quantum Yields (ΦΦF)

Fluorescence spectral behavior of Pcs has been extensively studied.16,89–98

Generally in phthalocyanines, the excitation spectra are similar to the absorp-
tion spectra and both are mirror images of the fluorescence emission spectra
(Figure 11a).68 However for aggregated MPc complexes, the absorption profile is

Figure 10. Absorption spectra of In(III)Pc (S1q substituent) in water in the presence and
absence of Triton X-100 at a concentration of 6.6 × 10−5 mol dm−3. TX = Triton X 100.
Reproduced with permission from Ref. 69.
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different to that of the fluorescence spectrum, Figure 11b,89 since aggregates do
not fluoresce.

The ΦF values often increase with increase in the viscosity of the solvent. The
relationship between ΦF and the viscosity (η) of the solvent is given by the
Forster-Hoffmann equation (Eq. 28):99,100

log ΦF = C + x log η. (28)

As is the case with other photophysical and photochemical properties of MPc
complexes,101–115 fluorescence behavior is affected by solvent, aggregation and the
presence of surfactants or proteins. The fluorescence quantum yield values for
water soluble MPc complexes are shown in Table 3. The values are typical of MPc
complexes in general, with the exceptions discussed below.

Figure 11. Absorption, excitation and emission spectra of (a) typical MPc (Cl2Si(IV)Pc tetra
substituted on the peripheral position with S2 substituent) in DMSO. Excitation wavelength =
620 nm. Modified from Ref. 68. (b) A typical aggregated MPc in DMSO. Excitation
wavelength = 620 nm. Modified from Ref. 89.
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Table 3. Photochemical and photophysical behavior of water soluble phthalocyanines.a Refer to Figure 1 and Table 1 for numbering of the
complexes.

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Unmetalated

H2Pc(SO3)4 0.62 0.22 0.09 170 Aqueous 83, 33
0.60 0.24 0.16 DMF 33

DMF 92
H2Pc(SO3)2(mix) 0.02 Triton X-100 114
Complex 3 (R2 = R3 = S10) — 0.13 0.13 H2O 97

0.12 0.56 0.56 H2O + CTAC
0.04 0.34 0.34 DMSO
0.02 0.25 0.25 Methanol

Group 2

MgPc(SO3)2(mix) 0.19 DMSO 114

Group 4

OTi(IV)Pc(SO3)mix 0.18 Methanol 113
0.42 DMSO
0.03 PBS

Group 5

(Cl)3Ta(V)Pc(SO3)mix 0.22 Methanol 113
0.18 DMSO
0.15 PBS
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Group 12

ZnPc

Carboxylated derivatives

ZnPc(COOH)8 0.23 0.50 0.32 2.65 160 Aqueous media 77
ZnPc(COOH)8 0.48 DMF/py 33
ZnPc(COOH)8 0.52 pH10 35
ZnPc(COOH)4 0.51 DMF 206
R1 = R4 = H, R2 = R3 = S10 0.23 0.24 DMSO 36
R1 = R2 = R3 = H, R4 = S10 0.14 DMF 78
R1 = R2 = R4 = H, R3 = S10 0.25 DMF 78
R1 = R2 = R3 = H, R4 = S11 0.16 DMF 78
R1 = R2 = R4 = H, R3 = S11 0.23 DMF 78
R1 = R2 = R3 = H, R4 = S12 0.0015 H2O/0.1 M KOH 79
R1 = R2 = R3 = H, R4 = S13 0.006 H2O/0.1 M KOH 79
(Complex 3) R2 = R3 = S10 0.17 0.27 0.31 1.65 90 DMSO 54
(Complex 3) R2 = H; R3 = S10 0.16 0.25 0.23 0.30 130 DMSO 54
(Complex 4) R2 = H; R3 = S10 0.06 0.06 DMSO 156

Sulfonated Derivatives

ZnPc(SO3)mix 0.16 0.53 0.45 3.65 2.95 PBS 52
0.21 0.61 0.54 7.02 2.37 PBS + TX 52
0.14 0.86 0.72 13.65 530 DMSO 41, 52

ZnPc (SO3)2 0.46 0.52 270 Methanol 108, 109
0.16 DMSO 90

ZnPc(SO3)3 0.12 DMSO 90
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

ZnPc(SO3)2.1(mix) ≤0.01 pH 7.4 114
0.65 TX
0.74 DMSO

ZnPc(SO3)2.9(mix) 0.10 pH 7.4
0.70 TX 114
0.70 DMSO

ZnPc(SO3)3.4(mix) 0.10 PH 7.4
0.69 TX 114

ZnPc(SO3)3.7(mix) 0.49 pH 7.4
0.67 TX 114
0.70 DMSO

ZnPc(SO3)4 0.32 0.56 245 Aqueous 83
165 pH 7.1 94

≤ 0.01 pH 7.4 114
0.30 TX 114
0.68 DMSO 114

0.28 0.56 DMF 92
0.52 DMF 33

50 H2O 103
0.70 490 Detergent 107

0.07 0.88 0.46 4.03 470 DMSO 41
0.14 0.56 180 H2O:methanol 93

0.5 DMF 76
0.5 H2O

0.12 DMSO 90
ZnNPc(SO3)4 0.25 110 Detergent 107
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Quaternized Derivatives

R1 = R4 = H, R3 = R2 = S1q 0.0614 DMSO 115
0.0394 Methanol
0.0038 pH 7

R1 = R2 = R4 = H, R3 = S2q 0.17 0.78 0.66 30 Py: H2O  (1:1) 70
R1 = R2 = R4 = H, R3 = S3q 0.11 0.43 0.29 10 Py: H2O  (1:1) 70
R1 = R2 = R3 = H, R4 = S4q <0.01 0.15 0.10 9.3 20 PBS 72

0.03 0.17 0.12 12.2 90 PBS + CEL
0.09 0.63 0.51 18.1 200 DMSO

R1 = R2 = R4 = H, R3 = S4q <0.01 0.28 0.15 10.9 70 PBS 72
0.02 0.34 0.26 19.0 110 PBS + CEL
0.18 0.57 0.62 16.6 210 DMSO

R1 = R4 = H, R3 = R2 = S4q <0.01 0.17 0.10 5.1 40 PBS 72
0.01 0.32 0.24 7.7 60 PBS + CEL
0.08 0.60 0.49 17.1 220 DMSO

R1 = R2 = R4 = H, R3 = S5 0.6 H2O 73
0.32 PBS

R1 = R4 = H, R3 = R2 = S6 0.65 H2O 74
0.60 Methanol
0.62 Ethanol

R1 = R2= R4 = H, R3 =S7 0.28 pH 7 75
0.04 <0.001 220 HSA /pH 7
0.09 0.16 150 CTAC/pH 7
0.09 0.59 140 SDS/pH 7

(Continued )
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R4 = H, R3 = R2 = S9 0.45 H2O 74
0.17 Methanol

<0.05 Ethanol
R1 = R4 = H, R3 = R2 = OCH2CH2N+(CH3)3 0.30 DMF 165
R1 = R4 = H, R3 = R2 = SCH2CH2N+(CH3)3 0.26 DMF 165
(Complex 1q); R = CH3 0.06 DMSO 63
(Complex 2q); R = CH3 0.30 0.50 DMF 102

0.25 0.71 139 H2O (SDS) 87
(Complex 2q); R = (CH2)4COOCH2CH3 0.09 0.55 133 H2O (SDS) 87

Group 13

Al(III)

(OH)Al(III)Pc(COOH)8 0.27 0.32 0.12 0.26 450 Aqueous media 77
(OH)Al(III)Pc(COOH)8 0.12 DMSO 35
(OH)Al(III)Pc(COOH)4 0.66 0.10 Adsorbed 111
ClAl(III)Pc(SO3)mix 0.44 0.44 0.42 0.40 2.93 PBS 53

0.34 0.59 BSA/PBS 53
0.39 0.52 0.48 5.79 800 DMSO 52

ClAl(III)Pc(SO3)2 520 PBS 95
505 H2O 84

0.54 0.23 1130 D2O 95, 96
0.40 0.17 550 pH 7.4 104, 109, 110

0.24 0.27 775 Methanol 108, 109
1440 CD3OD 95

0.15 pH 7.4/TX 114
0.39 DMSO

0.27 Micelles 85
0.30 CH3OD 110

(Continued )
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

ClAl(III)Pc(SO3)3 490 PBS 95
1150 D2O 95

0.42 pH 7.4 95
0.24 Micelles 85

ClAl(III)Pc(SO3)4 530 PBS 95
1140 D2O

0.18 pH10 18, 35
500 Aqueous 83
440 pH7.1 94

0.56 0.28 DMF 92
0.20 DMF 33

1160 H2O/BSA 94
440 H2O

0.18 0.36 560 H2O:Methanol 93
R1 = R4 = H, R3 = R2 = S6 0.38 H2O 74

0.35 Methanol
0.35 Ethanol

R1 = R4 = H, R3 = R2 = S9 0.37 H2O 74
0.10 Methanol

<0.05 Ethanol

Ga(III)

ClGa(III)Pc(SO3)2 0.36 0.38 390 Methanol 108
109

ClGa(III)Pc(SO3)4 0.41 DMF 33
0.36 0.38 420 Methanol 108

(Continued )
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

(AcO)Gd(III)Pc(SO3)2(mix)
d 0.37 DMSO 114

ClGa(III)Pc(SO3)1(C(CH3)3)3 0.36 0.38 440 Methanol 108
ClGa(III)Pc(SO3)2(C(CH3)3)2 0.36 0.38 360 Methanol 108
ClGa(III)Pc(SO3)3(C(CH3)3)1 0.36 0.38 300 Methanol 108
R1 = R2 = R3 = H, 0.19 0.53 DMSO 67

R4 = S1q (X1 = Cl) 0.07 0.41 H2O
R1 = R2 = R4 = H, 0.24 0.51 DMSO 67

R3 = S1q (X1 = Cl) 0.12 0.44 H2O

In(III)

R1 = R4 = H, 0.03 0.68 0.66 40.0 150 DMSO 98
R2 = R3 = S1q (X1 = Cl) 0.02 0.59 0.56 1.20 10 H2O + TX

R1 = R2 = R3 = H, 0.020 0.81 0.44 5.0 70 DMSO 69
R4 = S1q (X1 = Cl) 0.002 0.66 0.56 71.2 8.2 H2O

0.008 0.67 0.56 87.9 20 H2O + TX
R1 = R2 = R4 = H, 0.082 0.94 0.68 4.9 50 DMSO 69

R3 = S1q (X1 = Cl) 0.017 0.73 0.57 68.0 7.2 H2O
0.048 0.82 0.70 103 20 H2O + TX

Group 14

Si(IV)

(OH)2Si(IV)Pc(SO3)mix 0.34 0.45 0.49 0.71 2.90 PBS 52
0.29 0.58 0.52 7.35 439 DMSO

(OH)2Si(IV)Pc(SO3)4 0.10 0.56 280 H2O: Methanol 93
(OH)2Si(IV)Pc(COOH)8 0.24 0.34 0.22 86.3 90 Aqueous media 77

(Continued )
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R4 = H, R3 = R2 = S1q, 0.0518 DMSO 115
L1 = L2 = OSi(CH2CH2CH3)3

R1 = R4 = H, R3 = R2 = S1q, 0.0958 Methanol 115
L1 = L2 = OSi(CH2CH2CH3)3

R1 = R4 = H, R3 = R2 = S1q, 0.0732 pH 7 115
L1 = L2 = OSi(CH2CH2CH3)3

R1 = R4 = H, R3 = R2 = S1q, 0.0763 DMSO 115
L1 = L2 = OSi(CH2(CH3)2)3

R1 = R4 = H, R3 = R2 = S1q, 0.1146 Methanol 115
L1 = L2 = OSi(CH2(CH3)2)3

R1 = R4 = H, R3 = R2 = S1q, 0.0455 pH 7 115
L1 = L2 = OSi(CH2(CH3)2)3

R1 = R4 = H, R3 = R2 = S1q, 0.0361 DMSO 115
L1 = L2 = OSi(C6H5)2 C(CH3)3

R1 = R4 = H, R3 = R2 = S1q, 0.0758 Methanol 115
L1 = L2 = OSi(C6H5)2C(CH3)3

R1 = R4 = H, R3 = R2 = S1q, 0.0566 pH 7 115
L1 = L2 = OS(C6H5)2C(CH3)3

(Complex 1q); R = CH3 0.01 DMSO 63

(Continued )
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Table 3. (Continued )

Complex ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Ge(IV)

(OH)2Ge(IV)Pc(SO3)mix 0.30 0.67 0.68 0.45 2.76 PBS 52
0.24 0.44 BSA/PBS
0.21 0.79 0.78 9.74 760 DMSO

(OH)2Ge(IV)Pc(SO3)4 0.12 0.81 250 H2O:methanol 93
(OH)2Ge(IV)Pc(COOH)8 0.13 0.62 0.31 2.12 240 Aqueous media 77
(Complex 1q); R = CH3 < 0.01 DMSO 63

Sn(IV)

(OH)2Sn(IV)Pc(SO3)mix 0.05 0.59 0.42 1.59 2.52 PBS 52
0.19 0.68 0.52 1.77 2.32 PBS/TX
0.13 0.87 0.65 14.01 120 DMSO

(Complex 1q); R = CH3 0.02 DMSO 63

aThe following symbols apply to all tables: ΦF = fluorescence quantum yield (in general the standard used for determination of ΦF is chlorophyll a
in ether (ΦF = 0.32)48; ΦT == triplet quantum yield; Φ∆ == singlet oxygen quantum yield; ΦP = photodegradation quantum yield; τT == triplet life time.
Subscripts = average number of sulfo groups per molecule.
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1. Sulfonated Derivatives

a. MPc(SO3)mix complexes

For MPc(SO3)mix complexes, which are a mixture of sulfonated MPc complexes,
the determined photophysical and photochemical parameters are an average for
each mixture. It is important to report these parameters for the mixtures since such
mixtures are already in use in PDT for example. For the aggregated ZnPc(SO3)mix

and (OH)2Sn(IV)Pc(SO3)mix complexes,52 it was only the monomer that fluoresced.
For the nonaggregated (OH)2Ge(IV)Pc(SO3)mix and (OH)2Si(IV)Pc(SO3)mix, the
excitation spectra are different from the absorption spectra, suggesting that not all
the components fluoresced. The fluorescence quantum yields were influenced
by the heavy atom effect. Comparing the monomeric MPc(SO3)mix [M = ClAl(III)
(ΦF = 0.44), (OH)2Ge (ΦF = 0.30), (OH)2Si (ΦF = 0.34)] complexes in phosphate
buffer saline (PBS) in Table 3, ΦF values were lower for complexes with the heav-
ier atoms (e.g. Ge) due to the heavy atom effect.52 The aggregated
(OH)2Sn(IV)Pc(SO3)mix (ΦF = 0.05) and ZnPc(SO3)mix (ΦF = 0.16) complexes
showed significantly lower ΦF values in PBS than the nonaggregated complexes
in water52 and the ΦF values increased when a surfactant such as Triton X-100 was
added (see Table 4). The ΦF values are generally lower (Table 3) for the
MPc(SO3)mix (M = Zn and (OH)2Sn(IV)) complexes in DMSO than in water (with
or without Triton X-100) and this was attributed52 to the presence of the relatively
heavier atoms in DMSO, which may tend to favor intersystem crossing rather than
fluorescence. However, in general DMSO gives larger ΦF values compared to
water in Table 3, since there is less aggregation in DMSO.

Bovine serum albumin (BSA) decreased the fluorescence quantum yields of
the nonaggregated MPc complexes (ClAl(III)Pc(SO3)mix, (OH)2Ge(IV)Pc(SO3)mix

and (OH)2Si(IV)Pc(SO3)mix).
52,53 ClAl(III)Pc(SO3)2 gave higher ΦF in D2O

compared to water.95,96

For (Cl)3Ta(V)Pc(SO3)mix, the ΦF values ranging from 0.15 in PBS to 0.22 in
DMSO are not as low as would be expected for the complex containing the heavy
Ta central metal. However compared to the corresponding OTi(IV)Pc(SO3)mix

(ΦF = 0.42) in DMSO, the ΦF value of 0.18 for (Cl)3Ta(V)Pc(SO3)mix is low.113

b. Other MPc(SO3)n complexes

ΦF values either decreased or remained unchanged as the number of sulfonate
groups increase for ZnPc(SO3)2 (ΦF = 0.16), ZnPc(SO3)3 (ΦF = 0.12), ZnPc(SO3)4

(ΦF = 0.07) in DMSO.41,90,91 When comparing ZnPc(SO3)4 (ΦF = 0.28) with
ClAl(III)Pc(SO3)4 (ΦF = 0.56) and H2Pc(SO3)4 (ΦF = 0.60) in DMF, the Zn
complex showed a low ΦF value (Table 3), but was found to be the best

292 Nyokong and Antunes
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Table 4. Photochemical and photophysical properties of non-water soluble metal phthalocyanines.a Refer to Figure 1 and Table 1 for the
numbering of the complexes.

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Unmetalated
H2 Unsubstituted

R1 = R4 = R2 = R3 = H 0.55 CHCl3 130

Tetrasubstituted
R1 = R2 = R4 = H,

R3 = OCH2C(CH3)3 0.24 CHCl3 130
R1 = R2 = R4 = H,

R3 = (CH2)2O(CH2)2OCH3 0.19 504 Toluene 88
R1 = R2 = R4 = H,

R3 = S46 0.12 DMSO 161
R1 = R2 = R4 = H,

R3 = S47 0.21 DMSO 161

Octasubstituted
R1 = R4 = H 0.96 Toluene 130
R2 = R3 = O(CH2)3CH3

R2 = R3 = H,
R1 = R4 = O(CH2)3CH3 0.19 Ethanol 130

R2 = R3 = H, R1 = R4 = C8H17 0.10 DCM 131
R2 = R3 = H, R1 = R4 = C10H21 0.07 DCM 131
R2 = R3 = H, R1 = R4 = C12H25 0.06 DCM 131
R2 = R3 = H, R1 = R4 = C14H29 0.05 DCM 131
R1 = R4 = H, R2 = R3 = S19 0.33 THF 132

0.03 DMSO
0.23 EC
0.03 PVC

(Continued )
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R4 = H, R2 = R3 = S55 0.33 0.10 Toluene 164
Other
Complex 5, (R = S55) 0.04 <0.02 Toluene 164
Complex 6, (R = S55) < 0.02 <0.02 Toluene 164

Group 1

Li2 Unsubstituted
R1 = R4 = R2 = R3 = H 0.50 0.60 CH3CN 50
NPc 0.50 0.60 Acetone 50

Mg Unsubstituted
R1 = R4 = R2 = R3 = H 0.6 1-ClNP 43

0.76 — 135

Group 4

OTi(IV) Tetrasubstituted — nonperipheral (αα)
R1 = R2 = R3 = H, R4 = S18 0.63 27 DCM 136
R1 = R2 = R3 = H, R4 = S22 0.61 22 DCM 136
R1 = R2 = R3 = H, R4 = S24 0.69 48 DCM 136
R1 = R2 = R3 = H, R4 = S24 0.05 0.31 150 DMSO 137
R1 = R2 = R3 = H, R4 = S25 0.64 45 DCM 136
R1 = R2 = R3 = H, R4 = S25 0.07 0.50 150 DMSO 137

(Continued )
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Tetrasubstituted — peripheral (ββ )
R1 = R2 = R4 = H, R3 = S18 0.84 38 DCM 136
R1 = R2 = R4 = H, R3 = S22 0.73 35 DCM 136
R1 = R2 = R4 = H, R3 = S24 0.11 0.82 210 DMSO 137

0.86 53 DCM 136
R1 = R2 = R4 = H, R3 = S25 0.14 0.70 200 DMSO 137

0.77 50 DCM 136
R1 = R2 = R4 = H, R3 = S26 0.16 0.78 0.72 1.31 150 DMSO 138

Octasubstituted — peripheral (ββ )
R1 = R4 = H, R2 = R3 = S14 X1 = O 0.19 0.45 60 1-ClNP 139
R1 = R4 = H, R2 = R3 = S18 X1 = O 0.16 0.23 40 1-ClNP 139
R1 = R4 = H, R2 = R3 = S23 X1 = O 0.17 0.56 100 1-ClNP 139
R1 = R4 = H, R2 = R3 = S24 X1 = O 0.14 0.13 70 1-ClNP 139
R1 = R4 = H, R3 = S26, R2 = Cl X1 = O 0.10 0.85 0.78 3.35 220 DMSO 138

Zr(IV) R1 = R2 = H, R3 = R4 = H X1 = X2 = Cl 0.006 DMSO 141
R1 = R2 = H, R3 = R4 = H X1 = X2 = L1 0.016 DMSO 141

0.009 Toluene
R1 = R2 = H, R3 = R4 = H X1 = X2 = L2 0.016 DMSO 141

0.009 Toluene
R1 = R2 = H, R3 = R4 = H X1 = X2 = L3 0.013 DMSO 141

0.009 Toluene

Group 10

Ni R1 = R4 = H, R2 = R3 = C5H11 < 0.01 1-ClNP 142
R1 = R4 = H, R2 = R3 = C8H17 < 0.01 1-ClNP 142
R1 = R4 = H, R2 = R3 = C12H25 < 0.01 1-ClNP 142
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Pd R1 = R4 = H, R2 = R3 = C5H11 < 0.01 1-ClNP 142
R1 = R4 = H, R2 = R3 = C8H17 < 0.01 1-ClNP 142
R1 = R4 = H, R2 = R3 = C12H25 < 0.01 1-ClNP 142

Zn Unsubstituted
R1 = R4 = R2 = R3 = H 0.3 1-ClNP 83
R1 = R4 = R2 = R3 = H 0.34 0.58 0.54 330 Toluene/%py 48
R1 = R4 = R2 = R3 = Dd 0.34 0.58 0.54 330 Toluene/d-py 48
R1 = R4 = R2 = R3 = H 0.20 0.50 0.67 2.61 350 DMSO 41,157
R1 = R4 = R2 = R3 = H 0.56 DMF 33
R1 = R4 = R2 = R3 = H 0.17 0.17 77 Acetone 146
R1 = R4 = R2 = R3 = H X1 = py 0.22 0.48 1.32 DMF 8

X1 = pip 0.16 0.31 0.14 DMF
X1 = CN 0.14 0.51 0.12 DMF

R1 = R2 = R3 = R4 = H 0.56 DMF/ H2O 158
0.62 BHDC

Micelles
R1 = R2 = R3 = R4 = H 0.55 DMF 76
R1 = R2 = R3 = R4 = H 0.58 DMF 115
R1 = R2 = R3 = R4 = H 0.17 0.58 0.58 2.35 330 DMF 100

0.07 0.65 0.65 0.93 340 Toluene
Tetrasubstituted — non-peripheral (αα)
R1 = R2 = R3 = H, R4 = S4 0.07 0.66 0.64 66.2 190 DMSO 72
R1 = R2 = R3 = H, R4 = S14 0.18 0.81 0.76 0.50 DMSO 89

0.18 0.81 0.77 6.70 Toluene
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R2 = R3 = H, R4 = S29 0.17 0.65 0.62 139 76 DMF 143
0.15 0.75 0.71 153 20 Toluene

R1 = R2 = R3 = H, R4 = S48 0.003 0.693 DMSO 160
R1 = R2 = R3 = H, R4 = S54 0.24 DMF 78
R1 = R2 = R3 = H, R4 = OC(CH3)3 0.58 DMF 206

Tetrasubstituted — peripheral (ββ )
R1 = R2 = R4 = H, 0.17 0.68 0.40 7 DMF 119
R3 = S2 0.077 0.80 0.46 350 DMSO
R1 = R2 = R4 = H, R3 = S4 0.13 0.71 0.68 66.1 180 DMSO 72
R1 = R2 = R4 = H, 0.23 0.60 0.52 0.33 DMSO 89
R3 = S14 0.19 0.80 0.58 5.39 Toluene
R1 = R2 = R4 = H, R3 = S23 0.14 0.85 0.60 3.33 160 DMSO 41,157
R1 = R2 = R4 = H, R3 = S23 0.13 0.42 9.41 DMF 8
R1 = R2 = R4 = H, R3 = S23 0.55 DMF 33
R1 = R2 = R4 = H, 0.58 287 Toluene 88
R3 = S23 0.47 306 EtOH
R1 = R2 = R4 = H, R3 = S27 0.10 0.87 0.73 0.22 280 DMSO 149
R1 = R2 = R4 = H, R3 = S28 0.20 0.77 0.64 16.2 230 DMSO 150
R1 = R2 = R4 = H, 0.15 0.64 0.58 3.28 210
R3 = S28 0.04 0.67 0.52 180 DMF 100

Toluene
R1 = R2 = R4 =H, R3 = S29 0.18 0.60 0.51 2.28 100 DMF 143

0.16 0.81 0.77 7.90 40 Toluene

(Continued )
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R2 = R4 = H, R3 = S30 0.59 Ethanol 88

R1 = R2 = R4 = H, R3 = S31 0.18 0.66 0.51 57 Toluene 88
R1 = R2 = R4 = H, R3 = S32 0.28 147
R1 = R2 = R4 = H, R3 = S33 0.3 147
R1 = R2 = R4 = H, R3 = S34 0.32 147
R1 = R2 = R4 = H, R3 = S35 0.32 147
R1 = R2 = R4 = H, R3 = S36 0.26 147
R1 = R2 = R4 = H, R3 = S37 0.03 0.12 230 DMSO 168

0.02 0.23 240 Toluene
R1 = R2 = R4 = H, R3 = S39 0.08 0.67 0.65 1.63 370 DMSO 149
R1 = R2 = R4 = H, R3 = S46 0.11 DMSO 161
R1 = R2 = R4 = H, R3 = S47 0.21 DMSO 161
R1 = R2 = R4 = H, R3 = S49 0.25 0.56 THF 159
R1 = R2 = R4 = H, R3 = S51 0.23 DMF/H2O 158
R1 = R2 = R4 = H, R3 = S51 0.30 BHDC 158

Micelles
R1 = R2 = R4 = H, R3 = S53 0.3 THF 79
R1 = R2 = R4 = H, R3 = S54 0.31 DMF 78
R1 = R2 = R4 = H, R3 = S56 0.26 THF 79
R1 = R2 = R4 = H, R3 = NH2 < 0.022 0.11 DMSO 157
R1 = R2 = R4 = H, R3 = NO2 < 0.022 0.11 DMSO 157
R1 = R2 = R4 = H, R3 = C(CH3)3 0.26 0.58 0.54 200 Ethanol 11
R1 = R2 = R4 = H,

R3 = OCH2C(CH3)3 0.25 CHCl3 130
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R2 = R4 = H, 0.44 Toluene 88
R3 = (CH2)2O(CH2)2OCH3 0.42 EtOH 88

R1 = R2 = R4 = H, R3 = CH3 0.26 0.56 THF 159
R1 = R2 = R4 = H, R3 = C(CH3)3 0.61 DMF 206

Octasubstituted — peripheral (ββ )
R1 = R4 = H, R3 = R2 = S4 0.05 0.75 0.62 94.0 200 DMSO 72
R1 = R4 = H, R3 = R2 = S14 0.08 0.47 0.46 0.13 DMSO 89

0.18 0.78 0.58 2.87 Toluene
R1 = R4 = H, R2 = R3 = S15 0.44 111 CHCl3 36
R1 = R4 = H, R2 = R3 = S16 0.01 CHCl3 36
R1 = R4 = H, R2 = R3 = S17 0.24 0.63 0.51 2.12 370 DMSO 36,41
R1 = R4 = H, R2 = R3 = S18 0.60 2.53 DMSO 8,36
R1 = R4 = H, R2 = R3 = S19 0.17 0.53 12.1 DMF

0.25 THF 132
0.15 DMSO
0.15 EC

R1 = R4 = H, R2 = R3 = S21 0.34 5.04 DMSO 36
R1 = R4 = H, R2 = R3 = S23 0.73 464 CHCl3 36

0.52 DMSO 176
R1 = R4 = H, R3 = S26, R2 = Cl 0.10 0.85 0.78 3.35 220 DMSO 138
R1 = R4 = H, R3 = R2 = S28 0.13 0.73 0.66 4.56 240 DMF 100

0.03 0.70 0.41 210 Toluene
R1 = R4 = H, R3 = R2 = S28 0.13 0.85 0.72 22.0 280 DMSO 150
R1 = R4 = H, R3 = S28, R2 = Cl 0.09 0.72 0.67 4.01 230 DMF 100

0.03 0.71 0.44 190 Toluene
R1 = R4 = H, R2 = R3 = S37 0.005 0.04 170 DMSO 151
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R4 = H, R3 = S39, R2 = Cl 0.10 0.89 0.80 0.26 240 DMSO 149
R1 = R4 = H, 0.64 275 CHCl3 36
R2 = R3 = S40 0.15 0.43 1.74 DMSO 37
R1 = R4 = H, R2 = R3 = S41 0.44 766 CHCl3 36
R1 = R4 = H, R2 = R3 = S42 0.36 1.41 DMSO 36
R1 = R4 = H, R2 = R3 = S43 0.07 0.86 DMSO 36
R1 = R4 = H, R2 = R3 = S48 0.004 0.692 DMSO 160
R1 = R4 = H, R2 = R3 = Cl 0.02 0.34 370 DMSO 41
R1 = R4 = H, R2 = R3 = SC4H9 0.61 6.4 DMF 152
R1 = R4 = H,
R2 = 3R3 = (C6C13)7, 0.45 Toluene 153

1R3 = (CH2)11SH)
R1 = R4 = H,

R2 = 3R3 = (C6C13)7, 0.65 Ethanol 153
1R3 = (CH2)11SH) 
– nanoparticles

R1 = R4 = H, R2 = R3 = C10H21 0.26 0.47 THF 162
R1 = R4 = H, R2 = R3 = OC6H13 0.52 DMF 33
R1 = R4 = H,
R3 = R2 = OCH2CH2N(CH3)2 0.30 DMF 165
R1 = R4 = H, 0.26 DMF 165
R3 = R2 = SCH2CH2N(CH3)2
R1 = R4 = H, R2 = R3 = OC(CH3)3 0.58 DMF 206
R1 = R4 = H, R2 = R3 = CN 0.47 DMF 206
R2 = R3 = H, R1 = R4 = 4 × S52, 0.92 DMF 166

4 × C10H21
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R2 = R3 = H, R1 = R4 = 2 × S52, 0.85 DMF 166
6 × C10H21

R2 = R3 = H, 0.26 0.22 100 THF 154
R1 = R4 = C10H21 0.28 Toluene
R2 = R3 = H, R1= R4 = C8H17 0.13 DCM 131
R2 = R3 = H, R1 = R4 = C10H21 0.17 DCM 131
R2 = R3 = H, R1 = R4 = C12H2 0.16 DCM 131
R2 = R3 = H, R1 = R4 = C14H29 0.13 DCM 131
Other
Complex 1 0.16 DMSO 63
Complex 2 0.35 0.56 DMF 102
R2 = R3 = 0.58 DMF 206
R1 = R4 = F, 0.04 0.13 <1 Acetone 146
R1 = R4 = F, R2 = R3 = C(CF3)2F 0.39 0.21 131 Acetone 146
R1 = R2 = R3 = R4 = OC(CH3)3 0.63 DMF 206
(Complex 3)R2 = R3 = S18 0.17 0.52 0.54 3.28 150 DMSO 54
(Complex 3)R2 = H, R3 = S18 0.20 0.45 0.47 0.93 120 DMSO 54,148
(Complex 3) R2 = R3 = S23 0.16 0.70 0.72 3.77 180 DMSO 54
(Complex 3) R2 = H, R3 = S23 0.22 0.62 0.58 2.3 90 DMSO 54,148
(Complex 3) R2 = H, R3 = S38 0.26 0.37 0.88 DMSO 148
(Complex 4) R2 = H, R3 = S18 0.07 0.22 DMSO 156
(Complex 4) R2 = H, R3 = S23 0.08 0.14 DMSO 156
(Complex 4) R2 = H, R3 = S42 0.06 0.24 DMSO 156
(Complex 5) R2 = H, R3 = S55 0.08 THF 164
(Complex 6) R2 = H, R3 = S55 < 0.03 THF 164
(Complex 7) R2 = H, R3 = S55 < 0.03 THF 164
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

(Complex 9) 26 Film 155
(Complex 8) 0.19 0.58 0.68 0.38 150 DMSO 54,148
R1 = R2 = R4 = H, R3 = S48 0.20 0.201 DMSO 160

(disubstituted)
NPc 0.07 0.37 0.19 16.4 126 DMSO 8, 41,157

Cd Unsubstituted
R1 = R4 = R2 = R3 = H 0.021 0.77 0.58 5 DMF 119

0.015 0.70 0.78 30 DMSO
Tetrasubstituted — nonperipheral (αα)
R1 = R2 = R3 = H, R4 = S2 0.16 0.70 0.60 10 DMF 118,119

0.16 0.61 0.44 61.1 40 DMSO
0.17 0.50 CHCl3

0.18 0.52 55.7 THF
0.17 DCM

R1 = R2 = R3 = H, R4 = S14 0.14 0.51 0.33 56.3 Toluene 118,119
0.18 0.42 10.9 THF
0.15 0.26 61.5 CHCl3

0.19 0.53 0.41 16.3 DMF
0.045 0.38 0.31 9.2 DMSO
0.15 118 DCM

R1 = R2 = R3 = H, R4 = S18 0.054 0.73 0.58 2.53 Toluene 177
0.47 0.43 4.01 THF
0.39 0.31 2.20 CHCl3

0.31 0.49 0.42 3.89 DMF
0.063 0.66 0.80 2.86 DMSO
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R2 = R3 = H, R4 = S23 0.27 0.49 0.40 1.8 Toluene 177
0.50 0.44 1.67 THF
0.49 0.49 3.30 CHCl3

0.53 0.56 0.56 2.13 DMF
0.055 0.61 0.59 0.19 DMSO

Tetrasubstituted — peripheral (ββ)
R1 = R2 = R4 = H, R3 = S2 0.017 0.85 0.64 5 DMF 118,119

0.013 0.83 0.74 30 DMSO
R1 = R2 = R3 = H, R3 = S14 0.14 0.82 0.042 30 Toluene 118,119

0.21 0.025 THF
0.25 0.015 CHCl3

0.13 0.77 0.39 35.8 5 DMF
0.10 0.36 0.23 30 DMSO
0.27 DCM

R1 = R2 = R4 = H, R3 = S18 0.13 0.87 0.32 0.98 DMF 177
0.29 0.31 2.72 THF
0.27 0.19 4.40 CHCl3
0.29 0.40 0.39 3.55 DMF
0.20 0.61 0.41 0.42 DMSO

R1 = R2 = R4 = H, R3 = S23 0.14 0.76 0.33 0.92 Toluene 177
0.27 0.27 0.06 THF
0.27 0.19 9 CHCl3

0.32 0.41 0.26 3.84 DMF
0.21 0.54 0.35 2.47 DMSO

0.41
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Hg R1 = R2 = R3 = R4 = H 0.017 0.86 0.57 4 DMF 119
0.010 0.87 0.82 40 DMSO

R1 = R2 = R4 = H, R3 = S2 0.009 0.90 0.56 4 DMF 119
0.005 0.89 0.78 20 DMSO

Group 13

Ga(III) Unsubstituted
R1 = R4 = R2 = R3 = H X1 = Cl 0.31 0.7 1-ClNP 189
Ga(III)Pc X1 = Cl 0.30 0.69 0.41 0.93 200 DMSO 188
Tetrasubstituted — nonperipheral (αα)
R1 = R2 = R3 = H, R4 = S1 X1 = Cl 0.12 0.48 DMSO 67

R1 = R2 = R3 = H, R4 = S18 X1 = Cl 0.14 0.62 0.64 11.9 230 DMSO 179

R1 = R2 = R3 = H, R4 = S23 X1 = Cl 0.15 0.54 0.62 20.3 350 DMSO 179

Tetrasubstituted — peripheral (ββ)
R1 = R2 = R4 = H, R3 = C(CH3)3 X1 = Cl 257 Toluene 183
R1 = R2 = R4 = H, R3 = S1 X1 = Cl 0.19 0.59 DMSO 67
R1 = R4 = R2 = H, R3 = S3 X1 = Cl 0.30 0.65 0.34 110 DMSO 68

0.26 0.54 0.33 20 DMF 68
R1 = R2 = R4 = H, R3 = S14 X1 = Cl 0.23 0.75 0.62 1.92 210 DMSO 188
R1 = R2 = R4 = H, R3 = S18 X1 = Cl 0.19 0.61 0.64 28.2 270 DMSO 179
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R2 = R4 = H, R3 = S23 X1 = Cl 0.20 0.45 0.58 23.2 340 DMSO 179

Octasubstituted (ββ)
R1 = R4 = H, R2 = R3 = S14 X1 = Cl 0.13 0.74 0.51 0.5 200 DMSO 188

R1 = R4 = H, R2 = R3 = S18
X1 = Cl 0.19 0.66 0.53 1.23 370 DMSO 184

0.19 0.79 0.66 0.42 20 DMF
0.14 0.65 0.68 2.91 79 Toluene

R1 = R4 = H, R2 = R3 = S23 X1 = Cl 0.22 0.67 0.56 1.77 290 DMSO 184
0.15 0.74 0.74 1.52 76 DMF
0.17 0.75 0.65 2.84 10 Toluene

Other
Complex 10, R = C(CH3)3 X = Cl 21 CHCl3 181,182
Complex 10, R = C(CH3)3 X = L8 18 CHCl3 182
Complex 11, R = C(CH3)3 14 CHCl3 181
Complex 12, R = C(CH3)3 X = O 357 Toluene 183
Complex 12, R = C(CH3)3 X1 = L5 667 Toluene 183
Complex 12, R = C(CH3)3 X1 = L7 200 Toluene 183

In(III)

Unsubstituted
R1 = R4 = R2 = R3 = H X1 = Cl 0.031 0.9 1-ClNP 189
R1 = R4 = R2 = R3 = H X1 = Cl 0.018 0.91 0.61 3.43 50 DMSO 188
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Tetrasubstituted — nonperipheral (αα)
R1 = R2 = R3, R4 = S1 X1 = Cl 0.018 0.93 0.86 3 40 DMSO 69
R1 = R2 = R3 = H, R4 = S18 X1 = Cl 0.048 0.78 0.88 9.2 40 DMSO 179
R1 = R2 = R3 = H, R4 = S14 X1 = Cl 0.013 0.97 0.94 0.30 40 DMSO 188
R1 = R2 = R3 = H, R4 = S23 X1 = Cl 0.015 0.59 0.88 13.9 40 DMSO 179

Tetrasubstituted — peripheral (ββ )
R1 = R2 = R4 = H, R3 = C(CH3)3 X1 = Cl 46 Toluene 183
R1 = R2 = R4 = H, R3 = C(CH3)3 X1 = L7 22 Toluene 183
R1 = R2 = R4, R3 = S1 X1 = Cl 0.017 0.73 0.65 2.4 50 DMSO 69
R1 = R4 = R2 = H, X1 = Cl 0.03 0.93 0.33 60 DMSO 68
R3 = S3 0.03 0.89 0.53 50 DMF 68
R1 = R2 = R4 = H, R3 = S14 X1 = Cl 0.017 0.91 0.87 0.97 50 DMSO 188
R1 = R2 = R4 = H, R3 = S18 X1 = Cl 0.032 0.69 0.87 24.4 50 DMSO 179
R1 = R2 = R4 = H, R3 = S23 X1 = Cl 0.019 0.60 0.88 21.4 50 DMSO 179

Octasubstituted — peripheral (ββ )
R1 = R4 = H,
R2 = R3 = S14 X1 = Cl 0.017 0.89 0.78 0.27 70 DMSO 188
R1 = R4 = H, X1 = Cl 0.025 0.84 0.79 1.39 60 DMSO 191
R2 = R3 = S18 0.018 0.76 0.60 5.64 20 DMF

0.023 0.55 0.31 2.75 20 Toluene
R1 = R4 = H, X1 = Cl 0.020 0.70 0.72 2.35 50 DMSO 191
R2 = R3 = S23 0.022 0.61 0.50 4.83 9.5 DMF

0.021 0.41 0.30 3.19 10 Toluene

(Continued )

b
8
6
7
_
V
o
l
-
0
7
_
C
h
-
3
4
.
q
x
d
 
 
6
/
4
/
2
0
1
0
 
 
1
0
:
0
6
 
A
M
 
 
P
a
g
e
 
3
0
6



34/Photochem
ical and Photophysical Properties of M

etallophthalocyanines
307

Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Other
Complex 12, R = C(CH3)3 X = O 42 Toluene 183
Complex 12, R = C(CH3)3 X1 = L6 35 Toluene 183
Complex 12, R = C(CH3)3 X1 = L7, X2 = Cl 22 Toluene 183

Group 14

Si(IV)

Unsubstituted
R2 = R3 = R1 = R4 = H X1 = L10 0.50 139 CH3CN 145

X2 = OH
R2 = R3 = R1 = R4 = H X1 = X2 = L10 0.20 188 CH3CN 145
R2 = R3 = R1 = R4 = H X1 = L11

X2 = OH 0.43 113 CH3CN 145
R2 = R3 = R1 = R4 = H X1 = X2 = L11 0.32 160 CH3CN 145
R2 = R3 = R1 = R4 = H X1 = X2 = L12 0.62 DCM 195
R2 = R3 = R1 = R4 = H X1 = X2 = L13 0.32 243 THF 193

CHCl3

R2 = R3 = R1 = R4 = H X1 = X2 = L14 0.29–0.37 213 THF 193
CHCl3

X1 = X2 = L17 0.82 0.16 DMF 192
R2 = R3 = R1 = R4 = H X1 = X2 = OH 0.28 DMSO 63
R2 = R3 = R1 = R4 = H X1 = X2 = L17 0.27 Toluene 194
Octasubstituted — peripheral (ββ )
R2 = R3 = S18, R1 = R4 = H X1 = X2 = Cl 0.21 0.31 0.14 1.0 194 DMSO 44,127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = OH 0.18 0.30 0.07 – 179 DMSO 44,127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L4 0.16 DMSO 127
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R2 = R3 = S18, R1 = R4 = H X1 = X2 = L13 0.29 0.40 0.41 4.1 311 DMSO 44,127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L14 0.34 0.41 0.20 3.0 356 DMSO 44,127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L15 0.02 0.29 0.20 170 260 DMSO 44,127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L16 0.03 0.43 0.03 3.3 271 DMSO 44,193
R2 = R3 = Cl, R1 = R4 = H X1 = X2 = L17 0.73 0.38 DMF 192
R2 = R3 = Br, R1 = R4 = H X1 = X2 = L17 0.34 0.52 DMF 192
R2 = R3 = R1 = R4 = Cl X1 = X2 = L17 0.42 DMF 194
R2 = R3 = R1 = R4 = Br X1 = X2 = L17 0.55 DMF 194
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L18 0.21 200 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L19 0.19 100 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L20 0.21 160 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L21 0.18 400 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L22 0.11 1.9 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L23 0.14 1.7 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L24 0.21 1.8 DMSO 127
R2 = R3 = S18, R1 = R4H X1 = X2 = L25 0.14 7.0 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L26 0.15 800 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L27 0.17 1.4 DMSO 127
R2 = R3 = S18, R1 = R4 = H X1 = X2 = L28 0.21 170 DMSO 44, 127

Other
Complex 1 X1 = X2 = OH 0.21 DMSO 63
R1 = R4 = R2 = H, R3 = S3 X1 = X2 = Cl 0.20 0.80 0.62 130 DMSO 68

0.2 0.62 0.47 80 DMF
Si(IV)(Pc)-O- R2 = R3 = R1 = R4 = H 0.22 116 Toluene 196

Si(IV)(Pc)
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Si(IV)(Pc)-O- R2 = R3 = R1 = R4 = H 0.114 51 Toluene 196
Si(IV)(Pc)-O-
Si(IV)(Pc)

Si(IV)(Pc)-O- R2 = R3 = R1 = R4 = H 0.094 37 Toluene 196
Si(IV)(Pc)-O-
Si(IV)(Pc)O-
Si(IV)(Pc)

Ge(IV)

Unsubstituted
R2 = R3 = R1 = R4 = H X1 = X2 =OH 0.25 DMSO 63
Octasubstituted — peripheral (ββ )
R2 = R3 = S18, R1 = R4 = H X1 = X2 = Cl 0.12 0.30 0.18 340 DMSO 45
R2 = R3 = S40, R1 = R4 = H X1 = X2 = Cl 0.21 0.20 0.18 205 DMSO 45
R2 = R3 = S45, R1 = R4 = H X1 = X2 = Cl 0.31 0.50 0.24 168 DMSO 45
Others
Complex 1 X1 = X2 = OH 0.17 DMSO 63

Sn(IV)

Unsubstituted
R2 = R3 = R1 = R4 = H X1 = X2 = OH 0.26 DMSO 63
R2 = R3 = R1 = R4 = H X1 = X2 = L9 0.02 0.08 0.22 18 DMSO 45
Tetrasubstituted — nonperipheral (αα )
R1 = R2 = R3 = H, R4 = S14 X1 = X2 = Cl 0.008 0.69 0.75 61.7 30 DMSO 186
R1 = R2 = R3 = H, R4 = S18 X1 = X2 = Cl 0.008 0.79 0.58 41.0 50 DMSO 186
R1 = R2 = R3 = H,
R4 = S23 X1 = X2 = Cl 0.007 0.76 0.74 43.1 40 DMSO 186
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Tetrasubstituted — peripheral (ββ )
R1 = R4 = R2 = H, R3 = S3 (Sn(II)) 0.012 0.88 0.59 40 DMSO 68

0.04 0.75 0.57 30 DMF 68
R1 = R2 = R4 = H, R3 = S14 X1 = X2 = Cl 0.011 0.71 0.73 42.9 30 DMSO 186
R1 = R2 = R4 = H, R3 = S18 X1 = X2 = Cl 0.014 0.89 0.73 27.9 40 DMSO 186
R1 = R2 = R4 = H, R3 = S23 X1 = X2 = Cl 0.010 0.75 0.65 17.9 40 DMSO 186
Octasubstituted — peripheral (ββ )
R2 = R3 = S18, R1 = R4 = H X1 = X2 = Cl 0.04 0.19 0.22 30 DMSO 45
R2 = R3 = S18, R1 = R4 = H X1 = X2 = CI 0.04 0.19 0.29 32 DMSO 45
R2 = R3 = S40, R1 = R4 = H X1 = X2 = Cl 0.01 0.15 0.23 10 DMSO 45
R2 = R3 = S45, R1 = R4 = H X1 = X2 = Cl 0.06 0.45 0.34 32 DMSO 45
Octasubstituted — nonperipheral (αα)
R2 = R3 = H, R1 = R4 = C10H21 X1 = X2 = Cl 0.23 200 THF 154

0.15 0.35 10 Toluene
R2 = R3 = H, R1 = R4 = C6H13 X1 = X2 = Cl 0.20 90 THF 154

0.16 0.30 20 Toluene
Other
Complex 1 X1 = X2 = OH 0.15 DMSO 63

Pb

Tetrasubstituted — nonperipheral (αα)
R1 = R2 = R3 = H; R4 = S18 0.03 0.72 10 DMF 201

< 0.01 0.78 40 DMSO
0.01 0.82 8 Toluene
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Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

R1 = R2 = R3 = H; R4 = S23 0.02 0.82 9 DMF 201
> 0.01 0.80 30 DMSO

0.05 0.70 7 Toluene
Tetrasubstituted — peripheral (ββ )
R1 = R2 = R3 = H, R4 = S14 < 0.01 0.80 5 DMF 200

< 0.01 0.82 40 DMSO
0.03 0.83 6 Toluene

R1 = R2 = R4 = H, R3 = S18 < 0.01 0.75 9 DMF 201
< 0.01 0.76 20 DMSO

0.02 0.77 8 Toluene
R1 = R2 = R4 = H, R3 = S23 < 0.01 0.78 9 DMF 201

< 0.01 0.72 30 DMSO
0.04 0.78 9 Toluene

Octasubstituted — peripheral (ββ )
R1 = R4 = H, R2 = R3 = S14 < 0.01 0.83 6 DMF 200

< 0.01 0.84 30 DMSO
0.01 0.86 7 Toluene

R1= R4=H, R2=R3= S18 < 0.01 0.78 5 DMF 201
0.01 0.76 20 DMSO
0.01 0.85 7 Toluene

R1 = R4 = H, R2 = R3 = S23 < 0.01 0.74 5 DMF 201
< 0.01 0.88 50 DMSO
< 0.01 0.74 6 Toluene

(Continued )

b
8
6
7
_
V
o
l
-
0
7
_
C
h
-
3
4
.
q
x
d
 
 
6
/
4
/
2
0
1
0
 
 
1
0
:
0
6
 
A
M
 
 
P
a
g
e
 
3
1
1



312
N

yokong and A
ntunes

Table 4. (Continued )

Axial
Complex Ring substituent ligand ΦF ΦT Φ∆ ΦP × 105 τT (µs) Solvent Ref.

Group 15

[Sb(III)] ++

Unsubstituted
R2 = R3 = R1 = R4 = H 0.75 0.31 30 DMSO 199

0.76 0.52 7 DMF
R1 = R4 = H, R2 = R3 = S18 0.79 0.42 20 DMSO 199

0.78 0.61 5 DMF
0.77 0.57 7 Toluene

R1 = R4 = H, R2 = R3 = S23 0.80 0.48 30 DMSO 199
0.82 0.53 5 DMF
0.78 0.81 6 Toluene

Sb(V) R2 = R3 = R1 = R4 = H X1 = X2 = Cl 0.01 CH2Cl2 198
R1 = R4 = H, R2 = R3 = C(CH3)3 X1 = X2 = Cl 0.01 CH2Cl2 198
R1 = R4 = H, R2 = R3 = C(CH3)3 X1 = X2 = Br 0.001 CH2Cl2 198

P R1 = R4 = R2 = R3 = H X1 = X2 = OH 0.13 0.52 113 DMSO 202
R1 = R4 = R2 = R3 = H X1 = X2 = L29 0.08 0.27 456 DMSO 202

aThe following symbols apply to all tables: ΦF == fluorescence quantum yield (in general the standard used for determination of ΦF is chlorophyll
a in ether (ΦF = 0.32) [49]); ΦT == triplet quantum yield; Φ∆ == singlet oxygen quantum yield; ΦP == photodegradation quantum yield; τT == triplet
life time.
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photosensitizer in terms of cell-killing ability.92 The low ΦF value for ZnPc(SO3)4

could be the result of some aggregation even in organic solvents such as DMF in
addition to the heavy atom effect of Zn central metal. The value is also low for this
complex in a methanol–water mixture (ΦF = 0.14).93 Bovine serum albumin
quenches the fluorescence of ClAl(III)Pc(SO3)4 complexes.94

2. Carboxylated Derivatives

The absorption spectra of MPc(COOH)8 complexes are mirror images of the
fluorescence emission spectra as is usually observed for MPc derivatives, due to
a lack of aggregation.77 ΦF values for the MPc(COOH)8 [M = Al (ΦF = 0.27), Zn
(ΦF = 0.23), Ge (ΦF = 0.13), Si (ΦF = 0.24)] decrease with an increase in the size
of the central metal which is consistent with the strength of the spin-orbit cou-
pling induced by the respective central metals based on their relative masses.77

The fluorescence quantum yields of (OH)Al(III)Pc(COOH)4 complex adsorbed
onto silica particles were found to be higher than in solution111 (Table 3). The
unmetalated form of complex 3 (Figure 1) containing S10 substituents is water
soluble but it is highly aggregated in water and methanol, but mainly monomeric
in DMSO (with a low ΦF = 0.04) and chloroform.97 The fluorescence quantum
yield of this complex in water containing a surfactant cetyl trimethylammonium
chloride (CTAC) was ΦF = 0.12, a value typical of MPc complexes.97 ZnPc com-
plexes containing S10 or S11 substituents gave typical values of ΦF.

54,78 ZnPc sub-
stituted with S13 (ΦF = 0.006) gave a higher ΦF value than S12 (ΦF = 0.0015) due
to presence of bulkier substituents resulting in less aggregation, however these
values are low compared to ZnPc complexes in general in Table 3.79

3. Quaternized Derivatives

a. Porphyrazine complexes

As stated above, the presence of triakylated compounds due to incomplete quater-
nization of the outer nitrogen atoms induces severe aggregation of porphyrazine
complexes,87 resulting in low ΦF values which were lower in water (containing
sodium dodecylsulfate, SDS) compared to toluene for these complexes. The ΦF

value for quaternized Zn porphyrazine derivatives (complex 2q, R = CH3) of 0.30
(Table 3) was similar to that of the corresponding unquaternized complex
(complex 2, ΦF = 0.35) in DMF.102

b. MPc complexes

Zwitterionic conjugates of ZnPc complexes exhibited ΦF values in the region of
0.2 to 0.3 in organic solvents.101 For ZnPc derivatives octasubstituted with S1q
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groups, the ΦF values ranged from 0.0038 to 0.0614 in DMSO, pH 7 and
methanol,115 values which are very low for MPc complexes (Table 3). For the cor-
responding Si(IV) complexes (containing S1q), the values ranged from 0.0361 to
0.1146 for the same solvents, hence showing an improvement.115 When Zn was
employed as a central metal for S2q ligands70 there was considerable aggregation,
resulting in a disagreement between absorption and emission spectra. However, in
a mixture of water and pyridine (50:50) the complex was less aggregated.
Addition of organic solvents normally breaks the aggregates, resulting in
monomerization and a mirror image relationship between the fluorescence emis-
sion and absorption spectra (Figure 11a).68 For MPc complexes containing the S4q
substituent and Zn central metal, there was a lack of agreement between absorp-
tion and emission spectra due to aggregation.72 For these complexes, the band cen-
tered around 640 nm associated with the dimer, is not seen in the fluorescence
excitation spectra since only the monomer fluoresces. In DMSO, the absorption
and fluorescence excitation spectra of the complexes were similar and are mirror
images of the emission spectrum. Monomerization of the ZnPc (substituted with
S4q) leads to enhanced fluorescence and this is noticed in the ΦF value of this
complex in the presence of Cremophore EL and in DMSO compared to the value
in aqueous media alone. The ΦF values followed the trend PBS 7.4 < PBS 7.4 +
CEL < DMSO for ZnPc complexes containing the S4q substituent.72 Also in
DMSO, ΦF values for ionic complexes (i.e. those containing an S4q substituent)
were slightly lower than for the nonionic complexes (i.e. those containing an S4
substituent).72 Fluorescence quantum yield values of the ZnPc derivative substi-
tuted with S2q or S3q were found to be 0.17 and 0.11 respectively in a
pyridine–water (50:50) mixture,70 values which are within the range of phthalo-
cyanine complexes (Table 3).

The water soluble ClGa(III)Pc complexes containing S1q substituents are not
aggregated67 and, as such, the excitation spectra were similar to absorption spec-
tra and both were mirror images of the fluorescence spectra. The proximity of the
wavelength of the Q-band absorption and excitation spectral maxima, suggest that
the nuclear configurations of the ground and excited states are similar and are not
affected by excitation.

The fluorescence quantum yields of ClGa(III)Pc derivatives peripherally
or nonperipherally substituted with S1q are typical of MPc complexes
(Table 3).67,98 The peripherally substituted complexes showed marginally higher
ΦF values in comparison to the nonperipherally substituted ClGa(III)Pc and
ClIn(III)Pc derivatives (Table 3), suggesting less quenching of the excited
singlet state by non-peripheral substitution compared to the peripheral
substitution.67,69
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C. Triplet Quantum Yields (ΦΦT) and Lifetimes (ττT)

1. Sulfonated Derivatives

a. MPc(SO3)mix complexes

Triplet quantum yields (ΦT) are influenced both by the heavy atom effect and
aggregation for a series of MPc(SO3)mix complexes.52 ΦT values for the aggregated
(OH)2Sn(IV)Pc(SO3)mix and ZnPc(SO3)mix, complexes improved upon addition
of Triton X-100 (Table 3). For the monomeric ClAl(III)Pc(SO3)mix,
(OH)2Ge(IV)Pc(SO3)mix and (OH)2Si(IV)Pc(SO3)mix complexes, the ΦT values
were lower (considering the same solvent) for the smaller atom, due to the heavy
atom effect. Comparing ZnPc(SO3)mix and ClAl(III)Pc(SO3)mix complexes, a larger
ΦT value was obtained for the former due to the heavy atom effect, considering the
same solvent.

It is important to note that the triplet states of MPc complexes are quenched
by oxygen,88 hence deoxygenation is important for the accurate determination of
triplet lifetimes. Values of τT for ZnPc(SO3)mix and MPc complexes in general are
very low in water compared to when nonaqueous solvents or D2O are
employed.93,103,104 This was explained in terms of the near IR spectra of the sol-
vents. Figure 12 shows the near IR absorption spectra of three solvents: DMSO,
DMF and H2O, and how these affect the triplet and singlet oxygen lifetimes in
solution.41 The triplet state energy of ZnPc and many of its derivatives in solution
is ∼1.12 eV,27 which corresponds to an absorption wavelength of ∼1108 nm. The
intensity and broadness of the solvent absorption in this wavelength region should

Figure 12. Near IR absorption spectra of some common solvents: DMSO, DMF and water.
Reproduced with permission from Ref. 41.
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have a considerable effect on the triplet lifetime. H2O shows a very broad absorp-
tion band near 1108 nm, which implies that nonradiative decay and quenching
of the sensitizer’s triplet state would be more rapid in H2O than in DMSO or
DMF where absorption at 1108 nm is minimal. Thus τT values are generally
lower in water when compared to DMSO, D2O or DMF (Table 3). The τT values
for the MPc(SO3)mix complexes in DMSO ranged between 120 and 800 µs,52

the highest value being observed for ClAl(III)Pc(SO3)mix (800 µs), followed
by (OH)2Ge(IV)Pc(SO3)mix (760 µs), (OH)2Si(IV)Pc(SO3)mix (439 µs), and
ZnPc(SO3)mix (530 µs).

b. Other MPc(SO3)n complexes

For ZnPc(SO3)4, the ΦT value was high in DMSO (ΦT = 0.88;41 Table 3). Generally,
ΦT values are higher for ZnPc(SO3)4 compared to the disubstituted derivatives
(Table 3).108,109 Compared to other substituted ZnPc complexes (such as tert-
butylphenoxy, methylphenoxy and nitro-substituted ZnPc derivatives), sulfonation
of the Pc ring brings about longer triplet lifetimes.41 The triplet lifetime values for
ZnPc(SO3)4 and ZnNPc(SO3)4 in the presence of detergents107 (Table 3), were
increased when compared to water alone.103 There was little effect of the degree of
sulfonation on triplet lifetimes,94,95 when considering the same solvent: compare
ClAl(III)Pc(SO3)2 (τT = 520 µs), ClAl(III)Pc(SO3)3 (τT = 490 µs) and
ClAl(III)Pc(SO3)4 (τT = 530 µs) in PBS or (τT = 1130 µs, 1150 µs and 1140 µs
respectively in D2O in Table 3. Bovine serum albumin (BSA) increases the lifetime
of the triplet state of ClAl(III)Pc(SO3)4 as shown in Table 3.94 However, association
of BSA with ZnPc complexes decreased the triplet quantum yields, suggesting
singlet state and/or static triplet quenching of the bound dye by the host protein.106

A large τT value was obtained for ClAl(III)Pc(SO3)2 in CD3OD (τT = 1440 µs)95

compared to τT = 550 µs in pH 4 buffer or 775 µs in methanol.104,108–110 Sulfonated
ClGa(III)Pc derivatives show low ΦT values in methanol,108 but the triplet state is
long lived (τT ranging from 300 to 440 µs)108,109 (See Table 3).

2. Carboxylated Derivatives

The variation of ΦT among the MPc(COOH)8 complexes in aqueous media [ΦT =
0.0 (Zn), 0.32 (Al), 0.34 (Si) and 0.62 (Ge)] depends on the heavy atom effect
which encourages intersystem crossing to the triplet state.77 The triplet state life-
time values of the MPc(COOH)8 range from 90 µs (M = Si) to 450 µs (M = Al),
which is a typical range for many MPc complexes.77

For the unmetalated water soluble complex 3 (Figure 1) containing S10 sub-
stituents, ΦT values were highly solvent dependent, with the highest value being
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observed in water containing CTAC (ΦT = 0.56), followed by DMSO (ΦT = 0.34),
again showing that monomerization increases the photophysical parameters. This
complex however, showed very low τT values (< 5 µs) in all solvents.97 For com-
plex 3 (M = Zn and containing S10 substituent), ΦT = 0.25 in DMSO for the
disubstituted complex, which did not change on tetrasubstitution (ΦT = 0.27). The
lifetime decreased upon moving from the disubstituted to tetrasubstituted
complex.54

3. Quaternized Derivatives

As expected, the presence of CEL gave increased ΦT values for ZnPc complexes
containing the substituent S4q compared to the phosphate buffer solution (PBS)
alone.72 An increase in triplet lifetimes (τT) in the order, PBS 7.4 < PBS 7.4 + CEL
< DMSO were observed with these ZnPc complexes. The lowest τT values exhib-
ited in PBS 7.4 are likely due to the fact that the triplet state of MPcs can be
quenched by water (Figure 12), in addition to aggregation. The slight increase τT

values in the presence of CEL may be due to less exposure of the Pc to the aque-
ous medium as well as a decrease in aggregation. The triplet quantum yields were
very low in the presence of HSA for ZnPc tetrasubstituted with S7 (ΦT < 0.001)
with a reasonable lifetime of τT = 220 µs.75 The ΦT value increased in the presence
of CTAC (ΦT = 0.16, while the τT (= 150 µs) decreased.75 These values changed
in the presence of SDS, i.e. ΦT increased to 0.59, while τT decreased to 140 µs).75

ZnPc complexes containing other quaternizable substituents such as S2q and S3q
showed typical ΦT values in the presence of organic solvents (Table 3).

Unsubstituted ClIn(III)Pc and ClIn(III)Pc tetrasubstituted either peripherally
or nonperipherally with S1q substituents gave shorter lifetimes and correspond-
ingly larger triplet quantum yields (ΦT) when compared to ZnPc derivatives in
general (Table 3), due to the enhanced intersystem crossing induced by the larger
In central metal.69 In DMSO, ΦT value for the quaternized octasubstituted
ClIn(III)Pc containing the substituent S1q, (ΦT = 0.68) is larger than that in water
with Triton X-100 (ΦT = 0.59), which is attributed to increased intermolecular
interaction in water compared to that in DMSO.98 Even in the presence of Triton
X-100, some level of aggregation still exists for ClIn(III)Pc complexes containing
the substituent S1q in water. The ΦT value for the quaternized ClIn(III)Pc com-
plexes tetrasubstituted with S1q substituents at peripheral positions (ΦT = 0.94,
Table 3) was very high in DMSO.

The triplet lifetime values for the ClIn(III)Pc complexes substituted with S1q
were lower in water when compared to DMSO due to the aggregation in water,
and this was also due to absorption by water at the same wavelength as the triplet
state of MPc complexes (Figure 12). τT values for the quaternized ClIn(III)Pc
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complexes (S1q substituents, peripheral or nonperipheral, Table 3) were similar to
those of the corresponding unquaternized derivatives (S1 substituents) in DMSO.
Addition of Triton X-100 increased the τT values in water for these ClIn(III)Pc
complexes.

D. Singlet Oxygen Quantum Yields (ΦΦ∆∆)

Energy transfer between the triplet state of photosensitizers and ground state
(triplet) molecular oxygen leads to the production of singlet oxygen. Therefore
singlet oxygen quantum yield, which is the efficiency of singlet oxygen genera-
tion, should depend on the triplet state quantum yield and lifetime, the efficiency
of energy transfer, the energy of the triplet state and the ability of the substituents
to quench the triplet state among other factors. Thus, the trend in variation of Φ∆

within an array of photosensitizers should be parallel to the variations in their ΦT

values. Due to the aggregation behavior of MPc complexes, the values of Φ∆ are
expected to increase in the presence of detergents (e.g. Triton X-100), in the same
manner as for the ΦT values.112

1. Sulfonated Derivatives

a. MPc(SO3)mix complexes

For a range of MPc(SO3)mix [M = ClAl(III), Zn, (OH)2Si(IV), (OH)2Ge(IV)] pho-
tosensitizers,52 lower singlet oxygen quantum yields (Φ∆) were observed in aque-
ous solutions (in the absence of detergents) compared to organic solvents or in
aqueous media in the presence of detergents (Table 3). The degree of sulfonation
has an influence on the production of singlet oxygen. For a series of
ZnPc(SO3)n(mix) (n = an average number of SO3 groups) complexes (Table 3), Φ∆

values were almost the same in DMSO, but an increase in Φ∆ with the value of n
is observed in PBS (pH 7.4) in the absence of Triton X-100.114 The Φ∆ value is low
for the more aggregated ZnPc(SO3)2.1(mix) (Φ∆ ≤ 0.01), but high for the mainly
monomeric ZnPc(SO3)3.7(mix) (Φ∆ = 0.49) in pH 7.4 buffer (Table 3).114

For the unmetalated H2Pc(SO3)n(mix), complex, intermolecular hydrogen bond-
ing results in extensive aggregation, with the addition of Triton X-100 leading
only to partial monomerization and a low Φ∆ value (0.02).114

b. Other MPc(SO3)n complexes

In reversed micelles, singlet oxygen quantum yields for the di- and trisubstituted
(OH)Al(III)Pc(SO3)n complexes were found to be the same as in water, even
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though enhanced intersystem crossing was observed in micelles.42

(OH)Al(III)Pc(SO3)n derivatives generally give low Φ∆ values compared to the
corresponding ZnPc derivatives due to the small size of the central Al metal ion
compared to Zn.

As observed with ZnPc(SO3)4, the Φ∆ value for ZnNPc(SO3)4 increased in
the presence of detergents.107 However, for ClAl(III)Pc(SO3)4 (Φ∆ = 0.20 in DMF
and 0.18 in aqueous media) and H2Pc(SO3)4 (Φ∆ = 0.16 in DMF and 0.09 in aque-
ous media), low singlet oxygen quantum yields (< 0.3) were observed
(Table 3).18,33,35,83,92 The Φ∆ values for tetrasulfonated MPc complexes were found
to increase as follows in DMF: ZnPc(SO3)4 (Φ∆ = 0.52) > XGa(III)Pc(SO3)4 (Φ∆ =
0.41) > XAl(III)Pc(SO3)4 (Φ∆ = 0.2) ∼ H2Pc(SO3)4 (Φ∆ = 0.16), (where X repre-
sents an anionic axial ligand). In general, Φ∆ values were higher in DMF than in
water or water containing CTAC.33 MgPc(SO3)2 gave a low Φ∆ value in DMSO,
most likely due to the large fluorescence expected for small central metals.114

2. Carboxylated Derivatives

MPc(COOH)8 (M = Al, Zn, Si and Ge) gave low Φ∆ values even though these com-
plexes are not aggregated. The values increase with the size of the central metal as
follows: Al (Φ∆ = 0.12) < Si (Φ∆ = 0.22) < Zn (Φ∆ = 0.32) ≈ Ge (Φ∆ = 0.31) in aque-
ous media.77 When considering the number of carboxyl groups, the Φ∆ values
obtained for ZnPc(COOH)8 (Φ∆ = 0.48 in DMF) and ZnPc(COOH)4 (Φ∆ = 0.51 in
DMF) were similar (Table 3). For (OH)Al(III)Pc(COOH)8, association via hydro-
gen bonding occurs, affecting the production of singlet oxygen and hence the pho-
tosensitizing ability.42 Thus, (OH)Al(III)Pc(COOH)8 gave a low Φ∆ value of 0.12
in DMSO or aqueous media (Table 3).35,77 For complex 3, containing Zn as the cen-
tral metal ion and substituted with S10, low Φ∆ values were obtained for both the
tetrasubstituted (Φ∆ = 0.31) and disubstituted (Φ∆ = 0.23) complexes.54 Table 3
shows an even lower Φ∆ value for complex 4 substituted with S10.

3. Quaternized Derivatives

a. Porphyrazine complexes

For the zinc porphyrazine 2q complexes substituted with CH3 or CH3COOCH2CH3,
singlet oxygen quantum yields were higher in aqueous (SDS) solutions (Table 3)
compared to organic solvents.87 The Φ∆ value for the quaternized Zn porphyrazine
complex (2q) of 0.50 (Table 3) was similar to that of the corresponding unquater-
nized complex (Φ∆ = 0.56) in DMF (Table 4).102 For the 1q complexes containing
Ge, Sn and Zn central metals, the Φ∆ values are very low (< 0.1).
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b. MPc complexes

Efficient production of singlet oxygen in DMSO was observed with values of S∆

(= Φ∆/ΦT, which represents the efficiency of quenching of the triplet excited state
by singlet oxygen), being near unity for quaternized tetra- or octasubstituted ZnPcs
containing the S4q substituent.72 The low Φ∆ values obtained for these complexes
in PBS (Table 3) are consequently due to low ΦT values, as discussed above.
However, a slight improvement is observed in Φ∆ values in CEL. ZnPc complexes
octasubstituted with S6 or S9 gave Φ∆ values which were larger for the former
substituent (0.60, 0.62 and 0.65 in methanol, ethanol and water, respectively for
S6),74 compared to S9 which ranged from < 0.05 to 0.45 in the same solvents.74

For ZnPc tetrasubstituted with S5 substituents, a Φ∆ value of 0.6 was obtained in
neat water. This was reduced to about 0.32 in phosphate-buffered saline.73

As with the ZnPc counterparts, ClAl(III)Pc complexes octasubstituted with S6
or S9, gave Φ∆ values which were generally larger for S6 (0.35, 0.35 and 0.38 in
methanol, ethanol and water, respectively).74 The values for S9 ranged from Φ∆ <
0.05 to 0.37 in the same solvents.74 As expected, the Φ∆ values were larger for
ZnPc compared to ClAl(III)Pc due to the heavy atom effect.

Quaternized ClIn(III)Pc complexes (tetrasubstitued with S1q substituent at
peripheral and nonperipheral positions) showed lower Φ∆ values (ranging from
0.44 to 0.70; Table 3) when compared to their unquaternarized counterparts
(containing S1), with Φ∆ values ranging from 0.65 to 0.86 in various solvents.69

In some cases, the Φ∆ values are low relative to ΦT for ClIn(III)Pc complexes
substituted with S1q in Table 3, suggesting inefficient transfer of energy from the
triplet state of MPc to triplet state oxygen (and thus the subsequent formation of
singlet oxygen). ClIn(III)Pc octasubstituted with S1q gave Φ∆ = 0.66 in DMSO
and Φ∆ = 0.56 in water.98 The lower value in water is ascribed to the quenching of
singlet oxygen by water, as demonstrated by the shorter lifetime of singlet oxygen
in water (4.2 µs)116 compared to that in DMSO (30 µs).117 The Φ∆ values for
ClGa(III)Pc complexes (containing S1q substituent) showed that the point of sub-
stitution (peripheral or nonperipheral positions) does not affect the Φ∆ values67

(Table 3).

E. Photobleaching Quantum Yields (ΦΦp)

Observation of the degradation of the molecules under irradiation can be used
to study their stability and this is especially important for those molecules
intended for use as photocatalysts. The collapse of the absorption spectra without
any distortion of the shape (or shifts in wavelength) is generally taken to imply
clean photodegradation and is not associated with phototransformation. The
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photodegradation (photobleaching) quantum yield (Φp) is a measure of the stabil-
ity of a molecule under photo-irradiation. It is believed that photobleaching is a
singlet oxygen-mediated process; hence, its efficiency should depend on the value
of Φ∆. Thus, oxidative attack of the excited triplet state of MPcs by singlet oxy-
gen brings about photodegradation, since the triplet state is sufficiently long lived
to participate in photochemical reactions.

In general, for sulfonated ZnPc derivatives, Φp values are of the order of 10−5

(Table 3). For a series of MPc(SO3)mix complexes, photodegradation quantum
yield values tend to follow singlet oxygen trends (Table 3).52,53 Photodegradation
quantum yields were found to be high in DMSO for unquaternized peripherally
tetra- or octasubstituted ZnPcs containing the S4 substituent (Φp = 66 × 10−5 in
DMSO Table 4) compared to their quaternized counterparts containing the S4q
substituents (Φp = 17 × 10−5 in DMSO).72 The lowest values of photodegradation
were exhibited in PBS pH 7, for the S4q substituent on ZnPc (Table 3),72 where
Φ∆ values are also low. This confirms that photodegradation is dependent on sin-
glet oxygen.

For quaternized ClIn(III)Pc complexes containing the S1q tetrasubstituent at
peripheral and nonperipheral positions, the photodegradation quantum yields were
almost similar, showing that the point of substitution does not affect stability. For
ClIn(III)Pc or ClGa(III)Pc derivatives containing S1q as the substituent, the vari-
ation of Φp follows the same trend as that of Φ∆, with Φp values being higher in
aqueous media compared to DMSO. Hence, the complexes are less stable in the
former solvent.69

IV. Non-Water Soluble Phthalocyanine Complexes

A. Aggregation Behavior in General

The aggregation tendencies of non-water soluble MPc complexes are attributed to
the formation of π–π interactions between adjacent MPc rings. Coordinating sol-
vents may be axially ligated to the central metals in the MPc complexes, thereby
preventing columnar aggregation. However the presence of axial or ring sub-
stituents is often not sufficient to prevent aggregation. Thus the non-water soluble
complexes discussed in this work often show aggregation. CdPc derivatives
showed unique aggregation behavior and are therefore discussed in greater
detail.118 The spectrum of CdPc nonperipherally substituted with S14 is typical of
a monomeric species (Figure 13a), whereas that of its peripherally substituted
counterpart (with S14) tends to be slightly broad in both DMF and DMSO.118 The
spectrum of the latter was quite unusual in DCM or chloroform (Figure 13b), sug-
gesting extensive aggregation. No changes in spectra occurred on addition of the
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surfactant to solutions of CdPc peripherally substituted with S14, which is an indi-
cation that this complex is in a monomeric state or that the aggregates are too
strong to be broken by surfactants. For CdPcs, triple-decker and higher oligomeric
complexes have been reported in addition to demetalation.119–122 The oxidizing
and noncoordinating nature of the solvents may also play a role,123,124 where
chlorinated solvents are known to oxidize some MPc complexes.119,120

The presence of two sharp bands near 700 nm (Figure 13b) may suggest demet-
alation. Addition of a metal salt such as zinc acetate to these solutions resulted in
the collapse of the two sharp bands confirming that the peaks were due to demeta-
lation. Partial oxidation was also confirmed by addition of reducing agents.119 Thus
in DCM, CHCl3, THF and toluene, CdPc peripherally substituted with S14 showed
partial oxidation and partial demetalation in addition to aggregation.

ZnPc complexes peripherally octasubstituted with S10, S15, S16 and S17 and
the octachlorinated ZnPc [ZnPc(Cl)8] complex showed aggregation behavior in
organic solvents even at low concentrations (< 1 × 10−5 M).36 The UV-visible spec-
trum of ZnPc complexes peripherally octasubstituted with S18 showed an extra
band8 (the so-called X-band125) in nonpolar or less polar solvents such as benzene

Figure 13. Electronic absorption spectra of CdPc peripherally tetrasubstituted with S14
ligand in (a) DMSO and (b) DCM. Modified from Ref 118.
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and chloroform, but not in solvents of higher polarity such as DMF, acetone and
DMSO. The origin of the X band has been explained in terms of the distortion of
the Pc ring due to the presence of eight phenyl groups on the peripheral positions
of the phthalocyanine ring.126

The axially ligated X2Si(IV)Pc complexes (where X is the negatively charged
axial ligand) containing phenoxy groups (S18) on the ring showed spectra
typical of a monomeric species.127 For X2Si(IV)Pc complexes containing axial
hydroxyl ligands, aggregation occurs due to hydrogen bonding between the axial
hydroxyl groups.127

B. Unmetalated, Group 1 and Group 2 Phthalocyanine Complexes

Phthalocyanine complexes are notorious for their lack of solubility in common
organic solvents. Unmetalated Pc complexes are generally less soluble compared
to their metalated counterparts. Introduction of substituents onto the Pc ring as
well as metalation enhances the solubility of these complexes. Thus, as Table 4
shows, there are fewer studies available on unmetalated phthalocyanines.

Unmetalated phthalocyanine complexes substituted with fluorine and ter-
phenyl ligands gave very high fluorescence quantum yields of ΦF = 0.88.128

Unsubstituted H2Pc exhibits a higher ΦF value (ΦF = 0.55) in CHCl3 when com-
pared to the complex tetrasubstituted with OCH2C(CH3)3 (ΦF = 0.24) in Table
4.129,130 Unmetalated phthalocyanines nonperipherally octasubstituted with long
chains gave ΦF values ranging from 0.05 to 0.10 in DCM.131 On insertion of the
Zn central metal, the ΦF values increased, ranging from 0.13 to 0.17 (Table 4).131

Unmetalated phthalocyanines octasubstituted with S19 gave low ΦF values in
DMSO and polyvinyl chloride (PVC), but the values were found to be higher in
THF.132 For this complex, the ΦF values were generally higher (in THF and ethyl
cellulose, EC) than for the corresponding ZnPc derivative (Table 4).132

H2Pc tetrasubstituted with (CH2)2O(CH2)2OCH3 gave a low singlet oxygen
quantum yield (Φ∆) of 0.19, but had a long lifetime in toluene (504 µs).88 A mix-
ture of solutions of anionic 5,10,15,20-sulfonato-phenyl-porphyrin (TSPP) and a
positively charged H2Pc(SCH2CH2N

+(CH3)3CH3SO)2(NH2)2 complex gave high
Φ∆ values compared to individual components.129,133 For the phosphorus den-
drimers (S20) built from an octasubstituted metal free phthalocyanine core, the
fluorescence quantum yield increased with an increase in the number of den-
drimers.134 Both Li2Pc and Li2NPc complexes gave the same ΦT and ΦF values of
0.6 and 0.5 respectively50 (Table 4), giving ΦT + ΦF of ∼ 1. This suggested that the
dominant radiationless decay path was intersystem crossing for these complexes.

There are only a few studies on the photochemical properties of MgPc
derivatives. Unsubstituted MgPc was found to give a ΦF value of 0.76 (Table 4).135
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Table 5. Selected photocatalytic reactions of MPcs.

Molecule Product
MPc complexa photocatalyzed Mediumb Oxidant Main product yield (%)b Ref.

Alkenes
ClGa(III)Pc 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 1.19 211, 235
R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 1.08 211, 235

R2 = R3 = S14, (c)
(M = ClGa(III))

R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 1.21 211, 235
R2 = R3 = S23
(M = ClGa(III))

ClIn(III)Pc 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 1.22 211, 235
R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 1.38 211, 235

R2 = R3 = S14
(M = ClIn(III))

R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 1.25 211, 235
R2 = R3 = S23
(M = ClIn(III))

R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R2 = R3 = S18
(M = OTi(IV))

R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R2 = R3 = S22
(M = OTi (IV))

R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R2 = R3 = S24
(M = OTi(IV))

R1 = R4 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R2 = R3 = S25
(M = OTi(IV))
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Table 5. (Continued )

Molecule Product
MPc complexa photocatalyzed Mediumb Oxidant Main product yield (%)b Ref.

R2 = R3 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R1 = R4 = S18

(M = OTi(IV))
R2 = R3 = H, 1-Hexene DCM (homo) Oxygen 1,2-Epoxyhexane 136

R1 = R4 = S22
(M = OTi(IV))

R2 = R3 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R1 = R4 = S24
(M = OTi(IV))

R2 = R3 = H, 1-Hexene DCM homogeneous Oxygen 1,2-Epoxyhexane 136
R1 = R4 = S25
(M = OTi(IV))

ZnPc Cyclohexene Dioxan homogeneous Oxygen Cyclohexenone 4.4 20
THF homogeneous Oxygen Cyclohexenone 4.3 20
Benzene homogeneous Oxygen Cyclohexenone 1.8 20
DMF/CH2Cl2 Oxygen Cyclohexenone 6.6 20

homogeneous

Sulfur-containing compounds
ZnPc(SO3)4 or 2-ME Aqueous Oxygen 2-Hydroxyethanesulfonic 205

ClAl(III)Pc(SO3)4 homogeneous acid
HS− Aqueous Oxygen SO4

2− 205
homogeneous

ZnPc(SO3)4 2-ME Aqueous Oxygen 2-Hydroxyethanesulfonic 216
ZnPc(COOH)4 homogeneous acid

ZnPc(SO3)4 S2O3
− Aqueous Oxygen SO4

2− 216
ZnPc(COOH)4 homogeneous
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Table 5. (Continued )

Molecule Product
MPc complexa photocatalyzed Mediumb Oxidant Main product yield (%)b Ref.

Phenols
H2Pc/Al2O3 Phenol H2O–ethanol (2:1) Oxygen CO2 223

or H2Pc/TiO2 heterogeneous
(NdPc)2, Complex 14 4-Chlorophenol pH 6–7 heterogeneous Oxygen 4-Chlorocatechol 17
CoPc(COOH)4/ Phenol Aqueous media Oxygen CO2 0.10 225

TiO2/Pt
FePc/SiO2 Phenol Heterogeneous H2O2 p-Hydroquinone 215

p-Benzoquinone
FePc@NaY Phenol Heterogeneous H2O2 p-Hydroquinone 215

p-Benzoquinone
FeO2Pc(SO3)4/(LDH)d Phenol Heterogeneous Oxygen 220
ZnPc(SO3)4 Phenol pH 13 Oxygen CO2 224
ZnPc(SO3)4 or Phenol Aqueous or ethanol Oxygen CO3

2− 205
ClAl(III)Pc(SO3)4 homogeneous

4-Chlorophenol Aqueous or ethanol Oxygen 205
homogeneous

Cyclopentadiene Ethanol homogeneous 4,5-Epoxypent-2- 205
enaldehyde

ZnPc(SO3)mix 4-chlorophenol pH 10 homogeneous Oxygen Benzoquinone 0.0140c 35
Trichlorophenol pH 7 2,5-Dichloro-1, 0.0105c 19

4-benzoquinone
Pentachlorophenol pH 7 2,3,5,6-Tetrachloro-1, 0.00392c 19

4-benzoquinone
ZnPc(SO3)4 4-Chlorophenol pH 10 Oxygen Benzoquinone <0.002c 35
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Table 5. (Continued )

Molecule Product
MPc complexa photocatalyzed Mediumb Oxidant Main product yield (%)b Ref.

ZnPc(SO3)n Phenol pH 10 Oxygen Quinone 0.15c 218
2-Chlorophenol Quinone 0.24c

3-Chlorophenol Quinone 0.20c

4-Chlorophenol Quinone 0.20c

2,6-Dichlorophenol Quinone 0.21c

2,4,6-Trichlorophenol Quinone 0.20c

ZnPc(COOH)8 4-Chlorophenol pH 10 Oxygen Benzoquinone 0.0059c 35
homogeneous

ZnPc(COOH)4/TiO2/Pt Phenol Aqueous Oxygen CO2 0.10 225
heterogeneous

ClAl(III)Pc/CTMAB 4-Chlorophenol Aqueous Oxygen 226
heterogeneous

4-Nitrophenol
2,4-Dichlorophenol
2,4,6-Trichlorophenol

ClAl(III)Pc(SO3)mix 4-Chlorophenol pH 10 Oxygen Benzoquinone 0.0097c 35
homogeneous

Trichlorophenol pH 7 2,5-Dichloro-1, 0.0118c 19
4-benzoquinone

Pentachloro-phenol pH 7 2,3,5,6-Tetrachloro-1, 0.00680c 19
4-benzoquinone

ClAl(III)Pc(SO3)4 4-Chlorophenol pH 10 Oxygen Benzoquinone 0.0040c 35
homogeneous

Trichlorophenol pH 7 2,5-Dichloro-1, 0.00540c 19
4-benzoquinone

Pentachloro-phenol pH 7 2,3,5,6-Tetrachloro-1, 0.00450c 19
4-Benzoquinone

(Continued )

b
8
6
7
_
V
o
l
-
0
7
_
C
h
-
3
4
.
q
x
d
 
 
6
/
4
/
2
0
1
0
 
 
1
0
:
0
6
 
A
M
 
 
P
a
g
e
 
3
2
7



328
N

yokong and A
ntunes

Table 5. (Continued )

Molecule Product
MPc complexa photocatalyzed Mediumb Oxidant Main product yield (%)b Ref.

OHAl(III)Pc(SO3)4 Phenol pH 13 Oxygen CO2 224
homogeneous

(OH)Al(III)Pc(COOH)3 Phenol pH 3 Oxygen Benzoquinone 228
NH2

4-Chlorophenol homogeneous Benzoquinone
ZnPc(COOH)4 /TiO2 4-Chlorophenol Aqueous CO2, Cl- 227

heterogeneous
ClAl(III)Pc(COOH)8 4-Chlorophenol pH 10

heterogeneous Oxygen Benzoquinone <0.002c 35
OHAl(III)Pc(SO3)x Phenol pH 10 Oxygen Quinone 0.39c 218

2-Chlorophenol homogeneous Quinone 0.43c

3-Chlorophenol Quinone 0.48c

4-Chlorophenol Quinone 0.61c

2,6-Dichlorophenol Quinone 0.47c

2,4,6-Trichlorophenol Quinone 0.40c

LAl(III)Pc/SiO2 Phenol CH3CN Oxygen Quinone 221
(L = Cl or OH) heterogeneous

(OH)Ga(III)Pc(SO3)4 Phenol pH 13 Oxygen CO2 224
homogeneous

(OH)2Si(IV)Pc(SO3)mix Trichlorophenol pH 7 Oxygen 2,5-Dichloro-1, 0.00343c 19
homogeneous 4-benzoquinone

Pentachloro-phenol pH 7 2,3,5,6-Tetrachloro-1, 0.00411c 19
4-benzoquinone
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Table 5. (Continued )

Molecule Product
MPc complexa photocatalyzed Mediumb Oxidant Main product yield (%)b Ref.

(OH)2Si(IV)Pc(SO3)x Phenol pH 10 Oxygen Quinone 0.24c 218
homogeneous

2-Chlorophenol Quinone 0.31c

3-Chlorophenol Quinone 0.27c

4-Chlorophenol Quinone 0.44c

2,6-Dichlorophenol Quinone 0.31c

2,4,6-Trichlorophenol Quinone 0.25c

(OH)2Sn(IV)Pc(SO3)mix Trichlorophenol pH 7 Oxygen 2,5-Dichloro-1, <0.002c 19
homogeneous 4-benzoquinone

Pentachloro-phenol pH 7 2,3,5,6-Tetrachloro-1, <0.002c 19
4-benzoquinone

a PcSmix = mixture of sulfonated Pcs. X refers to an axial ligand, where one was not provided in the reference.
b% yield = (Product obtained1,2-epoxyhexane)/(Initial susbstrate)] × 100.
c As quantum yield.
d LDH = layered double oxide.
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C. Group 4 To 11 Phthalocyanine Complexes

For these groups only the OTi(IV)Pc complexes have been relatively intensely
studied. OTi(IV)Pc complexes containing the S14, S22-S25136–139 substituents at
the peripheral and nonperipheral positions have been studied in a variety of sol-
vents. ΦF values for nonperipherally tetrasubstituted OTi(IV)Pcs are generally
lower than that for the corresponding peripherally substituted derivatives
(Table 4). The ΦF values generally increase (or remain the same) for peripherally
substituted derivatives, from tetrasubstituted to octasubstituted derivatives.
OTi(IV)Pc complexes substituted with polyethylene glycol units gave ΦF values
which ranged from 0.05 to 0.32 (not in Table 4).140

Studies on the triplet state properties of OTi(IV)Pc derivatives are few.
However, the ΦT values range from moderate to high, where the highest value of
ΦT = 0.85 was obtained for a OTi(IV)Pc derivative octasubstituted with S26 in
DMSO.138 The triplet lifetimes are highly dependent on the solvent and sub-
stituents present, and the lowest values were obtained for OTi(IV)Pc octasubsti-
tuted with S14 (τT = 60 µs) and S18 (τT = 40 µs) in chloronaphthalene.139 The Φ∆

values obtained for the OTi(IV)Pc derivatives octasubstituted with substituent S26
were high, corresponding to high ΦT values.138 The Φp values for OTi(IV)Pc
complexes were within the range typically obtained for MPc complexes, showing
stability.

X2Zr(IV)Pc complexes (where X = Cl, L1, L2 and L3), gave very low ΦF

values ranging from 0.006 to 0.016 (Table 4).141For PdPc and NiPc complexes
containing long chain substituents, low ΦF values were obtained (<0.01) due to the
open-shell nature of the complexes (Table 4).142

D. Group 12 Phthalocyanine Complexes

1. ZnPc Complexes

a. Fluorescence quantum yields (ΦF)

ZnPc derivatives are the most intensively studied of all MPc complexes photo-
chemically and photophysically, with substituents ranging from S14 to
S56.9,29,41,143–166 Fluorescence quantum yields (ΦF) for unsubstituted ZnPc is ∼
0.241,157 in DMSO and this value is often employed as the reference for ΦF deter-
minations of other MPc complexes. ΦF values for unsubstituted ZnPc range from
0.07 to 0.34 in various solvents (Table 4). The values are influenced by the vis-
cosity of the solvent, where lower values are obtained in less viscous solvents.37

Of the substituted complexes, there are fewer studies on nonperipherally
substituted ZnPc derivatives compared to those that are peripherally substituted
(Table 4). For ZnPc complexes octasubstituted with S18 on the peripheral
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positions, the fluorescence excitation and emission spectra exhibited two bands.
This is associated with the loss of symmetry due to the twisting of the phenyl ring
which distorts the molecule.41

Fluorescence of aggregated ZnPc complexes such as ZnPc(NO2)4 and
ZnPc(NH2)4 complexes occurs from the monomeric component,157 thus the ΦF val-
ues were found to be very low (ΦF < 0.02; Table 4) for these complexes as
expected. Fluorescence quantum yields were not affected by the addition of
cyclodextrin,157 which is known to prevent aggregation in porphyrins.167

Halogenation of ZnPc derivatives resulted in a decrease in fluorescence quantum
yields as expected, due to the heavy atom effect.30 A decrease in the ΦF value was
observed from ZnPc (ΦF = 0.17 in acetone) to ZnPcF16, (ΦF = 0.04), followed by
an increase for the ZnPc(C(CF3)2F)8F8 complex (ΦF = 0.39) in acetone146 (Table 4).
This observation is consistent with the notion that aromatic fluorine groups in
ZnPcF16 are part of the phthalocyanine π system and thus enhance the intersystem
crossing. Aliphatic fluorine groups in ZnPc(C(CF3)2F)8F8 are not conjugated with
the phthalocyanine π system, resulting in increased fluorescence lifetimes.146

The fluorescence quantum yields obtained for ZnPc tetrasubstituted (at
peripheral positions) with bulky substituents such as S46, S47, S49 or S54, are
typical of MPc complexes.78,159,161 ZnPc complexes tetra(α)- or octa(β)-substituted
with the S48 substituent, also a bulky substituent, gave very low fluorescence
quantum yields (0.003 and 0.004, respectively) in DMSO, with complete quench-
ing of its fluorescence in aqueous solutions.160 Low ΦF values were also obtained
for Zn naphthalocyanine (ZnNPc) complexes and this was explained in terms of
the fast degradation of these complexes upon photolysis.41,157 The ΦF value of
ZnPc in the pentamer (β-tetrasubstituted with four S37 molecules, ΦF = 0.03 in
DMSO; (Table 4), was much smaller than that for ZnPc alone (ΦF = 0.2), imply-
ing that ZnPc fluorescence is quenched in the presence of the porphyrin sub-
stituents.168 The fluorescence spectra of a phthalocyanine–porphyrin complex
containing eight units of zinc tetraphenylporphyrin (S37) showed extensive
energy transfer between the porphyrin and phthalocyanine moieties.151 The exci-
tation spectra were slightly different from the absorption spectra in terms of Q-
band absorption wavelength, suggesting that changes in the nature of the
molecules occur upon excitation. ΦF values upon excitation at the porphyrin Q-
band were found to be very small due to energy transfer taking place from the por-
phyrin units to the phthalocyanine moieity.151 For the porphyrin–phthalocyanine
heterodimer (ZnTPP-O-ZnPc(C(CH3)3)4), selective excitation of the porphyrin
chromophore resulted in a very efficient energy transfer to the phthalocyanine
moiety,169 resulting in very low ΦF values compared to the individual components.
This was also observed for a porphyrin–phthalocyanine hetero dimer linked by a
triple bond170,171 and ZnPc substituted with four tetraphenylporphyrins (S37).168
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Binuclear ZnPc complexes (complex 4, Figure 1) containing catechol bridges
and substituted with S18, S23 and S42 gave low ΦF values (Table 4), and this was
attributed to a self-quenching process in the binuclear phthalocyanine com-
plexes.156 Annulated dinuclear (5) and trinuclear (6 and 7, Figure 1) ZnPc phthalo-
cyanines containing substituent S55 gave much lower ΦF values (< 0.03 for 6 and
7 and 0.08 for 5) compared to the monomeric complex (ΦF = 0.28), which is in
agreement with the reduction in fluorescence lifetime.164

b. Triplet quantum yields (ΦT) and lifetimes (τT)

The triplet lifetimes of unsubstituted ZnPc in DMSO is relatively long at 350 µs
(Table 4). There were no differences in ΦT (or τT) values for ZnPc when compared
to the fully deuterated derivative (ZnPc-d16)

48 in toluene containing 1% pyridine.
A relatively low τT value was reported for ZnPc β-tetrasubstituted with bulky

S23,41 τT = 160 µs in DMSO, compared to when ZnPc is β-octasubstituted with
S17 or Cl (τT = 370 µs) in Table 4. This was explained in terms of the “loose bolt”
effect,41 which accelerates internal conversion. The τT values increased with sol-
vent viscosity for β-octasubstituted ZnPc complexes containing S28 and Cl as
substituents (Figure 14).100

The triplet lifetimes increased with a decrease in temperature for the ZnPc
complexes containing S32–S36 as substituents.147 The degree of aggregation
decreased for complexes containing bulky substituents, and increased for long
alkyl chain substituents.147 An efficient intersystem crossing was observed for
the heterodimer complex consisting of a positively charged porphyrin and a
negatively charged phthalocyanine.172–174

For ZnPc β-substituted with S37, the triplet lifetime decreased compared to
the respective monomers. This decrease was dependent on the number of por-

Figure 14. Dependence of ZnPc (S28 substituent) triplet lifetime on logarithm of solvent
viscosities. Reproduced with permission from Ref. 100.
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phyrin rings present on the molecules.168 ZnPc β-tetrasubstituted with S37 had a
triplet lifetime of 230 µs, while the β-octasubstituted derivative gave a τT value of
170 µs, in DMSO.151,168 The triplet quantum yields also decreased with an increase
in the number of porphyrin rings: ΦT = 0.12 for ZnPc (β-tetrasubstituted with S37)
and 0.04 for ZnPc (β-octasubstituted with S37) in DMSO.151,168 There was a
decrease in τT values in going from ZnPc (τT = 77 µs) to ZnPcF16 (τT < 1 µs), fol-
lowed by an increase for the ZnPc(C(CF3)2F)8F8 complex (τT = 131 µs) in ace-
tone146 (Table 4). As discussed above, the differences are explained in terms of
changes in the conjugation of the phthalocyanine π system.

Compared with ZnPc (τT = 350 µs), the excited states of the complexes 3 and
8 (Figure 1 with τT ranging from 90 to 180 µs; See Table 4), were found to be
much more short-lived,54 due to the quenching abilities of naphthalene.54,148 The
binaphthalo complex 8 had a relatively high τT (= 150 µs) value (Table 4), which
was attributed to its rigid structure. Quantum yields of the triplet state also favor
the less aggregated complex 3, which contains the bulky S23 substituents.54 A film
of porphyrazine complex 9 was found to have a low τT of 26 µs.155

c. Singlet oxygen quantum yields (Φ∆)

In general unsubstituted ZnPc shows higher singlet oxygen quantum yields com-
pared to its substituted derivatives, with a few exceptions such as ZnPc(SO3)mix.
For the ZnPc(NH2)4 complex containing amine functional groups at the β posi-
tions, a low Φ∆ (= 0.11 in DMSO) value was obtained157 due to the well-known
quenching abilities of singlet oxygen by the amino groups, as well as the aggre-
gated nature of this complex. High Φ∆ values were observed for the monomeric
ZnPc peripherally tetrasubstituted with S23 in DMSO (Φ∆ = 0.60)41,157 and Φ∆ =
0.58 in toluene88 (Table 4). Very high Φ∆ values were obtained for the monofunc-
tionalized Zn azaphthalocyanines (Φ∆ = 0.80) in organic solvents.175

For ZnPc complexes β-tetrasubstituted with S51, the Φ∆ values were lower
(Φ∆ = 0.23 in DMF/water) than for the unsubstituted ZnPc in the same solvent sys-
tem (Φ∆ = 56).158 The Φ∆ values increased to Φ∆ = 0.62 (for unsubstituted ZnPc)
and Φ∆ = 0.30 (for S51 β-tetrasubstituted ZnPc) in benzyl-n-hexadecyldimethyl
ammonium chloride (BHDC) micelles.158 For ZnPc complexes β-octasubstituted
with S15–S17, S23, S41–S43, aggregation played a significant role in the magni-
tude of the Φ∆ values (Table 4).36 Thus the relatively low Φ∆ value for S16 was
explained in terms of the aggregated nature of these complexes. ZnPc complexes
β-octasubstituted with S23 gave a larger Φ∆ value (0.73) in chloroform36 than in
DMSO (Φ∆ = 0.52).176 The ZnPc(Cl)8 complex gave relatively low Φ∆ values
and this is attributed to aggregation.51 ZnPc((CH2)2O(CH2)2OCH3)4 (Φ∆ = 44 in
toluene) gave a larger Φ∆ value than the unmetalated H2Pc((CH2)2O(CH2)2OCH3)4
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complex with Φ∆ = 0.19 in toluene (Table 4).88 Nanoparticles of
ZnPc(C6C13)7(CH2)11SH complex on gold were found to generate singlet oxygen
with higher quantum yields (Φ∆ = 0.65) compared to their non-nanoparticle form
(Φ∆ = 0.45 Table 4).153

A decrease in Φ∆ values was observed on going from ZnPc (Φ∆ = 0.17) to
ZnPcF16 (Φ∆ = 13) followed by an increase for the ZnPc(C(CF3)2F)8F8 complex
(Φ∆ = 21) in acetone.146 Axial ligation of ZnPc using cyanide, pyridine and piperi-
dine resulted in a decrease in Φ∆. The decrease in Φ∆ was attributed to the lower-
ing of the triplet energy to a value where energy transfer to ground state oxygen
was no longer feasible. ZnPc complexes octasubstituted at the nonperipheral posi-
tion with two or four S52 ligands gave very large Φ∆ values (0.85 and 0.92, respec-
tively).166 Comparing data obtained for the tetrasubstituted complexes 3 (R2 = R3)
with that for the disubstituted complex 3 (R3 = H), the latter was observed to have
lower Φ∆ values.54 The Φ∆ values for complexes 4 were low compared to the
values obtained for monomeric ZnPc and this was attributed to intramolecular
coupling of the rings as explained above.156

d. Photodegradation quantum yields (ΦP)

ZnPc is stable towards degradation in DMSO41 compared to some ring substituted
derivatives. This was explained in terms of intramolecular vibrations of some ring
substituents which quench singlet oxygen as soon as it is formed.41 The aggregated
complexes ZnPc(NH2)4 and ZnPc(NO2)4 did not undergo photobleaching, but
instead were found to undergo transformation from the aggregated to the
monomeric state upon photolysis.157

The disubstituted complex 3 (R3 = H, Figure 1) was found to be generally
more stable to photodegradation than the corresponding tetrasubstituted derivative
(Complex 3, R3 = R2, Table 4). The increase in stability of the former was attrib-
uted to the plurality of the bulky substituents which may destabilize the Pc ring in
the latter complexes.54,148

In general, zinc phthalocyanine complexes β-octasubstituted with the more
electron-withdrawing substituted phenoxyl groups (e.g. S42) tended to stabilize
the phthalocyanine molecule in DMSO in the presence of light.36 The more electron-
donating phenoxyl groups (e.g. S23 and S41) tend to be easily degraded in chlo-
roform,36 confirming that the photobleaching mechanism involves oxidative
degradation of the ring. However in DMSO, ZnPc complexes octasubstituted with
S23 or S41 were found to be relatively stable176 (Table 4), through less stable than
S42. ZnPc complexes octasubstituted with S15 or S40 which contain biologically
important substituents, i.e. cholesterol and estrone, respectively, were easily
degraded in chloroform36 (Table 4). In THF, ZnPc complexes β-octasubstituted

334 Nyokong and Antunes

b867_Vol-07_Ch-34.qxd  6/4/2010  10:06 AM  Page 334



with S18 underwent phototransformation rather than photobleaching, resulting in
an increase in the low energy band (the X-band), due to the distortion of the
ring.37 ZnPc(SC6H4CH3)8 and ZnPc(SC4H9)8 complexes containing thioether
substituents were relatively stable (ΦP ∼ 6 × 10−5; Table 4, with the former
showing less stability than the latter, due to the ability of benzene ring to enhance
photobleaching.35,152

2. CdPc Complexes

a. Fluorescence quantum yields

The most studied CdPc complexes are those tetrasubstituted with substituents S2,
S14, S18 and S23118,119,177 at the peripheral and nonperipheral positions. Where
there is no aggregation, the absorption spectra are similar to the excitation spec-
tra, and both are mirror images of the emission spectra. The fluorescence excita-
tion and emission spectra of the CdPc containing S2 were typical of
phthalocyanine complexes, with the fluorescence excitation spectrum being a mir-
ror image of the emission spectrum and the latter being similar to the absorption
spectra. Hence, no demetalation for this complex upon excitation occurred.
However, for CdPc tetrasubstituted with S14 at the peripheral positions, the exci-
tation spectra show a split in the Q-band in toluene, CHCl3, DCM and THF due to
the demetalation discussed above. For this complex, the excitation spectrum was
similar to the absorption spectrum of an umetalated derivative, suggesting that the
loss of symmetry is due to demetalation upon excitation.118,119,177

The fluorescence quantum yields of CdPc derivatives tetrasubstituted with
substituents S18 and S23 at the nonperipheral positions are generally high in THF
and chloroform, compared to MPc complexes in general (Table 4). As discussed
above, even though the CdPc derivatives containing S14 are demetalated in some
solvents, it is expected that the heavy atom effect of Cd will still influence the ΦF

values. The ΦF values for these complexes are typical of MPcs. For CdPc con-
taining S2 substituents,118,119 low ΦF values were obtained for peripheral substitu-
tion as expected on the basis of the heavy atom effect of Cd. However, this was
not the case for nonperipherally substituted derivatives. Unsubstituted CdPc
shows low ΦF and high ΦT, as expected for complexes with heavy atoms (Table 4).

b. Triplet quantum yields and lifetimes

The ΦT values for the CdPc derivatives in Table 4 correspond to ΦF to the extent
that, where the values of the latter are low, the former values are high. For CdPc
peripherally tetra substituted with S18, the sum of ΦT (0.87) and ΦF (0.13) was
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unity in DMF. This suggests that the dominant radiationless decay path was inter-
system crossing for these complexes, as was observed for Li2Pc and Li2NPc
complexes.50 The triplet lifetimes for the CdPc derivatives are generally low in
Table 4 due to the heavy atom effect.

c. Photochemistry

When considering the Φ∆ values, there is a trend towards lower yields for those
phthalocyanines substituted with (benzyloxy)phenoxyl groups (S14), particularly
at the peripheral positions. This suggests that these groups reduce the ability of the
molecules to produce singlet oxygen efficiently, since large ΦT values were
obtained. However, the Φ∆ values for CdPc containing S14 at nonperipheral posi-
tions were not as low as that for the peripheral substitution (Table 4). The differ-
ences could be a result of the change in symmetry upon excitation, as discussed
above for the CdPc complexes peripherally substituted with S14. Some CdPc
complexes containing pyridyloxy substituents (S2) underwent phototransforma-
tion rather than photodegradation, as indicated by a shift in the Q-band maxima.
The phototransformation was ascribed to some distortion of the pyridyloxy-
substituted phthalocyanine macrocycle upon exposure to intense light.118 For
CdPc, peripherally substituted with S14, no phototransformation or photodegra-
dation was observed in some solvents (toluene, CHCl3, THF and DCM), since no
decrease in absorption intensity was observed. The stability of this complex was
ascribed to partial oxidation in these solvents.118 Coordinating solvents such as
DMSO are capable of protecting the molecule against oxidative attack, while non-
coordinating solvents leave the molecule prone to oxidative attack, giving rise to
a high ΦP yields.

3. HgPc Complexes

For HgPc complexes containing an S2 substituent at the peripheral position, the
fluorescence emission spectrum was different from the absorption spectrum in that
the former was broad. This suggests the loss of symmetry for the fluorescing mol-
ecule, which is most likely due to demetalation as observed for the CdPc com-
plexes above.119 HgPc complexes containing the S2 substituent at the peripheral
position gave the lowest ΦF value when compared to the corresponding CdPc and
ZnPc derivatives.119 The order of fluorescence quantum yield values is ZnPc (ΦF

= 0.077) > CdPc (ΦF = 0.013) > HgPc (ΦF = 0.005) for these complexes in DMSO.
This trend is also observed for the unsubstituted complexes, and is expected due
to the spin-orbit coupling induced by the respective central metal ions. In general,
the effect of introducing pyridyloxy substituents (S2) to peripheral positions on
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the HgPc ring is a reduction in ΦF values (Table 4) when considering the same sol-
vent.119 The substituents perhaps encourage the deactivation of the excited singlet
state via nonradiative means (intersystem crossing and internal conversion) rather
than via fluorescence.

As expected, the HgPc complex containing S2 substituents at peripheral posi-
tions has the lowest triplet lifetime when compared to the corresponding ZnPc and
CdPc complexes. The order of triplet lifetimes with respect to the central metal
ions is Zn(II) (τT = 350 µs) > Cd(II) (τT = 30 µs) > Hg(II) (τT = 20 µs). It is clear
from Table 4 that HgPc derivatives give higher Φ∆ (0.78) and ΦT (0.89) values
than the corresponding ZnPc derivatives (Φ∆ = 0.46 and ΦT = 0.80) containing S2
substituents in DMSO.

E. Group 13 Phthalocyanine Complexes

1. XAl(III)Pc Complexes

The studies on non-water soluble XAl(III)Pc complexes (X = negatively charged
axial ligand) are limited, since research has focused on water soluble derivatives
as indicated above. Given that Al(III) is a small ion, unsubstituted XAl(III)Pc pre-
dictably has large ΦF values ∼0.65.111 Polymer-bound chloroaluminum tricarboxy-
monoamidephthalocyanine gave a lower Φ∆ value compared to the unbound (in
solution) complex.178 Singlet oxygen production is restricted on polymers due to
decreased lifetimes of the triplet state.178

2. XGa(III)Pc and XIn(III)Pc Complexes

a. Fluorescence quantum yields

The most studied complexes are those that are unsubstituted or those containing
S1, S14, S18 and S23 as substituents.179–189 XGa(III)Pc and XIn(III)Pc complexes
are often studied together, so in this work they will also be treated likewise. With
a few exceptions, the shapes of the excitation spectra are similar to absorption
spectra, both are mirror images of the fluorescent spectra for ClGa(III)Pc com-
plexes. For the tetra(peripheral or nonperipheral)- and octa(peripheral)-substituted
ClIn(III)Pc containing S14 substituents, the shape of the excitation spectra was
different to the absorption spectra in that the Q-band of the former showed split-
ting, unlike the narrow Q-band observed for the latter. This suggests that there are
changes in the molecule following excitation, most likely due to loss of symme-
try. However, this was not observed for the corresponding ClGa(III)Pc complexes.
The difference in the behavior of ClGa(III)Pc and ClIn(III)Pc upon excitation was
explained in terms of the larger indium metal that is more displaced from the core
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of the phthalocyanine ring. The displacement becomes more pronounced upon
excitation, causing a loss of symmetry.

Table 4 shows that the ΦF values of ClGa(III)Pc complexes are in general typ-
ical of MPc complexes. These values are slightly higher for peripherally substi-
tuted derivatives compared to the nonperipherally substituted complexes,
suggesting less quenching of the excited singlet state by peripheral tetrasubstitu-
tion compared to nonperipheral tetrasubstitution. For the ClIn(III)Pc complexes in
general, the ΦF values are very low due to an enhancement in intersystem cross-
ing caused by the presence of the heavier indium atom.

b. Triplet quantum yields and lifetimes

For both ClGa(III)Pc and ClIn(III)Pc derivatives, there was a change in spectra
following laser irradiation. The spectral changes involved a decrease in the Q-
band and an increase in absorption near 590 nm (Figure 15).188 However, upon
exposure of the solution to air, the Q-band increased in intensity and the band
around 590 nm decreased, suggesting that this band was due to reduction products
of the complexes.190 The first ring reduction in MPc complexes was characterized
by a decrease in the Q-band and the formation of weak bands between 500 and
600 nm.190 Thus during laser irradiation, the ClGa(III)Pc and ClIn(III)Pc deriva-
tives were partly transformed into an anion (Pc−3) species. The suggested mecha-
nism for the formation of Pc−3 in the presence of H donors is shown by Eqs. 29 to
31 (where S–H is an acidic solvent):

MPc + hν → 3MPc* (29)
3MPc* + S–H → MPc•− + S–H•+ (30)

MPc•− + O2 → MPc + O2
•− (31)

Figure 15. Absorption spectral changes of In(III)Pc tetrasubstituted with S14 before and after
laser irradiation. Reproduced with permission from Ref. 188.
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For a series of indium and gallium phthalocyanine monomers as well as bridged
dimers, the ClGa(III)Pc complexes were found to have much longer triplet life-
times compared to the corresponding ClIn(III)Pc complexes, due to the heavy
atom effect of In.173,174

For complexes 10 and 11 (Figure 1, both naphthalocyanine-based and con-
taining Ga(III) as the central ion), the τT values were low in chloroform (ranging
from 14 to 21 µs).181,182 However, for complex 12 (Figure 1, Ga(III) central ion)
containing oxygen and L5 bridges, high τT values (357 and 667 µs respectively)
in toluene were obtained (Table 4).183 ClIn(III)Pc complex 12 (Figure 1) contain-
ing oxygen (τT = 42), L6 (τT = 35) and L7 (τT = 22) bridges gave relatively low τT

values (Table 4).183,185,187 The ΦT values of unsubstituted ClAl(III)Pc, ClGa(III)Pc
and ClIn(III)Pc complexes increased with the size of the central metal as follows:
ClAl(III) (ΦT = 0.4) < ClGa(III) (ΦT = 0.7) < ClIn(III) (ΦT = 0.9), while the ΦF

values correspondingly decreased (ClAl(III) (ΦF = 0.58) > ClGa(III) (ΦF = 0.31)
> ClIn(III) (ΦF = 0.031), in 1-chloronaphthalene due to the heavy atom effect.189

In the case of ClGa(III)Pc containing the S14 substituents, the trend of singlet
oxygen quantum yields (in DMSO) was as follows: nonperipherally tetrasubsti-
tuted (Φ∆ = 0.69) > peripherally tetrasubstituted (Φ∆ = 0.62) > peripherally octa-
substituted (Φ∆ = 0.51). The same trend applied for ClIn(III)Pc derivatives
substituted with S14, with Φ∆ = 0.94, 0.87 and 0.78 respectively. As expected, due
to the heavy atom effect ClIn(III)Pc complexes show larger singlet oxygen
quantum yields in general (Table 4). The ClGa(III)Pc and ClIn(III)Pc complexes
show about the same stability, with ΦP of the order of 10−5 to 10−4.191 These com-
plexes are however, generally less stable than the corresponding ZnPc derivatives
(Table 4).

F. Group 14 and 15 Phthalocyanine Complexes

1. Photophysics

a. X2Si(IV)Pc complexes

The axial ligands studied for these complexes range from L9 to L28 (Table 4). The
most studied complexes are the X2Si(IV)Pc derivatives.127,192–196 X2Si(IV)Pc com-
plexes containing L12 as the axial ligand (4-tert-butylbenzoic acid), giving a rigid
conformation, gave a high ΦF value of 0.62.195 µ-Oxo Si(IV)Pc complexes con-
taining two, three or four Si(Pc) units showed triplet lifetimes and yields which
decreased with an increase in the number of units (Table 4).196 The change in the
nature of axial ligand for Si(IV)Pc complexes has some effect on the fluorescence
quantum yields44,127 (Table 4) ranging from ΦF = 0.02 to 0.34 for axial ligands OH,
Cl, L13–L16 β-octasubstituted with the same ring substituent (S18) (Table 4).
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β-Octa-chlorinated (ΦF = 0.73) or brominated (ΦF = 0.34) Si(IV)Pc complexes
containing two poly(ethylene glycol) axial ligands (L17) show a larger ΦF value
(in DMF) for the chlorinated complex since bromine encourages intersystem
crossing more than chlorine192 (Table 4), being larger in size.

For unsubstituted X2Si(IV)Pc complexes containing a series of axial ligands
(including phenyl, terphenyl, thienyl and pyrenyl systems), the ΦF ranged from
0.31 to 0.84 in DCM (values not in Table 4) with the thiophene ligands giving sig-
nificantly lower ΦF.

197 It was suggested that the electron-rich thiophene group may
quench the excited state by an electron transfer mechanism resulting in a lower
value for ΦF.

197 For unsubstituted Si(IV)Pc complexes containing axial ligands
L10 and L11, τT values decreased on substitution of one of the axial ligands with
a hydroxyl ligand (Table 4).145

In the case of the axially ligated X2Si(IV)Pc complexes containing OH, Cl,
L13–L16 axial ligands and β-octasubstituted with S18,44 triplet state lifetimes
vary according to the degree of aggregation, with the aggregated complex (con-
taining OH ligands) showing a shorter lifetime compared to the rest of the com-
plexes in the series (ranging from 194 to 356 µs)44 in Table 4. For Si(IV)Pc
complexes β-octasubstituted with S18 and containing axial ligands OH, Cl,
L13–L16, the ΦT values were low, ranging from 0.29 to 0.4344 (Table 4).

b. Other group 14 and 15 phthalocyanine complexes

The ΦF values for octasubsubstituted X2Ge(IV)Pc derivatives are typical of MPc
complexes in Table 4. For Cl2Sn(IV)Pc complexes, ΦF values are less than 0.01 for
tetrasubstituted derivatives due to the size of the Sn central metal ion, but these val-
ues increase on octasubstitution (Table 4). The ΦT values were lower for the
(Cl)2Sn(IV)Pc (β-octasubstituted with S18, S40 and S45) derivatives compared to
the corresponding (Cl)2Ge(IV)Pc derivatives.45,186 Triplet quantum yields were not
affected greatly by changes in axial ligands for X2Sn(IV)Pc derivatives. The
X2Sn(IV)Pc complex containing estrone (L9) as an axial ligand showed very short
triplet lifetimes (τT = 18 µs), and uncharacteristically low triplet quantum yields
(ΦT = 0.08).45 The τT values were found to be very low for (Cl)2Sn(IV)Pc derivatives
in general, ranging from 10 to 32 µs (β-octasubstituted with S18, S40 and S45)
compared 168 to 340 µs for the corresponding ClGe(IV)Pc complexes (Table 4.)45

[(OH)2Sb(V)Pc]+ complexes showed very low ΦF values (≤ 0.01) regardless of
the axial ligand or peripheral substituent.198,199 PbPc complexes substituted with
S18 or S23 gave low ΦF values due to the presence of the heavy Pb ion. These
complexes were demetalated upon excitation, but the effects of the Pb ion (in solu-
tion) will still affect the fluorescence behavior.200,201 This also results in high ΦT

values ranging from 0.70 to 0.88 in Table 4. Phosphorus phthalocyanine
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complexes exhibit ΦF values which are typical of MPc complexes in general, but
also show low ΦT values (ΦT < 0.6),202 while high τT values were observed for
some PPc complexes (Table 4).202

2. Photochemistry

The Φ∆ values did not vary much for unsubstituted (OH)2Ge(IV)Pc (Φ∆ = 0.25),
(OH)2Sn(IV)Pc (Φ∆ = 0.26), and (OH)2Si(IV)Pc (Φ∆ = 0.28) complexes in DMSO
(Table 4).63 Φ∆ values for complexes 1 containing Ge(IV), Sn(IV) or Si(IV) as cen-
tral metals were low, ranging from 0.15 (Sn(IV)), to 0.17 (Ge(IV)) and 0.21
(Si(IV)).63 When comparing Cl2Sn(IV)Pc, Cl2Ge(IV)Pc and Cl2Si(IV)Pc β-
octasubstituted with the same peripheral (S18), an increase in Φ∆ with an increase
in the size of the central metal was observed as follows: Si(IV) (Φ∆ = 0.14) <
Ge(IV) (Φ∆ = 0.18) < Sn(IV) (Φ∆ = 0.22) in DMSO, due to the heavy atom effect.45

This effect was also used to explain the higher Φ∆ value obtained for the
Cl2Ge(IV)Pc complex when the axial chloride ligands are replaced by the iodide
ligands.45,63 For complex Cl2Sn(IV)Pc containing estrone ligands (S40) on the
periphery, the Φ∆ value was similar to when estrone was located axially.45 For a
series of axially substituted Si(IV)Pc derivatives peripherally β-octasubstituted
with S18 and containing axial ligands (OH, Cl, L13–16, L18–28), the Φ∆ values
varied to some extent with the axial ligand127 and were generally low, ranging
between 0.03 and 0.41 (Table 4).

Photolysis of the less aggregated tetrapyridinoporphyrazine complexes (1)
containing Sn(IV) or Si(IV) as the central metals in DMSO resulted in degrada-
tion accompanied by reduction of the ring. Thus the complexes exhibited a strong
tendency towards reductive quenching of the excited states.63 Attempts to photo-
bleach Ge(IV)Pc complexes containing S18, S40 and S45 substituents resulted in
the reduction of the central Ge(IV) ion to the Ge(II)Pc species,45 with the Ge(II)Pc
compound being stable to photodegradation. However, the corresponding
Sn(IV)Pc complexes did not show phototransformation to the Sn(II)Pc species.
For the latter complexes, there was evidence of photoreduction of the Pc ring dur-
ing the photobleaching process with a mechanism similar to Eqs. 29–31.45

For Si(IV)Pc complexes containing Cl and L13–L16 as the axial ligands,
attempts to photobleach the Pcs resulted in the well-known axial ligand transfor-
mation into a hydroxyl group for all complexes.44

V. Photocatalytic Reactions

The use of Pc complexes in oncology as photosensitizers for malignant tumor
treatment by photodynamic therapy (PDT) is well-documented and is part of the
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current series (see Volume 4). PDT will therefore not be discussed in this chapter,
which concentrates on selected photocatalytic reactions of industrial (such as oxi-
dation of alkenes) and environmental importance (such as photodegradation of
pollutants). Photodegradation of toxic sulfur compounds, phenols and chlorinated
phenols are known to be catalyzed by MPc complexes.203–231

Sulfur-containing compounds, such as mercaptans, alkali sulfides, alkali sul-
fites, and alkali thiosulfates are byproducts of industrial processes and are pollu-
tants in waste and natural waters.209 The presence of sulfide ions in industrial
wastewater (from the oil-processing industry, paper manufacturing, and synthetic
fiber production) is of great environmental concern. The complete oxidation of
sulfur-containing compounds is an essential solution to environmental problems.

Phenols are widespread in nature and are also produced by normal human
metabolism from tyrosines. The bactericidal properties of phenols make them use-
ful in natural defense mechanisms in biological systems. Phenolic compounds
may be released into the environment in a number of ways, including during the
manufacture of industrial products such as plastics, pharmaceuticals, dyes and
pesticides (e.g. pentachlorophenol). Insecticides containing toxic nitrophenols are
used in agriculture and tend to persist in the environment.

The oxidation of olefins into useful products is of immense industrial interest.
For example, epoxides are useful intermediates obtained on catalytic oxidation of
alkenes that are widely used for petrochemicals, fine chemicals and polymers such
as oxygen-containing natural products or production of epoxy resins. Use of
molecular oxygen as an oxidant for the transformation of alkenes is preferred as it
is cheap, environmentally friendly and readily available.232–234

Phthalocyanines are employed as sensitizers in the oxidation of chemicals via
singlet oxygen since they are able to generate singlet oxygen. Both Type I and II
mechanisms may be involved during the photocatalytic degradation or transfor-
mation of molecules using MPc complexes. Table 5 summarizes the phenols,
sulfur containing compounds and alkenes which are photodegraded by MPc
complexes.

A. Sulfur-Containing Compounds

Wöhrle and coworkers developed phthalocyanine complexes for the photocataly-
sis of sulfur compounds under homogeneous or heterogeneous (impregnated on
SiO2, Al2O3, charcoal and TiO2) conditions.203 The catalytic and photocatalytic
oxidations of sulfide, thiol and phenol derivatives were studied. Heterogeneous
photocatalysis resulted in higher activities than homogeneous catalysis. The
phthalocyanine and naphthalocyanine complexes studied for photocatalysis
included those containing Mg, Al(III), Si(IV) and Zn. Photocatalytic activity of
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the oligomers were found to be higher than that of the analogous low molecular
weight complexes.203 2-Mercaptoethanol, used as an example of a thiol, was
photooxidized to the corresponding sulfonic acid.203

ZnPc and ClAl(III)Pc are efficient photocatalysts for the oxidation of thiolates
or sulfides to sulfonic acids or sulfate. Co-sensitizers involving phthalocyanines
ZnPc(SO3)4 or Ge(IV)Pc (containing substituent S8) and CTAC were employed
for the photooxidation of 2-mercaptoethanol in aqueous alkaline solutions.76

Compared to single-component sensitizers, an improvement in the photocatalytic
activity is observed in the case of co-sensitization. CTAC reduces aggregation
which would otherwise lower photocatalytic activity due to low singlet oxygen
quantum yields. ZnPc(SO3)4 and ZnPc(COOH)4 were studied for the photooxida-
tion of 2-mercapto-ethanol and sodium thiosulfate.216 In the presence of CTAC,
quinoline and ethanol additives, ZnPc(SO3)4 and ZnPc(COOH)4 were monomer-
ized, resulting in an increase in photocatalytic activity as stated above for CTAC.
Monomerization in the presence of quinoline is enhanced due to axial coordina-
tion of the base to the central metal atom in the complexes, which impedes the π–π
interactions between the phthalocyanine complexes. Increasing solvent vis-
cosity enhances the self-association of the phthalocyanine complexes, lowering
photocatalytic activity.216

B. Phenols

1. Phthalocyanine Complexes on Supports

The homogeneous and heterogeneous photocatalytic oxidation of chlorinated phe-
nols in the presence of oxygen or hydrogen peroxide and MPc complexes has been
researched extensively.215–228 The oxidation products for unsubstituted phenols
have been determined to be mainly carbonate and maleic/fumaric acids when
using phthalocyanine complexes.203

The association of TiO2 and ZnPc resulted in a small increase (< 6%) in the
photodegradation efficiency of phenol over TiO2 alone. This behavior was
expected since the light employed had a maximum absorption at 360 nm, where
there is insignificant absorption by ZnPc,222 showing the need for visible light
excitation of the MPc complexes. The photooxidation of phenol was catalyzed by
metal-free phthalocyanine (H2Pc) supported on Al2O3 or TiO2 in the presence of
visible light.223 The rate of phenol photooxidation catalyzed by H2Pc/TiO2 was
much higher than that obtained for H2Pc/Al2O3. The high photocatalytic activity
of the sample is explained by an electron transfer from the conduction band of
the excited H2Pc semiconductor particles to the conduction band of TiO2

support.223
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OHAl(III)Pc or ClAl(III)Pc were supported on aminopropyl silica and/or
exchange resins and employed for the photocatalytic oxidation of phenol.221

Resins included IRA 67, IRA 96, Amberlite 200, Amberlite XAD 8, and Dowex.
On the whole, the electronic absorption spectra of the grafted photosensitizer were
close to its absorption spectra in the homogeneous state. However, the bonding to
the support inhibited the photosensitizer, resulting in a loss of the photosensitizing
efficiency in some cases. In order to prevent self-quenching or nonaccessibility of
the substrate, the amount of the photosensitizer on the support was kept at a
low level.221

Bentonite was modified with cetyltrimethylammonium bromide (CTMA),
then ClAl(III)Pc was inserted successfully into the interlamellar space of CTMA-
modified bentonite and employed as a photosensitizer.226 Under visible light
irradiation, the composite catalyst exhibited good photocatalytic activity for
degradation of pollutants such as phenol, 4-chlorophenol, 4-nitrophenol, 2,4-
dichlorophenol, and 2,4,6-trichlorophenol in an aerated aqueous medium. It was
noted, however, that during repeated experiments, the degradation rate of 2,4,6-
trichlorophenol was gradually decreased, due to some intermediates formed and
sorbed onto the catalyst surface.226

(OH)Al(III)Pc(COOH)4 easily adsorbs onto SiO2, Al2O3, and TiO2 from DMF/
aqueous solutions with no desorption. Adsorption of an (OH)Al(III)Pc(COOH)4

onto the TiO2 surface resulted in a reusable material to perform selective photo-
catalytic oxidations under visible light irradiation. 4-Chlorophenol was mostly
decomposed into CO2 and chloride ions when an Al(III)Pc(COOH)4/TiO2 catalyst
was employed.227 Injection of electrons into the semiconductor conduction
band from the excited dye leaves a radical cation, initiating the oxidation reac-
tions in these systems. TiO2 was found to be superior to SiO2 and Al2O3 in terms
of the photocatalytic degradation of 4-chlorophenol in the presence of
(OH)Al(III)Pc(COOH)4.

227 The products of photodegradation of 4-chlorophenol
are CO2 and Cl− (Table 5). (OH)Al(III)Pc(COOH)4/TiO2 was also found to catalyze
the photodegradation of 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol,
catechol and others.227 ZnPc(COOH)4, CuPc(COOH)4 and CoPc(COOH)4 were also
found to show photocatalytic activity for the degradation of 4-chlorophenol under
visible light.227 However CuPc(COOH)4 and CoPc(COOH)4 showed low photoac-
tivity, due to their short lifetime in the triplet state.

In another study, TiO2 sensitized with ZnPc(COOH)4 and CoPc(COOH)4

showed improved photocatalytic activity for the degradation of phenol using vis-
ible light.225 Photodeposition of platinum on MPc(COOH)4/TiO2 enhanced reac-
tion photoefficiency from ∼ < 0.05 (without Pt) to 0.1 (with Pt) in Table 5. The
enhanced degradation in the presence of Pt was explained in terms of platinum
electron trapping, which is fast enough to compete with electron back transfer,
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thereby increasing the probability of interaction with molecular oxygen to form
highly reactive oxygen species. The main product of the photooxidation
was CO2.

225

Hydroxoaluminium tricarboxymonoamide phthalocyanine [(OH)Al(III)Pc-
(COOH)3(NH2)] was adsorbed onto TiO2 and employed for the photocatalytic
degradation (using visible light) of different substrates which included phenol,
thiophenol and 4-chlorophenol. The radical cation of the phthalocyanine, pro-
duced by electron injection of the dye into the TiO2 conduction band, was found
to be the species responsible for the oxidation of the substrates.228

It is known that the most active photocatalysts for the photodegradation of
pollutants are phthalocyanines bearing Al, Zn and Si central atoms.217 FePc is not
expected to be effectively activated by the photon flux. However, the photocat-
alytic activity of FePc (in the presence of hydrogen peroxide) has been reported.215

FePc adsorbed on silica (FePc/SiO2) has higher intrinsic activity towards the
degradation of phenol in water, than when encapsulated within NaY zeolite
(FePc@NaY).215 While adsorption on silica was reported to be more simple with
the solid exhibiting higher photocatalytic activity, FePc/SiO2 was not found to be
suitable in organic media in which iron phthalocyanine may become soluble
and/or self-degraded. The preparation of FePc@NaY was more complicated, but
permanent immobilization was achieved, rendering a more durable photocatalyst
for reuse.215

Dioxoiron phthalocyanine tetrasulfonate (FeO2Pc(SO3)4) was incorporated
inside the space of a layered double oxide hydoxides (LDH).220 The resulting
material exhibited an optical spectrum characteristic of isolated metalated
phthalocyanine. Laser flash photolysis of the solid showed the FeO2Pc(SO3)4 com-
plex to have a long-lived transient (> 2 ms). The solid is able to act as an effective
photocatalyst for the degradation of phenol in aqueous media.

2. Phthalocyanine Complexes in Solution

CuPc(SO3)4 was found to be an effective photocatalyst for the degradation of
4-chlorophenol, 2,4-dichlorophenol and 2,4,6-trichlorophenol in aerated aqueous
solutions under visible light (λ > 450 nm) irradiation.229 The CuPc(SO3)4 photo-
sensitizer was found to be stable and could be used repeatedly.229

The oxidation of phenol and its chlorinated derivatives (2-chlorophenol,
3-chlorophenol, 4-chlorophenol, 2,6-dichlorophenol and 2,4,6-trichlorophenol)
was photocatalyzed by MPc(SO3)n (M = OHAl, Zn or (OH)2Si).218 The chlori-
nated phenols were transformed at higher rates than phenol with 4-chlorophenol
identified as the most reactive molecule with the highest achieved quantum
yield of 0.61% at pH 10 (Table 5).218 The photooxidation of phenol and 2-, 3- and
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4-monochlorophenols by irradiation with visible light in aqueous alkaline solu-
tions in the presence of (OH)Al(III)Pc(SO3)4, (OH)Ga(III)Pc(SO3)4 and
ZnPc(SO3)4 as well as oxygen have been reported.224 The stabilities of the photo-
sensitizers were found to be strongly dependent on the pH and aggregation ten-
dency. The photooxidation products included carbon dioxide and maleic or
fumaric acid (Table 5).224

Carboxylated polymeric Al and Zn phthalocyanines were also found to be
more photocatalytic towards the oxidation of 2-mercaptoethanol than their
mononuclear counterparts.205,206 The photocatalytic activity of the polymer (com-
plex 13, Figure 1) was also found to be much higher than that for the monomers
in the oxidation of phenols.208 The high photoactivity of the polymers was
explained by the presence of intra-molecular triplet–triplet energy transfer
between the phthalocyanine macrocycles. The products of the oxidation of phe-
nols in an alkaline medium were the same for both the mono- and polynuclear
phthalocyanine complexes that were employed as photocatalysts.208 Maleic and
fumaric acids as well as carbon dioxide were obtained as the final products of the
photooxidation.208 The formation of quinones (Scheme 5) is an intermediate step
during the photocatalytic oxidation of phenols at pH 13, before the final destruc-
tion of the substrate.208

The use of lanthanide diphthalocyanines (complex 14, Figure 1) as photocat-
alysts for the degradation (phototransformation) of chlorophenols has been
reported.17 Lutetium diphthalocyanine is an intrinsic semiconductor. Irradiation of
catalysts with semiconductor properties such as NdPc2− generates electrons (e−)
and holes (h+). Once the electrons and holes are produced, the electron scaveng-
ing action of molecular oxygen prevents the recombination of the electron–hole
pairs. The formation of reactive hydroxyl radicals produced by the reaction
between the photogenerated hole, h+, and OH− or H2O is known to be the primary
oxidizing agent for the photomineralization of organic pollutants over semicon-
ductor catalysts.

OH
O

OOH

O

O

1O2

−H2O

Scheme 5. Formation of quinones as intermediates during photodegradation of phenols.
Adapted with permission from Ref. 208.
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C. Alkanes and Alkenes

Literature on the use of MPcs as alkene and alkane photocatalysts is scanty; there-
fore, only a few reports are listed in Table 5. The photocatalytic activities of the
various OTi(IV)Pc, ClGa(III)Pc and ClIn(III)Pc complexes towards the oxidation
of 1-hexene in the presence of oxygen resulted in 2-epoxyhexane as the main
product and 1-hexen-3-ol as the minor product.136,210 In addition, a correlation was
observed between the photocatalytic trends and singlet oxygen quantum yields.

The mechanisms involved (Type I, Scheme 2 or Type II, Scheme 1) in the pro-
duction of the oxidation products were determined by the use of 1,4-diazabicy-
clo[2.2.2]octane (DABCO, singlet oxygen quencher) and a radical quencher,
2,6-di-tert-butyl-4-methylphenol (BHT). Singlet oxygen was found to be the sole
active species in the production of the epoxide, and the radicals were responsible
for the formation of the allylic alcohol. Thus, both Type I and Type II mechanisms
were involved (Scheme 6). The yields for the products were higher for
ClGa(III)Pc and ClIn(III)Pc complexes when compared to OTi(IV)Pc complexes,
probably due to larger singlet oxygen quantum yields.136,211

ZnPc was employed as a photocatalyst for cyclohexene oxidation, with the
following trend in product yield being observed: cyclohexenone > cyclohexene
hydroperoxide > cyclohexenol > trans-cyclohexane diol > cyclohexene oxide. The
suggested mechanism for the formation of the products is shown in Scheme 7.20

Excitation of phthalocyanines populates the triplet state, effecting the genera-
tion of singlet oxygen which subsequently attacks the Pc complexes, causing

Scheme 6. Proposed mechanism for the formation of the photooxidation products of
1-hexene. Reproduced with permission from Ref. 136.
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decomposition of the Pc. Electron-withdrawing substituents have been shown to
increase catalyst stability and therefore improve product yields.20 However,
unsubstituted or sulfonated MPc complexes tend to decompose upon photolysis,
as judged by the decrease in the intensities of both the Q- and Soret bands, for both
red and white light.20,205 For ZnPc, degradation was found to be more pronounced
with white light than with red light.20 The rate of degradation is also affected by
light intensity, with low intensity light giving less degradation as expected.

VI. Conclusions

The triplet state, singlet oxygen, photobleaching and fluorescence quantum yields,
as well as triplet lifetimes of MPc complexes are hugely affected by the nature of
substituents and by the aggregation behavior of the complexes. Water solubility is
essential for PDT action as well as other applications of Pc complexes; thus, many
studies have been conducted in water and have concentrated on XAl(III)Pc and
ZnPc derivatives. A recurring problem, however, is the aggregation behavior of
the conventional water soluble MPcs, such as those tetrasubstituted with car-
boxylic or sulfonated groups. This review shows that there are some known MPc
complexes that are water soluble but not aggregated.

The most important parameter for the application of MPc complexes is the
singlet oxygen quantum yield. Many factors are responsible for the magnitude of

Scheme 7. Suggested mechanism for the formation of photolysis products of cyclohexene.
Modified from Ref. 20.
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the determined quantum yield of singlet oxygen. These include: triplet excited
state energy, ability of substituents and solvents to quench the singlet oxygen, the
triplet excited state lifetime and the efficiency of the energy transfer between the
triplet excited state and ground state oxygen. The triplet quantum yields increase
for complexes with heavier central metals due to the heavy atom effect, which
inevitably shortens the triplet lifetimes. There is considerable literature on singlet
oxygen generation ability of the Zn phthalocyanine complexes, with less attention
being paid to the other non-transition metals or metalloids (e.g. Ge(IV), Si (IV),
Sn(IV), Ga(III) and In(III)) Pcs. Photodegradation generally depends on the struc-
ture of the molecule, concentration, solvent and light intensity.

The photocatalytic degradation of a selection of environmental pollutants and
industrially important molecules using MPc complexes is also presented in this
chapter. There are still very few reports on the use of MPc complexes as photo-
catalysts compared to their use as catalysts in the presence of oxidants. This is an
area where MPc complexes may be applied with a great deal of success, although
MPc complexes that are stable to light, such as halogenated derivatives are
necessary.

VII. Acknowledgments

This work was supported by the Department of Science and Technology (DST)
and National Research Foundation (NRF), South Africa through DST/NRF South
African Research Chairs Initiative for Professor of Medicinal Chemistry and
Nanotechnology and Rhodes University. Edith Antunes thanks CSIR/Swiss JRF of
South Africa for Post-doctoral funding.

VII. References
1. Gregory, P. In High-Technology Applications of Organic Colourants; Plenum Press:

New York, 1991; pp. 7–273.
2. McKeown, N. B. In Phthalocyanine Materials: Synthesis, Structure and Function. Chemistry

of Solid State Materials; Cambridge University Press: New York, 1998; pp. 32–149.
3. Leznoff, C. C.; Lever, A. B. P., Eds.; Phthalocyanines: Properties and Applications; VCH

Publishers: New York, 1989, 1993, 1996, Vols. 1–4.
4. Okura, I. In Photosensitization of Porphyrins and Phthalocyanines; Gordon and Breach

Science Publishers: Amsteldijk, The Netherlands, 2001; pp. 151–213.
5. Dini, D.; Hanack, M. In Phthalocyanines: Properties and Materials. The Porphyrin

Handbook. Kadish, K. M.; Smith, K. M.; Guilard, R., Eds.; Academic Press: New York, 2003;
Vol. 17, pp. 1–31.

6. Ben-Hur, E.; Chan, W. S. Spectroscopic and Electrochemical Characterization. The Porphyrin
Handbook, Kadish, K. M.; Smith, K. M.; Guilard, R., Eds.; Academic Press: New York, 2003;
Vol. 19, pp. 1–30.

34/Photochemical and Photophysical Properties of Metallophthalocyanines 349

b867_Vol-07_Ch-34.qxd  6/4/2010  10:06 AM  Page 349



7. Gregory, P. J. Porphyrins Phthalocyanines 1999, 3, 468–476.
8. Ogunsipe, A. O.; Nyokong, T. J. Mol. Struct. 2004, 689, 89–97. 
9. Stuzhin, P. A. J. Porphyrins Phthalocyanines 1999, 3, 500–513.

10. Stuzhin, P. A.; Khelevina, O. G.; Angeoni, S.; Berezin, B. D. In Phthalocyanines: Properties
and Applications; Leznoff, C. C.; Lever, A. B. P., Eds.; VCH: New York, 1996; Vol. 4;
pp. 19–77.

11. Beeby A.; FitzGerald, S.; Stanley, C. F.; J. Chem. Soc., Perkin Trans. 2, 2001, 1978–1982.
12. Maya, E. M.; Snow, A. W.; Shirk, J. S.; Pong, R. G.; Flom, S. R.; Roberts, G. L. J. Mater. Chem.

2003, 13, 1603–1613.
13. Iwamoto, M. J. Mater.Chem. 2000, 10, 99–106.
14. Zagal, J.; Bedioui, F.; Dodelet, J. P., Eds.; N4-Macrocyclic Metal Complexes, Springer: New

York, 2006.
15. Snow, A. W.; Barger, W. R. In Phthalocyanines: Properties and Applications. Leznoff, C. C.;

Lever, A. B. P., Eds.; VCH Publishers: New York, 1989, Vol. 1 pp. 341–392.
16. Ishii, K.; Kobayashi, N. In Phthalocyanines: Spectroscopic and Electrochemical

Characterization. The Porphyrin Handbook. Kadish, K. M.; Smith, K. M.; Guilard, R., Eds.;
Academic Press: New York, Vol. 16, pp. 1–40.

17. Nensala, N.; Nyokong, T. J. Mol. Cat.: A Chem. 2000, 164, 69–76.
18. Ichinohe, T.; Miyasaka, H.; Isoda, A.; Kimura, M.; Hanabusa, K.; Shirai, H. React. Funct.

Polym. 2000, 43, 63–70.
19. Ozoemena, K.; Kutznetsova, N.; Nyokong, T. J. Mol. Catalysis, A: Chem. 2001, 176, 29–40.
20. Sehlotho, N.; Nyokong, T. J. Mol. Cat. A: Chem. 2004, 219, 201–207.
21. Allen, C. M.; Sharman, W. M.; Van Lier, J. E. J. Porphyrins Phthalocyanines 2001, 5,

161–169.
22. Rosenthal, I. Photochem. Photobiol. 1991, 53, 859–870.
23. Spikes, J. D. Photochem. Photobiol. B: Biol. 1990, 6, 259–274.
24. Spikes, J. D. Photochem. Photobiol. 1986, 43, 691–699.
25. Bown, S. G.; Tralau, C. J.; Coleridge Smith, P. D.; Akdemir, D. T.; Wieman, T. J. Br. J. Cancer

1986, 54, 43–52.
26. Brown, S. B.; Truscott, T. G. Chem. Br. 1993, 29, 955–958.
27. Bonnett, R. In Chemical Aspects of Photodynamic Therapy; Gordon and Breach Science:

Amsteldijk, The Netherlands, 2000; pp. 199–222.
28. Zimcik, P.; Miletin, M.; Ponec, J.; Kostka, M.; Fiedler, Z. J. Photochem. Photobiol. A: Chem.

2003, 155, 127–131.
29. Lukyanets, E. A. J. Porphyrins Phthalocyanines 1999, 3, 424–432.
30. Zhang, X-F.; Xu, H.-J. J. Chem. Soc. Faraday Trans. 1993, 89, 3347–3351.
31. Tabata, K.; Fukushima, K.; Oda, K.; Okura, I. J. Porphyrins Phthalocyanines 2000, 4,

278–284.
32. Martin, P. C.; Gouterman, M.; Pepich, B. V.; Renzoni, G. E.; Schindele, D. C. Inorg. Chem.

1991, 30, 3305–3309.
33. Spiller, W.; Kliesch, H.; Wohrle, D.; Hackbarth, S.; Roder, B.; Schnurpfeil, G. J. Porphyrins

Phthalocyanines 1998, 2, 145–158.
34. Schnurpfeil, G.; Sobbi, A. K.; Spiller, W.; Kliesch, H.; Wohrle, D. J. Porphyrins

Phthalocyanines 1997, 1, 159–167.
35. Ozoemena, K.; Kutznetsova, N.; Nyokong, T. J. Photochem. Photobiol. A: Chem. 2001, 139,

217–224.

350 Nyokong and Antunes

b867_Vol-07_Ch-34.qxd  6/4/2010  10:06 AM  Page 350



36. Maree, S.; Nyokong, T. J. Porphyrins Phthalocyanines 2001, 5, 782–792.
37. Ogunsipe, A.; Maree, D.; Nyokong, T. J. Mol. Struc. 2003, 650, 131–140.
38. Patterson, M. S.; Madsen, S. J.; Wilson, R. J. Photochem. Photobiol. B: Biol. 1990, 5, 69–84.
39. Foley, S. Jones, G.; Liuzzi, R.; McGarvey, D. J.; Perry, H. M.; Truscott, T. G. J. Chem. Soc.

Perkin Trans. 1997, 2, 1725–1730.
40. Rosenthal, I.; Ben-Hur, E. Int. J. Radiat. Biol. 1995, 67, 85–91.
41. Ogunsipe, A.; Chen, J.-Y.; Nyokong, T. New J. Chem. 2004, 28, 822–827.
42. Kuznetsova, N. A.; Gretsova, N. S.; Derkacheva, V. M.; Mikhalenko, S. A.; Solov’eva, L. I.;

Yuzhakova, O. A.; Kaliya, O. L.; Luk’yanets, E. A. Russ. J. Gen. Chem. 2002, 72, 300–306.
43. Shen, T.; Yuan, Z. L.; Xu, H. Y. Dyes Pigm. 1989, 11, 77–80.
44. Maree, D.; Nyokong, T.; Suhling, K.; Phillips, D. J. Porphyrins Phthalocyanines 2002, 6,

373–376.
45. Maree, S.; Phillips, D.; Nyokong, T. J. Porphyrins Phthalocyanines 2002, 6, 17–25.
46. Ferry-Forgues, S.; Lavabre, D. J. Chem. Ed. 1999, 76, 1260–1264.
47. Fu, J.; Li, X. Y.; Ng, D. K. P.; Wu, C. Langmuir 2002, 18, 3843–3847.
48. Bishop, S. M.; Beeby, A.; Parker, A. W.; Foley, M. S. C.; Philips, D. J. Photochem. Photobiol.

A: Chem. 1995, 90, 39–44.
49. Lakowicz, J. R. In Principles of Fluorescence Spectroscopy, 2nd Edn.; Kluwer

Academic/Plenum Publishers: New York, 1999; pp. 17–19.
50. Gilat, S. L.; Ebbeseb, T. W. J. Phys. Chem. 1993, 97, 3551–3554.
51. Ogunsipe, A.; Nyokong, T. J. Porphrins Phthalocyanines 2005, 9, 121–129.
52. Ogunsipe, A.; Nyokong, T. J. Photochem. Photobiol. A: Chem. 2005, 173, 211–220.
53. Ogunsipe, A.; Nyokong, T. Photochem. Photobiol. Sci. 2005, 4, 510–516.
54. Seotsanyana-Mokhosi, I.; Chen, J.-Y.; Nyokong, T. J. Porphyrins Phthalocyanines 2005, 9,

316–325.
55. Kubát, P.; Mosinger, J. J. Photochem. Photobiol. A: Chem. 1996, 96, 93–97.
56. Debacker, M. G.; Deleplanque, O.; Van Vlieberge, B.; Sauvage, F. X. Laser Chem. 1988, 8, 1–11.
57. Dhami, D.; Phillips, D. J. Photochem. Photobiol. A: Chem. 1996, 100, 77–84.
58. Edrei, R.; Goofried, V.; van Lier, J. E.; Kimel, S. J. Porphyrins Phthalocyanines 1998, 2,

191–199.
59. Ambroz, M.; Beeby, A.; MacRobert, A. J.; Simpson, M. S. C.; Svensen, R. K.; Phillips, D.

J. Photochem. Photobiol. B: Biol. 1991, 9, 87–95.
60. Weber, J.; Busch, D. Inorg. Chem. 1965, 4, 469–471.
61. Dixon, D. W.; Gill, F. A.; Sook, B. R. J. Porphyrins Phthalocyanines 2004, 8, 1300–1310.
62. Moeno, M.; Idowu, M.; Nyokong, T. Inorg. Chim. Acta 2008, 361, 2950–2956. 
63. Seotsanyana-Mokhosi, I.; Kuznetsova, N.; Nyokong, T. J. Photochem. Photobiol. A: Chem.

2001, 140, 215–222.
64. Wohrle, D.; Gitzel, J.; Okura, I.; Aono, S. J. Chem. Soc. Perkin Trans. 2 1985, 1171–1178. 
65. Thamae, M.; Nyokong, T. J. Electroanal. Chem. 1999, 470, 126–135.
66. Szulinski, W. S.; Kincaid, J. R. Inorg. Chem. 1998, 37, 5014–5020.
67. Durmuş, M.; Nyokong, T. Inorg. Chem. Commun. 2007, 10, 333–338.
68. Moeno, S.; Nyokong, T. J. Photochem. Photobiol. A: Chem. 2009, 203, 204–210.
69. Durmusş, M.; Nyokong, T. Photochem. Photobiol. Sci., 2007, 6, 659–668.
70. Moeno, S.; Nyokong, T. J. Photochem. Photobiol. A: Chem. 2009, 201, 228–236.
71. Sehlotho, N.; Durmusş, M.; Ahsen, V.; Nyokong, T. Inorg. Chem. Commun. 2008, 11, 479–483.
72. Idowu, M.; Nyokong, T. Polyhedron 2009, 28, 416–424.

34/Photochemical and Photophysical Properties of Metallophthalocyanines 351

b867_Vol-07_Ch-34.qxd  6/4/2010  10:06 AM  Page 351



73. Segalla, A.; Borsarelli, C. D.; Braslavsky, S. E.; Spikes, J. D.; Roncucci, G.; Dei, D.; Chiti, G.;
Jori, G.; Reddi, E. Photochem. Photobiol. Sci. 2002, 1, 641–648.

74. Makarov, D. A.; Yuzhakova, O. A.; Silvika, L. K.; Kuznetsova, N.; Negrimovsky, V. M.;
Ka;iya, O.; Lukyanets, E. A. J. Porphyrins Phthalocyanines 2007, 11, 586–595.

75. Rodriquez, M. E.; Fernandez, D. A.; Awruch, J.; Braslavsky, S. E.; Dicello, E. L. J. Porphyrins
Phthalocyanines 2006, 10, 33–42.

76. Łapok, L.; Schnurpfeil, G.; Gerdes, R.; Gorun, S. M.; Suvorova, O.; Kudryavtseva, G. S.;
Wohrle, D. J. Porphyrins Phthalocyanines 2009, 13, 346–357.

77. Idowu, M.; Nyokong, T. J. Lumin. 2009, 129, 356–362.
78. Ke, M.-R.; Huang, J.-D.; Weng, S.-M. J. Photochem. Photobiol. A: Chem. 2009, 201, 

23–31.
79. Nishida, M.; Momotake, A.; Shinohara, Y.; Nishimura, Y.; Arai, T. J. Porphyrins Phthalocyanines

2007, 11, 448–454.
80. Ball, D. J.; Mayhew, S.; Wood, S. R.; Griffiths, J.; Vernon, D. I.; Brown, S. B. Photochem.

Photobiol. 1999, 69, 390–396.
81. Kasha M., Radiat. Res. 1963, 20, 55–70.
82. Kobayashi, T., Ed.; J-Aggregates; World Scientific: Singapore, 1996.
83. Darwent, J. R.; Douglas, P.; Harriman, A.; Poter, G.; Richoux, M. C. Coord. Chem. Rev. 1982,

44, 83–126.
84. Oldham, T. C.; Eigenbrot, I. V.; Crystal, B.; Phillips, D. Proc. SPIE 1996, 2625, 266–277.
85. Dhami, S.; Cosa, J. J.; Bishop, S. M.; Phillips, D. Langmuir 1996, 12, 293–300.
86. Idowu, M.; Nyokong, T; J. Photochem. Photobiol. A: Chem. 2009, 204, 63–68.
87. Marti, C.; Nonell, S.; Nicolau, M.; Torres, T. Photochem. Photobiol. 2000, 71, 53–59.
88. Grofcsilk, A.; Baranyai, P.; Bitter, I.; Csokai, V.; Kubinyi, M.; Szegletes, K.; Tatai, J.; Vidóczy,

T. J. Mol. Struct. 2004, 704, 11–15.
89. Durmuş, M.; Nyokong, T. Spectrochim. Acta: A 2008, 69, 1170–1177.
90. Siejak, A.; Wrobel, D.; Siejak, P.; Olejarz, B.; Ion, R. M. Dyes Pigm. 2009, 83, 281–290.
91. Zhang, X; Ma, J; Xu, H. Proc. SPIE 1993, 1616, 372–377.
92. Owens, J. W.; Robins, M. J. Porphyrins Phthalocyanines 2001, 5, 460–464.
93. Idowu, M.; Nyokong, T. Polyhedron 2009, 28, 891–896.
94. Lang, K; Wagnerová, D. M.; Engst, P; Kubát, P. Zietschrift Phys. Chem. 1994, 187, 213–221.
95. Simpson, M. S. C.; Beeby, A.; Bishop, S. M.; MacRobert, A. J.; Parker, A. W.; Phillips, D.

SPIE 1992, 1640, 520–529.
96. Foley, M. S. C.; Beeby, A.; Parker, A. W.; Bishop, S. M.; Phillips, D. J. Photochem. Photobiol.

B: Biol. 1997, 38, 10–17.
97. Seotsanyana-Mokhosi, I.; Nyokong, T. J. Porphyrins Phthalocyanines 2005, 9, 476–483
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List of Abbreviations

CPMAS cross-polarization magic angle spinning
DFT density functional theory
EPR electron paramagnetic resonance
ENDOR electron-nuclear double resonance
HB hydrogen bond
HOMO highest occupied molecular orbital
LCAO linear combination of atomic orbitals
LUMO lowest unoccupied molecular orbital
MCD magnetic circular dichroism
NMR nuclear magnetic resonance
OECp 2,3,6,7,11,12,17,18-octaethylcorrphycene
OEIPc 2,3,6,7,13,14,17,18-octaethylisoporphycene
OEHPc 2,3,6,7,12,13,17,18-octaethylhemiporphycene
OEPc 2,3,6,7,12,13,16,17-octaethylporphycene 
OEPr 2,3,7,8,12,13,17,18-octaethylporphyrin
PDT photodynamic therapy
PPP Pariser–Parr–Pople method
TPP 5,10,15,20-tetraphenylporphyrin
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I. Introduction

Nature relies upon porphyrins in many fundamental processes involving living mat-
ter and light. In photosynthesis, for instance, chlorophylls and bacteriochlorophylls
play several roles, acting as light-harvesting pigments and participating in charge
separation and transport. Myoglobin and hemoglobin, the proteins responsible for
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oxygen binding, transport, and storage, owe their function to the heme prosthetic
group, made up of an iron porphyrin. The same compound can also bind nitric
oxide or carbon monoxide. Another heme protein, cytochrome c, does not bind
oxygen, but owing to its redox properties is an essential component of the electron
transport chain. In turn, vitamin B12 contains a corrin moiety — a reduced por-
phyrin-like structure with a Co2+ ion. Cobalt–porphyrin-containing enzymes are
involved in the biosynthesis of hydrocarbons. In a patent, it was proposed to use
cobalt-porphyrin complexes as antiobesity agents.1 All these facts demonstrate
that it is quite appropriate to refer to porphyrins as “pigments of life”.2 One should
recall in this context that the green color of leaves, the red color of blood, and
various hues of red in meat are due to the porphyrin chromophore. Actually,
πορϕυριων (porphyrion) is the Greek word for purple.

An enormous number of applications involving porphyrins have been pro-
posed. The Patent Storm US database returns above 15,000 entries with “por-
phyrin” as a keyword. The corresponding number from a Scopus patent search is
19,500. Among various possible applications, artificial photosynthetic units or
dye-sensitized solar cells are extremely promising for photovoltaics. Porphyrins
are widely used in photodynamic therapy (PDT) for cancer treatment, in photodi-
agnostics, and as catalysts and biomimetic models. The prospects of exploiting
porphyrin-based nanostructures for sensing applications have been reviewed.3

Designing a porphyrin-based system for a particular purpose requires a
desired modification of structural, electronic, or spectral parameters. These can be
controlled, albeit to a limited degree, by appropriate substitution. Much larger
room for improvement is available if the four pyrrole moieties are connected in a
different fashion than is found in porphyrin, while maintaining the general
C20N4H14 formula and the π-electron conjugated pathway. The synthesis of por-
phycene, first reported by Vogel and coworkers in 1986,4 initiated a new area
of research, devoted to constitutional isomers of porphyrin. If the N4 coordina-
tion site is to be preserved, the four pyrrole and four methine units can be reshuf-
fled in eight different ways, as demonstrated in a theoretical paper.5 Thus, seven
“nitrogen-in” constitutional isomers of porphyrin can be envisaged. Of those, four
have been synthesized as of now: porphycene (2), hemiporphycene6,7 (3), cor-
rphycene8,9 (4), and isoporphycene10,11 (5) (Figure 1). In a more systematic nomen-
clature, each of these compounds may be called [18]porphyrin-(n1.n2.n3.n4), where
the number in square brackets indicates the number of π electrons in the conjuga-
tion path and ni (0 ≤ ni ≤ 4) denotes the number of the methine groups in each
bridging unit, starting with the highest value and going toward the next highest
one. The parent compound can thus be called [18]porphyrin-(1.1.1.1), and por-
phycene is [18]porphyrin-(2.0.2.0), whereas the names [18]porphyrin-(2.1.1.0),
[18]porphyrin-(2.1.0.1), and [18]porphyrin-(3.0.1.0) correspond to hemiporphycene,
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corrphycene, and isoporphycene, respectively. Interestingly, the chronological order
of syntheses of porphyrin isomers correlates with their calculated relative energies
(Table 1). One can also see that for porphycene a lower energy is predicted than
for porphyrin. This is due to exceptionally strong intramolecular hydrogen bonds
in the former. For metal complexes, the energy ordering is reversed, making
metalloporphyrins more stable. The highest energies are expected for the three
molecules which have not yet been obtained: [18]porphyrin-(2.2.0.0) (6),
[18]porphyrin-(3.1.0.0) (7), and [18]porphyrin-(4.0.0.0) (8).

Another type of porphyrin isomer was obtained, initially in the form of meso
tetraaryl-substituted derivatives, at about the same time as corrphycene and hemi-
porphycene. In this molecule one of the pyrrole units has its nitrogen atom pointing
outward. Accordingly, it has been dubbed inverted12 or N-confused13 porphyrin (9).
These studies were followed by successful syntheses of various core-modified por-
phyrins, in which the CH unit was replaced by a heteroatom such as O, S, Se, Te.14,15

After the initial studies of porphycene, it became obvious that even though the
basic properties of the porphyrin chromophore are preserved in the isomer, the
quantitative characteristics can be very different. For example, the electronic
absorption spectra in the low-energy range are red-shifted and much more intense
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Figure 1. Porphyrin (1), porphycene (2), hemiporphycene (3), corrphycene (4), and isopor-
phycene (5). The formulas correspond to the most stable tautomeric form of each isomer (See
Table 1).
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Table 1. Calculated relative energies (kcal/mol) of porphyrin isomers. The values correspond
to the lowest-energy tautomeric form of each isomer (see formulas 1–8).

BLYP/6-31G** B3LYP/6-311+G**
//3-21Ga //6-31Gb B3LYP/6-31G**c

2 [18]porphyrin-(2.0.2.0) 0.0 0.0 0.0 (0.0)d

(porphycene)
1 [18]porphyrin-(1.1.1.1) 1.5 0.4 1.0 (1.2) 
4 [18]porphyrin-(2.1.1.0) 6.6 6.1 6.0 (6.4)

(hemiporphycene)
3 [18]porphyrin-(2.1.0.1) 13.5 13.4 13.3 (13.8)

(corrphycene)
5 [18]porphyrin-(3.0.1.0) 20.5 21.5 21.0 (21.2)

(isoporphycene)
6 [18]porphyrin-(2.2.0.0) 30.4 33.4 31.4 (32.0)
7 [18]porphyrin-(3.1.0.0) 40.2 42.0 41.9 (42.2)
8 [18]porphyrin-(4.0.0.0) 72.1 69.8 71.5 (71.7)

aRef. 41; bRef. 207; cThis work. dIn parentheses are the values including zero-point energy
correction.
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than those of the parent compound, which suggested that porphycenes may be bet-
ter phototherapeutic agents than porphyrin. This hypothesis was soon corrobo-
rated16; the studies of photodynamic properties of porphycenes are now quite
intense.17 A still unexploited area is the use of porphycenes in artificial light-
harvesting systems.

While the investigations of corrphycene, hemiporphycene, and, in particular,
isoporphycene have been rather limited, this is not the case for porphycene. About
300 derivatives have been described so far. Most of a few hundred porphycene-
related patents propose this chromophore as a photosensitizer in PDT. Other patent
applications involve, besides synthetic procedures, information storage, and use of
porphycenes as optical recording media, in catalysis, fluorescence immunoassays,
molecular imaging, tissue marking, and drug delivery tracking.

With regard to fundamental research, porphycenes have become model mole-
cules for studying the mechanisms of intramolecular double hydrogen transfer,
both experimentally18–40 and theoretically.41–50 Several factors make porphycenes
ideal for that purpose. First, the geometry of the two intramolecular hydrogen
bonds is well defined and insensitive to the environment. On the other hand, the
hydrogen bond (HB) geometry can be significantly modified by peripheral substi-
tution. Depending on the position of a substituent, both strengthening and weak-
ening of the HBs are possible. Moreover, the substitution pattern can be selected
in such a way that the symmetric double minimum character is either preserved or
destroyed. A low potential energy barrier facilitates tunneling; the consequences
can be monitored both in condensed phases and in the regime of isolated mole-
cules. The spectral and photophysical properties of porphycenes, such as absorp-
tion and strong emission in the red spectral region, make them readily amenable
to various experimental techniques, including those of high spectral and temporal
resolution. Finally, the presence of two intramolecular HBs provides an opportunity
to study cooperative effects, both in hydrogen bonding and in proton/hydrogen
transfer.

Previous reviews of isomeric porphyrins included both free-base and metal
derivatives,51–57 providing detailed information on synthetic aspects and redox
properties. The latter have been studied quite intensely,58–67 whereas the spectro-
scopic and photophysical properties have been reviewed less frequently.19,68,69 The
applications of porphycenes in phototherapy have been summarized recently.17

The present work focuses on structural, spectroscopic, photophysical, and tau-
tomeric properties of free-base porphyrin isomers. After discussing the geome-
tries, in particular the inner cavity parameters crucial for the intramolecular HB
characteristics, we analyze the electronic structure. A simple molecular orbital
approach is described, which enables one to explain and to predict differences
in the electronic absorption patterns of different isomers. Next, photophysical
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properties are presented. Understanding both spectral and photophysical behavior
is a prerequisite for successful applications based on chromophore–light interac-
tions. Finally, the mechanisms of tautomerism are discussed for ground and elec-
tronically excited states. Because porphycenes have been studied much more
intensely than other isomers, they are the main object of this work. The relevant
data for other porphyrin isomers will be reviewed as well, whenever available.

II. Structure

A. Symmetry and Planarity

The mode of reshuffling of pyrrole units determines the symmetry of the ensuing iso-
mer. Parent free-base porphyrin belongs to the D2h group; in metalloporphyrins the
symmetry is even higher — D4h. The corresponding symmetries are C2h and D2h for
porphycene, and Cs and C2v for corrphycene. Parent porphycene is planar4; an essen-
tially planar ring structure has been found also for 2,7,12,17-tetra-n-propylporphycene
10,70 9,10,19,20-tetra-n-propylporphycene 11,71 9,10,19,20-tetraphenylporphycene
12,72 2,3-dihydroporphycene 13,73 and 2,7,12,17-tetraethyl-3,6,13,16-tetramethyl-
porphycene (etioporphycene, 14).74 For the last, replacement of the methyl by
ethyl groups, leading to 2,3,6,712,13,16,17-octaethylporphycene (OEPc, 15),
introduces a slight twist74 (Figure 2).

An interesting pattern is obtained through gradual substitution of 2,7,12,17-
tetra-n-propylporphycene by bromine in the β′ positions (3,6,13,16). In the mono-,
dibromosubstituted (at positions 3 and 13) and tribromosubstituted (3,6,13) deriv-
atives, 16–18 respectively, the macrocycle is reported to be planar, but it becomes
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Figure 2. Front and side views of X-ray-determined structures of several free-base
porphycene derivatives: 10,70 11,71 12,72 13,73 14,74 and 15.74 Hydrogen atoms have been
omitted for clarity.
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distorted in 3,6,13,16-tetrabromo-2,7,12,17-tetra-n-propylporphycene 19.75 For
the last compound, three papers report quite different degrees of distortion.75–77

The unsubstituted corrphycene has not yet been obtained. 2,3,6,7,11,12,17,18-
Octaethylcorrphycene (OECp, 20) has a planar macrocyclic ring.9 An intriguing
observation is that in the crystalline phase both protons are located at the adjacent
nitrogens belonging to the bipyrrole unit. Such a cis tautomeric form (20a) is
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predicted by calculations performed for the parent corrphycene to be less stable
than the trans structure 20 (see Table 3). The NMR data indicate that the latter
predominates in solution. Protonation of two cavity nitrogens leads to a strongly
nonplanar structure.78

Both free-base and metallohemiporphycenes can have at most Cs symmetry,
provided that they are planar. Synthesis of the unsubstituted hemiporphycene has
not been reported so far. The crystallographic analysis of free-base 2,3,6,7,12,13,17,
18-octaethylhemiporphycene (OEHPc, 21)7 reveals a nearly planar conformation,
whereas in nickel,6,56 zinc,56 magnesium,56 and iron79 complexes the macrocycle is
slightly saddle-shaped. An even larger distortion from planarity is observed for 5-
iodo-6,11,16-triphenylhemiporphycene 22.80

In isoporphycene, the trimethine moiety can assume cis or trans conforma-
tions. Both isomers were isolated in the form of palladium complexes of
octaethylisoporphycene (23a and 23b) and found to be almost planar.7 However,
in the trans (E ) isomer 23b, the central atom of the C3 bridge lies 0.44 Å above
the molecular plane. As in the cases of hemiporphycene and corrphycene, isopor-
phycene has not yet been obtained in the parent, unsubstituted form.
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The general tendency predicted by calculations for the high-energy isomers
6–8 is that they should be essentially planar in the (Z ) configuration, whereas the
(E ) structures can be somehow distorted from planarity.41

The symmetry can be different for different tautomeric forms of a given iso-
mer. The symmetry predictions given above were based on calculations, which
revealed that the most stable structure corresponds to a trans form, with the pro-
tons on the opposite pyrrole rings. The planar (if possible) cis tautomers of por-
phycene, as well as two out of three cis forms of corrphycene, isoporphycene, and
8, should reveal C2v symmetry. On the contrary, the cis forms of 6 should exhibit
lower symmetry (Cs) than the trans ones.

Geometry optimizations performed at the B3LYP/6-31G** level yield planar
structures for all the tautomeric forms of porphyrin and corrphycene. In the other
isomers some tautomeric forms become nonplanar, most probably due to the
repulsion of the inner hydrogens. The nonplanar structure is predicted for one of
the cis tautomers of porphycene (2b, Figure 8), one of the four possible cis forms
of hemiporphycene (3e, Figure 13), and two tautomeric species of isoporphycene
(5b and 5c, Figure 10). In 6, of the two pairs of trans and cis forms one is planar
(6 and 6b, Figure 12), while the other is not (6a and 6c). For 7 (in the Z configu-
ration), the planar structure is predicted for only two out of six possible tautomers:
the trans structure 7 and the cis form 7c (Figure 14). Finally, geometry optimiza-
tion of 8 yields nonplanar geometry for all possible tautomers (Figure 11).

The shape and size of the internal N4 cavity are crucial for both metal coordi-
nation and intramolecular hydrogen bonding properties. The calculated and exper-
imentally determined N–N distances are shown in Table 2. For parents 1 and 2, the
agreement between experimental and computational results is good. It becomes
much worse if the predictions based on calculations for the unsubstituted isomers
3–5 are confronted with the experimental data for octaethyl derivatives. The
reason is the sensitivity of the geometry of the inner cavity to the substituent, as
discussed in the following section.
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B. Influence of Substituents on the Geometry of the Internal Cavity

The size of the internal N4 cavity in porphyrin is remarkably stable with regard to
four-fold or eight-fold symmetrical substitution by alkyl or aryl groups. This is
illustrated in Figure 3, where the N–N distances are compared for parent por-
phyrin 181–83 and its derivatives: 2,3,7,8,12,13,17,18-octaethyl- (OEPr, 24),84

5,10,15,20-tetra-n-propyl- (25),85 and 5,10,15,20-tetraphenyl- (TPP, 26).86,87 An
analysis of the Cambridge Crystallographic Database, containing above 500 vari-
ously substituted free-base porphyrins, revealed that in about 80% of the com-
pounds the N–N distances oscillate around 292 ± 10 pm. On the other hand, it is
possible to strongly distort the cavity, making it rectangular, by substitution, by
either aryl or alkyl groups at the opposite meso positions, as shown in Figure 3 for
5,15-diphenylporphyrin (27)88 and 5,15-di-n-butyl-2,3,7,8,12,13,17,18-octaethyl-
porphyrin (28).89

Structural studies of the alkyl derivatives of porphycene demonstrate that the
dimensions of the N4 core are significantly affected by the substitution pattern.
Interestingly, the same substituent, when placed at different positions, can either
decrease or increase the N–N distances (Figure 4). Four-fold alkyl substitution at
the meso positions (9,10,19,20) leads to a more rectangular cavity, as shown in
Figure 3 for the tetramethyl-, (29) tetra-n-propyl- (11),71 and tetraphenyl- (12)72

derivatives. The opposite effect is obtained in β,β′-octaalkylporphycenes, illus-
trated by the examples of octaethyl- (15)74 and etioporphycene 14.74 Finally, in
2,7,12,17-tetraalkyl derivatives, such as tetra-n-propyl- (10)70 and tetra-tert-butyl-
(30), the size of the cavity remains similar to that of the parent, unsubstituted
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Table 2. N–N distances (pm) of the inner cavity of porphyrin isomers. Calculated using
B3LYP/6-31G** for the lowest-energy tautomer of each form. In parentheses are experimental
values.

N1–N4 N1–N2 N2–N3 N3–N4

1 293.2 (288)a 293.2 (289)a 293.2 (289)a 293.2 (290)a

(290)b (291)b (291)b (291)b

2 265.5 (262.5)c 283.8 (282.8)c 265.5 (262.5)c 283.8 (282.8)c

3 320.6 (312.9)d 259.5 (270.8)d 273.6 (262.7)d 292.5 (304.5)d

4 274.2 (280.0)e 262.5 (253.9)e 274.2 (280.4)e 353.9 (344.8)e

5 (Z) isomer 274.0 246.9 274.0 312.8f

5 (E) isomer 265.7 (254.1)f 269.0 (282.6)f 264.0 (254.1)f 374.2 (390.9)f

6 253.8 253.8 324.9 324.9
7 253.0 245.1 281.3 366.0
8 266.0 244.4 266.0 371.3

aRef. 82. bRef. 83. cRef. 4. dRef. 7; data for OEHPc 21. eRef. 9; data for the cis form of OECP
(20a). fRef. 10; structure of the E isomer of 2,3,6,7,13,14,17,18-octaethylisoporphycene.
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compound, strongly suggesting that the changes observed for octaalkyl derivatives
are mainly due to substituents at the β′ positions (3,6,13,16). This conclusion was
confirmed by calculations, but has not yet been established experimentally. A
strongly distorted structure has been reported for 2,7,12,17-tetraethyl-3,6,13,16-
tetrakis(trifluoromethyl)porphycene 3190 (Figure 5).

A gradual evolution of the cavity dimensions was observed upon consecutive
brominations in β′ positions75 (Figure 6). The first bromine substitution does not
noticeably change the geometry of the inner core (see structure 10 in Figure 4).
Subsequent introductions of bromine atoms result in the reversal of the short and
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long sides of the cavity. In the tetrabromosubstituted derivative 19, the cavity
dimensions are the same as in OEPc 15.

The position-dependent sensitivity of the porphycene inner core to substitu-
tion has a large impact on the strength of two intramolecular hydrogen bonds and
on the rate of double hydrogen transfer. As discussed in more detail in Section V,
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changing the NH…N distance from 2.80 Å in 2,3,6,7,12,13,16,17-octaethylpor-
phycene 15 to 2.53 Å in 9,10,19,20 tetramethylporphycene 29 or tetra-n-propyl-
porphycene 19 results in nearly four orders of magnitude larger tautomerization
rates in the meso-substituted derivatives, in which the smaller NH…N separation
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Figure 5. X-ray structure of 2,7,12,17-tetraethyl-3,6,13,16-tetrakis(trifluoro-methyl)porphycene.90

Hydrogen atoms have been omitted for clarity.
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makes the hydrogen bonds much stronger. It is also instructive to note that four-
fold meso substitution by methyl and n-propyl groups leads in both cases to the
same changes in the cavity dimensions, which suggests that the electronic rather
than steric factors are of primary importance for the geometry modifications.

C. Cis–Trans Tautomerism

The two inner protons may be distributed between the four nitrogens in several
ways. In the trans form, the protons are positioned at the opposite pyrrole rings,
whereas the cis structures correspond to their location on the adjacent pyrroles.
The trans tautomers are predicted to be thermodynamically more stable (Table 3);
the relative energies presented in Table 1 for the lowest energy structures of each
isomer all correspond to such forms. The number of possible nonequivalent cis
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Table 3. Relative energies (kcal/mol; in parentheses, the values including
zero-point energy correction) and dipole moments calculated (B3LYP/6-
31G**) for different tautomeric forms of porphyrin isomers. The energies
are given with respect to the lowest-energy tautomer of each isomer.

Relative Energy (kcal/mol) Dipole Moment (D)

1 0.0 (0.0) 0.0
1a 8.2 (7.8) 2.10
2 0.0 (0.0) 0.0
2a 2.2 (1.6) 1.17
2b 30.2 (30.3) 1.79
3 0.0 (0.0) 0.58
3a 1.0 (0.9) 0.46
3b 4.2 (3.7) 1.57
3c 5.1 (4.4) 1.94
3d 19.9 (19.4) 1.81
3e 20.5 (20.2) 2.62
4 0.0 (0.0) 0.51
4a 5.2 (4.9) 1.85
4b 5.8 (5.2) 1.40
4c 16.6 (16.0) 2.77
5 0.0 (0.0) 0.53
5a 3.9 (2.9) 1.48
5b 22.3 (22.3) 2.91
5c 23.7 (23.4) 2.29
6 0.0 (0.0) 0.57
6a 1.9 (1.9) 0.84
6b 9.0 (8.6) 1.62
6c 10.2 (9.7) 1.51
7 0.0 (0.0) 0.37
7a 0.5 (0.6) 1.31

(Continued )
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and trans forms increases with lowering of molecular symmetry. Thus, one trans
and one cis tautomer are expected for porphyrin. More correctly, two chemically
equivalent trans (1′ and 1′′) and four equivalent cis tautomers (1a′–1a′′′′) exist,
described by symmetric double or quadruple minimum potentials (Figure 7). One
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Figure 7. Trans (top) and cis (bottom) tautomers of porphyrin. Symmetric potential for hydrogen
exchange has been schematically indicated.

Table 3. (Continued )

Relative Energy (kcal/mol) Dipole Moment (D)

7b 7.5 (7.4) 1.69
7c 10.0 (9.3) 1.65
7d 11.0 (10.7) 2.15
7e 12.4 (12.0) 2.96
8 0.0 (0.0) 1.95
8a 8.5 (8.2) 2.86
8b 9.6 (9.7) 1.00
8c 11.5 (10.8) 2.47
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should note that the four-fold degeneration of the cis tautomers does not neces-
sarily imply equal energy barriers for their interconversion. Thus, while the same
barrier may be expected for the 1a′–1a′′ and 1a′′′–1a′′′′ transformations, this is not
the case for e.g. 1a′–1a′′′, if the former process occurs in a concerted fashion. For
a conversion such as 1a′–1a′′′, a stepwise mechanism is preferable, involving a
trans form as an intermediate. The interconversion between the equivalent forms,
often called a self-exchange process, may be monitored by such techniques as
NMR,18,24,33,37,91–93 or electronic and IR spectroscopy using polarized
light.20,31,32,34–36,94–96 In the regime of an isolated molecule, the two inner protons are
delocalized between the four nitrogens, which gives rise to tunneling splittings.
These have been observed for porphycene isolated in supersonic jets22 or helium
nanodroplets,40 and for meso-alkylated derivatives in supersonic beams30 (see
Section V).

For porphycene, one pair of equivalent trans tautomers and two pairs of
equivalent cis forms are possible (Figure 8). Corrphycene can exist as a pair of
equivalent trans structures, but for the cis form a symmetric double minimum is
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Figure 8. Trans and cis, pairwise–degenerate tautomers of porphycene.
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possible only for one out of three different species (4c in Figure 9). The same
situation arises for isoporphycene (Figure 10) and [18]porphyrin-(4.0.0.0) 8
(Figure 11). For [18]porphyrin-(2.2.0.0) 6, two nonequivalent trans tautomers and
two pairs of degenerate cis forms are possible (Figure 12). No degeneracies are
expected for hemiporphycene (Figure 13) and [18]porphyrin-(2.2.0.0) 7 (Figure 14).
These molecules can assume two trans and four cis forms, each corresponding
to a different energy. Considerations of E/Z isomerism and nonplanarity show a
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Figure 9. Trans and cis tautomeric forms of corrphycene.

Figure 10. Trans and cis tautomeric forms of isoporphycene in the (Z )-configuration.
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Figure 10. (Continued )

Figure 11. Trans and cis tautomeric forms of [18]porphyrin-(4.0.0.0).
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Figure 12. Trans and cis tautomeric forms of [18]porphyrin-(2.2.0.0).
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Figure 13. Trans and cis tautomeric forms of hemiporphycene.
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possibility of lifting the degeneracy and/or increasing the number of tautomeric
forms.41,97,98 Moreover, the relative energies of the E and Z forms may be changed
by substitution. This was demonstrated for free-base isoporphycene.98 DFT cal-
culations show that the Z isomer has lower energy than the E form in the parent
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Figure 14. Trans and cis tautomeric forms of [18]porphyrin-(3.1.0.0).
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compound, but in the octaethylderivatives (analogous to 23a and 23b) the ordering
is reversed.

III. Spectroscopy

A. Electronic Absorption Spectra

Free-base porphyrins reveal a characteristic electronic absorption pattern.99 In
solutions at room temperature, at least four bands of moderate intensity are
observed in the region between 660 and 500 nm. The relative intensities of the
bands vary for different derivatives. This observation led to empirical classifica-
tion into three types: etio, rhodo, phyllo.100 These so-called Q bands are followed
by a very strong transition around 400 nm, referred to as a Soret band. Both Q and
Soret bands correspond to two π–π* electronic transitions. In the parent free-base
porphyrin, D2h symmetry dictates that the transition moments in both Q and Soret
pairs be orthogonal and lie in the molecular plane. The notation Qx and Qy was
introduced, reflecting the polarization along the NH–HN direction (Qx) or perpen-
dicular to it (Qy). In most cases, the Qx transitions are observed at lower energies
than Qy. A characteristic is a strong vibronic component lying between the origins
of Qx and Qy bands. Quite often, its intensity is higher than that of the 0–0 transi-
tion of Qx.

In lower symmetry porphyrins, the Qx/Qy notation is no longer strictly correct.
It can be replaced by using Q1 and Q2, where the indices indicate the energetic
order. A more general notation, based on the perimeter model,99,101–107 refers to the
Q transitions as L1 and L2, whereas the transitions responsible for the Soret band
are denoted as B1 and B2.

Qualitatively, the same absorption pattern is preserved in porphyrin isomers,
although quantitative differences are substantial and vary for different species.
The largest changes are observed between porphyrin and porphycene, particularly
in the Q region. Comparison between the electronic absorption spectra of por-
phyrin 1 and porphycene 2 (Figure 15) shows that the Q (L) bands in porphycene
are shifted to the red and the Soret (B) transitions to the blue with respect to their
locations in porphyrin. Most spectacular is the increase in Q band intensity, by
approximately an order of magnitude, and the reversal of the intensity pattern of
vibronic structure: the origins of L transitions, weak in 1, become dominant (L1)
or quite strong (L2) in 2. The intensities of the B bands are similar in the two iso-
mers, the higher maximum value of the absorption coefficient in 1 being compen-
sated for by a greater bandwidth in 2.

The positions of the L and B transitions and their intensities are presented for
selected derivatives of 1–5 in Tables 4–6. These values demonstrate that porphyrin
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Figure 15. Room temperature electronic absorption spectra of porphyrin 1 in toluene (top)
and porphycene 2 in n-hexane (bottom), with indicated positions of the Q (L) and Soret (B)
transitions.

Table 4. Electronic absorption data for free-base porphyrin and selected derivatives. Band
positions are in nm; in parentheses are decadic molar absorption coefficients (ε/1000).

L1 L2 Soret Bands Solvent Reference

1 627.5 511.5 372.5 vapor 208
613.5 518 393.5 CH2Cl2 208
613.4 519.0 390.6 ethanol 208
617.3 520.8 396.5 benzene 208

396.5 (264) benzene 209
617 (0.84) 520 (2.4) 396.5 (250) toluene this work
612.75 502.91 supersonic jet 191
612.3 n-octane matrix 210
625.05 531.25 anthracene 211
612.6a 504.9a Ne matrix 95
613.2a 510.2a Ar matrix 95
613.1a 512.2a Kr matrix 95
614.6/611.1b 514.6/516.0b Xe matrix 95

OEPr 24 622 (5.8) 532 (10.8) 400 (159) benzene 212
25 657 (5.0) 553 (6.3) 416 (316) CH2Cl2 213
TPP 26 648 (5.3) 548 (7.8) 418 (415.7) benzene 214
27 628 (2.0) 535 (3.8) 405 (331) DMF 215
28 584 (12.6) 516 (26.9) 414 (263) CH2Cl2 +1%NEt3 89

aAverage over several sites. bTwo major sites.
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Table 5. Electronic absorption data for porphycene and selected free-base derivatives. Band
positions are in nm; in parentheses are decadic molar absorption coefficients (ε/1000).

L1 L2 Soret Bands Solvent Reference

2 630 (51.9) 596 (30.4) 370 (139) benzene 4
358 (107) 

618.4/618.2a supersonic jet 22
619.35 helium droplets 40
624.5 591.9 N2 matrix 156
625.6 593.0 Ar matrix 156
627.7 595.9 Kr matrix 156
632.1 600.3 Xe matrix 156

10 633 (48.2) 600 (34.1) 381 (100.2) CH2Cl2 70
370 (142) 

633 (46.4) 601 (33.3) 371(142) CH2Cl2 75, 216
631.5 (53.45) ethanol 156
628.7 595.8 nitrogen matrix

45 633/644b 603 384, 369.5 23
30 632 (48.5) 601 (35.3) 384/370 CH2Cl2 217

(96.3/147)
16 641 (43.8) 607 (28.4) 371 (125) CH2Cl2 75
17 649 (47.3) 613 (29) 372 (132) CH2Cl2 75
18 665 (34.6) 625 (23.8) 375 (113) CH2Cl2 75
19 684 (29.0) 640 (20.6) 387 (104) CH2Cl2 76

379 (107) 75
42 659 (49.9) 628 (45.8) 378 (117.8) toluene 111
43 656 (54) 627 (56) 387 (121) toluene 112

376 (151)
44 657 (56) 631 (69) 400 (133) toluene 112

46 763 (21) 709 (49) 412 (84) toluene 112
375 (93)

37 656 (39) 619 (25) 376 (107) CH2Cl2 109
38 654 (34.8) 619 (23.6) 375 (103) CH2Cl2 109
33 643 608 380, 369 methanol 108
34–35c 653 616 381, 375 methanol 108
36 688 650 385sh, 372 methanol 108

686 643 387, 371 water 108
29 657 (42.5) 386 (63.8) CH2Cl2 71

369 (141)
39 658 (50.1) 386 (63.1) CH2Cl2 71

372 (170)
11 659 (46) 373 (161.1) CH2Cl2 71, 110

667 641 394, 377 polyethylene
40 646 616 384 acetonitrile this work

367
12 653 (42.5) 625 (31.4)d 382 (152.8) CH2Cl2 72
41 655 (38.3) 627 (27.9)d 383 (123) CH2Cl2 72
15 665 (30.7) 625 (19.7) 385 (144) CH2Cl2 74

(Continued )

b867_Vol-07_Ch-35.qxd  6/4/2010  10:06 AM  Page 382



and porphycene represent the extreme cases with regard to the L band intensity.
This is further exemplified in Figure 16, where the spectra of four octaethyl deriv-
atives of 1–4 are compared. As in the case of the unsubstituted isomers, the largest
intensity increase in the Q region is observed for OEPc 15. The octaethylcorrphycene

35/Free-Base Porphycenes and Other Porphyrin Isomers 383

Table 5. (Continued )

L1 L2 Soret Bands Solvent Reference

14 657 (30) 617 (18.4) 382 (144.2) CH2Cl2 74
31 720 (43) 670 (22) 376 (89) CH2Cl2 90
13 595 (29.9) 575e (23.8) 402 (74.4) benzene 73

382 (51.7)
360 (71.4)

47 686 (77) 645 (59) 373 (131) CH2Cl2 113
48 760 (23.7) 698 (38.6) 425 (33.1) toluene 114

388 (34.4)
49 758 (17) 697 (28) 419 (33) toluene 115

388 (37)

aTunneling doublet splitting. bTwo tautomeric forms. cThe data reported for the mixture of two
isomers. dPossibly a vibronic component, not the 0–0 origin of L2. eTentative assignment.

Table 6. Electronic absorption data for selected free-base derivatives of hemiporphycene,
corrphycene, and isoporphycene. Band positions are in nm; in parentheses are decadic molar
absorption coefficients (ε /1000).

L1 L2 Soret Bands Solvent Reference

Hemiporphycene Derivatives

OEHPc 21 632 (10.8) 583 (9) 405 (153.7) CH2Cl2 7
629 (9.7) 581 (7.6) 418a acetonitrile 117

403a (144.7)
22 637 (10.7) 591 (10.4) 419 (190.5) CH2Cl2 80
89 636 (4.8) 588 (4.15) 414 (76) CH2Cl2 6

Corrphycene Derivatives

OECp 20 630 (2.6) 541 (4.0) 414 (151.9) CH2Cl2 9
629 (2.7) 541 (4.5) 429a acetonitrile 118

412a (111.6)
90 632 (1.9) 540 (3.8) 415 (139.4) benzene 9
91 632 (2) 545sh (2.5) 408 (82.8) CH2Cl2 119

632 (1) 546sh (1.7) 408 (56) DMSO
92 628 (1.05) 550sh (2.7) 411 (93) CH2Cl2 119

629 (0.9) 550sh (3.6) 411 (88.2) DMSO
93 628 (2.5) 551 (5.75) 416 (102) CH2Cl2 120

Isoporphycene Derivatives

OEIPc 94 672 (6.55) 615b (4.7) 434 (117.2) CH2Cl2 10
558b (5.7)

aPeaks separated in MCD spectra, not in absorption. bThe origin of L2 has not yet been assigned.
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spectrum resembles that of OEPr 24, whereas the absorption of OEHPc 21 in the
Q region is significantly more intense, but still much less so than in OEPc. This
behavior can be readily explained using a perimeter model approach, as presented
in Section III.B.

1. Absorption Spectra of Porphycenes

The influence of alkyl substitution of porphycene on the electronic absorption spec-
tra is strongly position-dependent, as shown in Figure 17. Very small changes are
observed for β-substitution (2,7,12,17). Such an effect could be expected, given that
this type of substitution does not lead to considerable geometric alteration. In con-
trast, adding four alkyl groups in the β′ positions (3,6,13,16) induces a significant
red shift of both L transitions. The effect is significantly larger for octaethylpor-
phycene 15 than for etioporphycene 14 and 2,7,12,17-tetra-n-propyl-3,6,13,16-
tetramethylporphycene 32. This finding suggests that the shift may be related to
deviation from planarity, smaller for the two derivatives with methyl substituents. In
a series of β′-brominated 2,7,12,17-tetra-n-propylporphycenes,75 planar mono- and
dibromoderivatives 16–17 reveal small red shifts. In the triply brominated com-
pound 18 both L1 and L2 exhibit the same shifts as OEPc 15, whereas in the tetra-
bromo derivative 19 the shifts become much larger (see Table 5). The latter is
definitely nonplanar, but 18 is not,75 showing that both nonplanarity and electronic
effects may contribute to the shift. This could explain exceptionally large shifts
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Figure 16. Room temperature absorption spectra for octaethyl derivatives of 1–4, recorded
in n-hexane solutions.
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observed for highly nonplanar 2,7,12,17-tetraethyl-3,6,13,16-tetrakis(trifluo-
romethyl)porphycene 31.90 A similar behavior is observed for β′-sulfonated deriva-
tives 33–36.108 The shifts in the triply sulfonated product 36 are much larger than
those observed for singly (33) and doubly sulfonated species 34–35. Two sulfon-
amide derivatives 37–38109 reveal shifts similar to those of 34 and 35.

Octaalkyl β,β′-substitution introduces an interesting change in the intensity
pattern in the Soret region. As in the parent porphycene and β-substituted deriva-
tives, two features are observed, but with reverse intensities: The lower-energy
band, less intense in the parent compound, now becomes dominant.

The red shift of Q bands is also observed for meso-substitution (9,10,19,20). In
this case, the L2 transition is stabilized to a larger degree than L1, which leads to their

35/Free-Base Porphycenes and Other Porphyrin Isomers 385

Figure 17. Room temperature absorption spectra in acetonitrile. From bottom to top: por-
phycene 2, 2,7,12,17-tetra-n-propylporphycene 10, 2,7,12,17-tetra-tert-butylporphycene 30,
2,7-di-tert-butyl-10,19-dimethylporphycene 40, 2,7,12,17-tetra-n-propyl-3,6,13,16-tetramethyl-
porphycene 32, 2,7,12,17-tetraethyl-3,6,13,16-tetramethylporphycene 14 (etioporphycene),
2,3,6,7,12,13,16,17-octaethylporphycene 15 (OEPc), 9,10,19,20-tetramethylporphycene 29,
9,10,19,20-tetra-n-propylporphycene 11.
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near-degeneracy in 9,10,19,20-tetraalkylporphycenes. The two transitions could be
resolved by linear dichroism110 and MCD19 measurements. Practically the same
spectra are observed for porphycene substituted by four methyl (29), ethyl (39), and
n-propyl groups (11).71 In contrast to the behavior of octaalkylporphycenes, the
intensity pattern in the Soret region resembles that of parent or β-alkylporphycenes.

An interesting case is provided by unsymmetrically substituted porphycene:
2,7-di-tert-butyl-10,19-dimethylporphycene (40). For this molecule, the shifts of
L1 and L2 are similar, and the shape of the spectrum in the low-energy region
resembles the parent porphycene much more than those of the meso-tetraalkyl-
substituted compounds (Figure 17).

The absorption spectra of meso-aryl-substituted derivatives resemble those of the
alkyl-substituted compounds, as demonstrated by the tetraphenyl (12) and tetratolyl
(41) derivatives.72 This is in line with similar geometries, in particular practically the
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same inner cavity dimensions. On the other hand, substitution by phenyl at the β posi-
tions leads to significant changes in the absorption. 2,7,12,17-Tetraphenylporphycene
(TPPo, 42)111 shows significant red shifts of both L1 and L2 with respect to the parent
porphycene (26 and 29 nm, corresponding to 699 and 855 cm−1, respectively).
Substitution of 42 by an acetoxy or nitro group in position 9, leading to 43–44,112 does
not alter the spectrum significantly. Similar behavior was observed for 2,7,12,17-tetra-
n-propylporphycene and its 9-acetoxy derivative 45.23 On the other hand, huge shifts
of both Q bands are observed for 9-amino-2,7,12,17-tetraphenylporphycene 46.112

Another way to induce strong shifts of both low-energy transitions is the
replacement of β′ CH groups by nitrogen atoms, leading to imidacene 47.113

Further red shifts are observed when this is combined with aryl substitutions in the
β positions, as observed for derivatives 48114 and 49.115 Interestingly, for the last
two cases the red shift is accompanied by a significant decrease in the intensity of
both transitions. An even larger decrease in intensity is observed for the Soret
bands, so that the absorption spectra of 48 look rather atypical, displaying similar
intensities in the Q and Soret regions.114

In a review of photophysical properties of porphycenes,68 Braslavsky and
coworkers have reported transition energies for the lowest excited singlet state along
with the values of the corresponding absorption coefficients for 38 derivatives (10, 45,
50–85). Some of these compounds (60, 78–79, 81, 85) and three others (86–88) have
been studied earlier by Richert and coworkers as photodynamic antitumor agents.16

These datasets and the values presented in Tables 4–6 demonstrate remarkable
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stability of the intensity of the S0–S1 transition and its high oscillator strength com-
pared with porphyrin and other constitutional isomers. The reason for the insensi-
tivity to the type and position of substituents is the “negative-hard” character of the
porphycene chromophore, described in Section III.B. On the other hand, the S0–S1
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transition energy may be tuned over a large range. These properties make por-
phycenes very attractive for applications, particularly in photodynamic therapy.

2. Absorption Spectra of Hemiporphycene, Corrphycene,
and Isoporphycene Derivatives

Absorption spectra of free-base hemiporphycene derivatives have been reported in
only a few papers.6,7,116,117 The data available for OEHPc 21, 5-iodo-6,11,16-triph-
enylhemiporphycene 2280 and 9-carbethoxy-10,15,20-triphenylhemiporphycene
896 (Figure 16 and Table 6) reveal similar spectral patterns for the three compounds.
The Q bands are red-shifted with respect to those of octaethylporphyrin, the shift
of Q2 being larger than that of Q1. Both shifts are significantly smaller than in
octaethylporphycene. The spectra in the Soret region are similar to those of
octaethylporphyrin. The values of absorption coefficients are similar for OEPr and
OEHPc in the Soret region. In the Q region, hemiporphycenes definitely absorb
more strongly. Interestingly, the absorption of 89 is about twice as weak as that of
21 for both the Q and Soret band regions.

Temperature dependence studies have shown that the absorption of 21 in 3-
methylpentane is due to both possible trans tautomers, analogs of 3 and 3a in
Figure 13.116 The enthalpy of tautomerization was determined to be 0.65 kcal/mol,
in agreement with computational predictions (see Table 3).

The absorption spectra of octaethylhemicorrphycene 20,9,118 etiocorrphycene
90,9 2,3,6,7,11,12,17,18-octamethylcorrphycene 91,119 2,3,6,7,11,18-hexamethyl-12,
17-bis-(2-methoxycarbonylethyl)corrphycene 92,119 and 2,3,6,7,11,18-hexamethyl-
12,17-bis-(2-ethoxycarbonyl)corrphycene 93120 are all similar and, of all isomers,
the closest to the spectra of porphyrins (Figure 16, Table 6), with regard to both

390 Waluk

H
N N

NHN

COOEt89

b867_Vol-07_Ch-35.qxd  6/4/2010  10:06 AM  Page 390



spectral positions and intensities. Corrphycene derivatives reveal small and similar
red shifts of Q1, Q2 and Soret bands with respect to OEPr. The intensities in the
Soret region are similar or slightly smaller than in OEPr, whereas those of Q bands
are definitely lower. In 90, the 0–0 transition is very weak, and similar in intensity
to that in parent porphyrin. Another similarity is the domination of vibronic peaks
over purely electronic 0–0 transition, for both Q1 and Q2.

Derivatives of isoporphycene are the least investigated of all the isomers. The
data for octaethylisoporphycene (OEIPc, 94)10 reveal a spectrum which is strongly
red-shifted with respect to that of OEPr. The shifts of both Q bands are similar to
those observed for OEPc, but the intensities are definitely smaller, resembling
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those in hemiporphycene derivatives. The wavelength maximum of the Soret band
exhibits the largest shift among all isomers.

It was demonstrated that the E (94b) and Z (94a) forms of OEIPc are both
present in 3-methylpentane solutions, the E isomers being dominant.116 Using low-
temperature fluorescence spectroscopy, it was possible to obtain excitation spec-
tra of both forms; somewhat surprisingly, they turned out to be very similar.

B. Perimeter Model Applied for the Elucidation of Absorption
and Magnetic Circular Dichroism Spectra

The electronic absorption spectra of porphyrins exhibit a great sensitivity to struc-
tural perturbations, such as substitution, metal complexation, reduction in one or
more rings, or fusion of aromatic rings onto the basic skeleton. Still, it is possible
to interpret the spectra of diverse porphyrins on the basis of a simple model, devel-
oped by Gouterman and coworkers.99,121,122 In this approach the Q (L) and Soret
(B) transitions are described by taking into account the interactions between the
four singly excited electron configurations, obtained by promoting an electron
from one of the two highest occupied π molecular orbitals (HOMOs) into one of
the lowest unoccupied orbitals (LUMOs).

A closely related methodology, based on a perimeter model, was proposed by
Michl104–107 in order to understand absorption and, in particular, magnetic circular
dichroism (MCD) spectra of 4N + 2 π electron aromatic compounds. The perime-
ter model has been now successfully applied to several hundred compounds,
including many porphyrin derivatives.107,123–144

Figure 18 presents the absorption and MCD spectra of the octaethyl derivatives
of three porphyrin isomers: OEPc 15, OEHPc 21, and OECp 20. The differences
in the MCD pattern are dramatic. For OEPc, the MCD intensity for the Q transi-
tions is higher than in the Soret range. In the hemiporphycene derivative, the
intensities are almost equal in the two regions. For OECp, larger intensity is
observed for the Soret (B) bands; thus, only in this case does the MCD spectrum
follow the pattern of the absorption intensity. The MCD signals of both L bands
of OECp are extremely weak for the 0–0 transitions. Finally, their signs are oppo-
site to those observed for porphycene and hemiporphycene derivatives. It should
be recalled that the sign of the Faraday B term is negative for a positive MCD sig-
nal, and positive for a negative MCD signal.

These huge differences can readily be explained by simple considerations
based on a perimeter model. Using this approach, the compounds are formally
derived from an ideal C20H20

++ perimeter, by distorting its shape and bridging with
two NH and two N- units (Figure 19). This perturbation shifts the orbital energies
of the ideal perimeter by an amount which is dictated by the position of the
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Figure 19. Derivation of porphyrin, porphycene, hemiporphycene, and corrphycene from
the C20H20

++ perimeter, with the resulting HOMO and LUMO splittings.
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Figure 18. Absorption (bottom) and MCD (top) spectra of OEPc 15 (left), OEHPc 21 (middle),
and OECp 20 (right), recorded in aconitrile at 293 K. The location of L and B transitions is
indicated, with the sign of a corresponding B term.
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substituent and the orbital shape. No change in energy is expected if a bridging
atom lies in the orbital nodal plane, or if the attachment points lie on nodes.
Otherwise, the orbital energy shift should be proportional to the algebraic sum of
LCAO coefficients in the bridging positions. It is therefore easy to predict relative
orbital energy changes just on the basis of nodal properties. Figure 20 shows the
HOMOs and LUMOs of an ideal perimeter compared with the orbitals calculated
for porphyrin. The same pattern of nodal planes is evident. The HOMO and
LUMO pairs are degenerate in the parent perimeter, but they need not be degen-
erate after the perimeter has experienced a perturbation leading to a particular
molecule. The analysis of the shape of ideal perimeter orbitals, given by symme-
try, permits predicting the orbital splittings in porphyrin isomers. In general,
HOMOs are less affected than the LUMO pair and no large splitting in the occu-
pied pair is expected (∆HOMO ≈ 0). With regard to LUMOs, they are shifted dif-
ferently in different isomers. In porphyrin and corrphycene, two bridges raise the
energy of one LUMO; the other two bridges, the energy of the other LUMO. Thus
no splitting is expected (∆LUMO ≈ 0). On the contrary, in porphycene all four
bridges destabilize the energy of one LUMO component, not affecting the other.
Hence, a large LUMO splitting is predicted. Hemiporphycene represents an inter-
mediate case, with three bridges interacting with one LUMO component, and only
one with the other LUMO. As a result, a moderate LUMO splitting is expected,
definitely smaller than for porphycene. The orbital splittings expected for the four
isomers are presented in Figure 19.

The values of ∆HOMO and ∆LUMO are the crucial parameters in the perime-
ter model, since they are contained in the formulas for transition dipole strengths
of all four states resulting from the interaction between singly excited
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Figure 20. Two highest occupied and two lowest unoccupied orbitals of the unperturbed
C20H20

++ perimeter. Right: The HOMO and LUMO pair calculated for porphyrin.
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HOMO–LUMO configurations. ∆HOMO and ∆LUMO also enter into the equa-
tions for the Faraday terms A, B, and C, which determine the MCD intensity. For
free-base porphyrin and isomers, only B terms are nonzero. They are expressed
by formulas containing two contributions, µ− and µ+. The former are practically
structure-independent and smaller than the latter, which are very sensitive to
molecular structure. Various MCD sign patterns are expected, depending on the
value of ∆HOMO and ∆LUMO: a +,−,+,− sequence of B term signs of L1, L2, B1,
and B2 transitions is predicted for ∆HOMO > ∆LUMO, whereas the opposite
sequence, −,+,−,+, should hold when ∆HOMO < ∆LUMO. Finally, when ∆HOMO =
∆LUMO, a +,+,+,− sequence is expected. However, the equality of ∆HOMO and
∆LUMO may easily be destroyed, even by a weak perturbation. Therefore, the
molecules for which ∆HOMO ≈ ∆LUMO have been called “soft” chromophores,
indicating that their MCD behavior can be easily changed. In contrast, in mole-
cules for which ∆HOMO > ∆LUMO or ∆HOMO < ∆LUMO the MCD pattern is
not easily influenced by perturbation. They have therefore been called “positive-
hard” or “negative-hard” chromophores, depending on the sign of ∆HOMO–
∆LUMO.

According to the simple orbital analysis, porphycene, with ∆HOMO <<
∆LUMO, should be a strongly negative-hard chromophore, with the negative/
positive B term MCD pattern for L1/L2, not expected to change in different deriv-
atives. Indeed, such a pattern has been observed for all porphycene derivatives
studied so far (see Figure 18 as an example), as well as for doubly protonated and
doubly deprotonated 2.19 The same pattern is expected and observed (Figure 18) for
hemiporphycene and its derivatives. On the other hand, corrphycene, similarly to
porphyrin, is predicted to be a soft chromophore (∆HOMO ≈ ∆LUMO). For such
a molecule, the MCD signal in the L1/L2 region can be extremely weak and dom-
inated by effects not taken into account in the perimeter model, e.g. vibronic inter-
action. This indeed seems to be the case for OECp. On the other hand, the model
predicts strong MCD intensity in the region of B transition, dominated by µ−

terms, with the +,− B term sequence for B1, B2, exactly as observed (Figure 18).
The perimeter model also explains why the MCD intensity falls so drastically in
the Soret region upon passing from corrphycene to hemiporphycene and por-
phycene. The reason is the interplay of µ− and µ+ contributions, which are of the
opposite signs; the contribution of µ+ increases with |∆HOMO–∆LUMO|, and thus
from hemiporphycene to porphycene.

The perimeter model also allows understanding changes in the absorption
intensity of the L with respect to the B transitions. The ratio of dipole strengths,
D(L)/D(B), should grow, approximately, as ∆LUMO2–∆HOMO2. This relation
immediately explains the increasing absorption intensity of the Q region in the
order porphyrin ≈ corrphycene < hemiporphycene < porphycene. Similar behavior
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has been observed for neutral, diprotonated, and doubly deprotonated forms of
OEHPc: the prediction, based on theoretical arguments, that D(L)/D(B) should
increase in the order dication, neutral molecule, dianion has been confirmed by
experiment.117

The perimeter model has worked perfectly for hundreds of molecules, includ-
ing numerous porphyrins. In fact, the predictions regarding the absorption and
MCD patterns for all porphyrin isomers were made at the time when only por-
phycene was available.5 The MCD experiments for corrphycene118 and hemipor-
phycene117 derivatives, which confirmed the theoretical predictions, were
performed a decade later. Table 7 presents a comparison of predictions based on a
perimeter model with the results of (i) simple PPP calculations performed in 1990
and (ii) more advanced calculations carried out for the purpose of this work. It is
obvious that all the earlier predictions remain valid. The novel calculations
improve somewhat the numerical agreement with perimeter model predictions, in
particular when reproducing more accurately the soft character of the porphyrin
chromophore. The theoretical predictions await experimental verification for four
isomers, of which only one (isoporphycene) is available at present.

MCD is a very useful spectroscopic tool for detecting spectral transitions
which overlap in the absorption. From the point of view of other applications, such
as studies of tautomeric equilibria, solvent effects, etc., the interesting chro-
mophores are those of a soft character, since they are able to respond strongly even
to weak perturbations. Of the existing isomers, corrphycene and isoporphycene are
obvious choices for such studies. The three isomers which remain to be synthesized
should be strongly (6, 8) or moderately (7) negative-hard chromophores. They
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Table 7. Comparison of frontier orbital splittings predicted by the perimeter model with the
results of calculations.

Calculated

PPPa B3LYP/6-31G**

Predicted ∆HOMOb ∆LUMOb ∆HOMO ∆LUMO

1 ∆HOMO ≈ ∆LUMO 0.82 0.07 0.14 0.02
2 ∆HOMO << ∆LUMO 0.37 1.89 0.06 1.33
3 ∆HOMO < ∆LUMO 0.29 0.69 0.04 0.56
4 ∆HOMO ≈ ∆LUMO 0.11 0.05 0.03 0.07
5 ∆HOMO ≈ ∆LUMO 0.04 0.30 0.03 0.11
6 ∆HOMO << ∆LUMO 0.37 1.88 0.02 1.29
7 ∆HOMO < ∆LUMO 0.20 0.56 0.07 0.66
8 ∆HOMO << ∆LUMO 0.32 1.74 0.14 1.10

aRef. 5. bIn eV.
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should thus exhibit strong absorption in the Q region. In the case of 6 and 8, sim-
ilarity to porphycene is expected, whereas the spectral properties of isomer 7
should rather resemble those of hemiporphycene.

The validity of the four orbital and perimeter models has been confirmed for
other members of the porphyrinoid family: smaragdyrin isomers,145 tetraphenyl-
sapphyrins,146 and doubly protonated cyclohexa-, cyclohepta-, and cyclooc-
tapyrroles.147 It is reassuring that the predictions based on a simple model are
confirmed by high-level ab initio computational studies. Nakatsuji and coworkers
studied the excited state of porphycene, corrphycene, and porphycene using the
symmetry-adapted cluster-configuration interaction method (SAC-CI),148 con-
cluding that “the differences in the Q-band absorptions among the isomers were
clearly explained by the four-orbital model.” A rare example of a molecule which
requires treatment beyond the four-orbital model is rosarin, a nonaromatic hexa-
pyrrolic expanded porphyrin. For a proper description of its molecular structure,
six orbitals have to be taken into account: three occupied and three unoccupied.149

The perimeter model has been successfully extended to 4N electron150–154 (and
4N ± 1 electron)155 systems, opening up new possibilities for understanding spec-
tral characteristics of large and diverse groups of compounds on the basis of a
conceptually unifying treatment.

C. Low-Temperature Spectroscopy of Porphycene

In addition to measurements in solutions and glasses, porphycene and some of its
derivatives have been investigated in the regime of molecular isolation, in super-
sonic jets,22,28,30 nanohelium droplets,40 or rare gas and nitrogen cryogenic matri-
ces.23,42,156–160 The jet and droplet studies are discussed in detail in Section V, since
they greatly contribute to the understanding of mechanisms of intramolecular dou-
ble hydrogen tunneling. The matrix isolation experiments allowed information to
be obtained on molecular vibrations in the ground and lowest excited electronic
states. Malsch and Hohlneicher compared IR, Raman, UV, and site-selective
fluorescence and fluorescence excitation spectra recorded for the parent por-
phycene.42 They observed that the rule of mutual exclusion was obeyed in the IR
and Raman spectra. This suggests that the spectra are due to the trans tautomeric
forms, because the cis tautomers do not have the inversion center. However, in the
opinion of the authors this result does not provide a decisive proof, because the
spectra calculated for the cis form reproduce the experiment equally well, indicat-
ing that the geometry and electronic structure of porphycene are not sensitive to
tautomerization. Another surprising result was the absence of the NH stretching
vibration in the IR spectrum, even though the calculations predicted that the
corresponding band should be the most intense of all.
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Comparison of shifts of vibronic bands in different rare gas and nitrogen
matrices allowed determination of the electronic origins of the S0–S2 transition,
normally mixed with the S0–S1 vibronic components.156 The spectra of 2 in four
different cryogenic matrices are shown in Figure 21. Comparison with the matrix
spectra of parent porphyrin95 reveals several important differences in the absorp-
tion patterns of the two isomers, which could not be so clearly observed in solu-
tion: (i) the origins of L1 and L2 are much closer to each other in 2 than in 1;
(ii) in contrast to the situation in 1, where the L2 transition is much stronger than
L1, the two transitions in 2 are of comparable intensity; actually the transition to
the lowest excited singlet state seems to be slightly stronger; (iii) the 0–0 transi-
tions are dominant for both L1 and L2 in porphycene, whereas for 1 they are
weaker than the vibronic components.

These studies were followed by a series of papers which used molecular
dynamics simulation of matrix deposition to analyze the site structure observed in
the electronic and IR spectra of porphyrin, porphycene, and tetra-tert-butylpor-
phycene embedded in argon and xenon matrices.161–164 The structure of the main
trapping sites has been identified. Interestingly, porphycene occupies the same
main site in argon and xenon, whereas for porphyrin the situation is different: the
same main site as for porphycene dominates for xenon matrices (Figure 22), but
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Figure 21. Absorption spectra of porphycene in different matrices at 15 K. The asterisks indi-
cate the origin of the S1–S2 transition. (Modified with permission from Ref. 156.)
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in argon porphyrin occupies several different substitutional sites. These studies
demonstrated that a seemingly minor structural difference in two similar mole-
cules can lead to drastic changes in the absorption pattern of chromophores
embedded in cryogenic matrices.

Another conspicuous difference between the electronic spectra of 1 and 2 was
the doublet splitting of lines observed for the S0–S1 transition in the former, and the
absence of splitting in the latter. This was explained by differences in the absolute
directions of the transition moments of the two trans tautomeric forms with
respect to the sides of the hexagonal cavity embedding the molecule. Due to the
symmetries of the cavity and the chromophores, for porphycene the interaction of
each of the two transition moments with the rare gas atoms forming the cavity should
be approximately the same, but this is not the case for porphyrin (Figure 23).

IV. Photophysics

The values of basic photophysical parameters for the parent porphyrin and some
derivatives are presented in Table 8. In planar free-base porphyrins the main
channel of the S1 decay is the intersystem crossing to the triplet manifold. Room
temperature fluorescence quantum yields are usually of the order of 10% and the
fluorescence decays in about 10 ns. The photophysical characteristics drastically
change when the macrocycle skeleton becomes nonplanar. This leads to a large
decrease in the fluorescence yield and lifetime, as shown in Table 8 by the
examples of 5,10,15,20-tetraphenyl-2,3,7,8,12,13,17,18-octamethylporphyrin
95, 5,10,15,20-tetraphenyl-2,3,7,8,12,13,17,18-octaethylporphyrin 96, and
2,3,5,7,8,10,12,13,15,-17,18,20-dodecaphenylporphyrin 97. Interestingly, for
these derivatives both internal conversion and intersystem crossing become
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Xe{111}Ar{111}

Figure 22. The structure of the main trapping site of porphycene in argon (left) and xenon
(right) matrices. (Modified with permission from Ref. 161.)
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Figure 23. The directions of the S0–S1 electronic transition moments in two trans tautomeric
forms with respect to the rare gas cavity. Top — porphycene; bottom — porphyrin. (Modified
with permission from Ref. 161.)

Table 8. Photophysical data for free-base porphyrin and selected derivatives. ΦF and ΦT are
the quantum yields of fluorescence and triplet formation, respectively. τF is the fluorescence
decay time (in ns).

ΦF τF ΦT Solvent Reference

1 0.043 9.6 toluene 218
0.054 15.3 benzene 219

OEPr 24 0.13 18.9 benzene 219
0.16 21.7 0.7 toluene 165

0.75 cyclohexane 220
TPP 26 0.075 9.0 propanol 218

0.11 12.4 benzene 219, 221
0.117 10.8 CH2Cl2 222

12.2 0.74 cyclohexane 220
0.82 methylcyclohexane 223
0.84 propanol 224

95 0.003 0.64 >0.5 toluene 165
96 0.005 0.66 >0.5 toluene 165
97 0.006 0.83 >0.5 toluene 165
98 2 × 10−4 0.046 <0.2 3-methylpentane: isopentane 1:1 166

b867_Vol-07_Ch-35.qxd  6/4/2010  10:06 AM  Page 400



faster in the distorted macrocycle.165 On the contrary, the excited state deactiva-
tion is dominated by S1–S0 internal conversion in ruffled, nonplanar 5,10,15,20-
tetra-tert-butylporphyrin 98.166

The values of fluorescence quantum yields and lifetimes, as well as those of
triplet yields and the efficiencies of singlet oxygen generation, reported for var-
ious porphycenes are presented in Table 9. Based on these values are the radia-
tive and radiationless S1 depopulation rates, shown in Table 10. Additional
extensive data containing the values of quantum yields of fluorescence, triplet
formation, and singlet oxygen generation for 38 porphycene derivatives are
available in the review by Braslavsky and coworkers.68 In general, fluorescence
quantum yields of free-base porphycenes are higher than in porphyrins. This
could be expected on the basis of larger absorption coefficients. The radiative
constants determined for different porphycenes from the values of fluorescence
quantum yields and decay times are very similar for various derivatives, in anal-
ogy with the observation of similar absorption coefficients. This comparison
suggests that the geometry of most porphycenes is not significantly changed
upon excitation. 

As long as the porphycene chromophore remains planar (and for nonaryl sub-
stituents), both fluorescence and intersystem crossing contribute to the excited
state decay with comparable efficiencies, the yield of triplet formation usually
being somewhat higher. One should note that internal conversion to the ground
state cannot be neglected either. For instance, in the parent porphycene, the yields
of fluorescence, intersystem crossing, and internal conversion are 0.36, 0.42, and
0.22, respectively. Very similar values are obtained for 2,7,12,17-tetrapropyl-
derivative 10. When phenyl groups are substituted at the same position, the
respective yields become 0.15, 0.33, and 0.52, demonstrating that now the inter-
nal conversion becomes the main decay channel. This process definitely takes
over when the chromophore becomes nonplanar, as demonstrated for two diben-
zoporphycenes: 2,7,12,17-tetra-t-butyl-3,6,13,16-dibenzo[cde, mno]porphycene
84 and its tetramethyl analog 99,157,159 as well as by the huge increase in kIC

observed upon passing from mono- and dibrominated porphycenes 16–17 to tri-
and tetrabrominated derivatives 18 and 19.75 However, the increase in kIC is also
observed for tetraazaporphycenes which are probably planar, such as 48 and 49a.
This has been interpreted in terms of the energy gap law, since the S0–S1 transition
in azaporphycenes is strongly shifted to the red with respect to that of the parent
compound 2 (see Table 5).115

As expected, substitution by heavy atoms leads to an increase in the triplet for-
mation yields. This is clearly observed for brominated porphycenes 16–19.75 A
finding which awaits explanation is the large decrease in the radiative rates of the
nitro (44) and amino (46) derivatives of TPPo 42.112
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Table 9. Photophysical data for porphycene and selected derivatives. ΦF, ΦT , and Φ∆ are the
quantum yields of fluorescence, triplet formation, and singlet oxygen generation, respectively.
τF is the fluorescence decay time (in ns).

ΦF τF ΦT Φ∆ Solvent Reference

2 0.36 10.2 0.42 0.30 toluene 225
8.75 CH2Cl2 225

11.76 methanol 225
0.34 benzene 226

11.6 0.32 DPPC vesicles 226
0.44 0.3 benzene 173

0.34 benzene, toluene 173
10 0.32 9.76 0.35 toluene 225

0.36 benzene 226
0.37 DPPC vesicles 226

0.38 0.4 benzene 173
0.36 benzene, toluene 173

0.37 8.92 0.36 0.36 toluene 75
100 0.14 CH2Cl2 179

0.11 sol–gel silica plate
OEPc 15 0.02 5.0 0.04 ethanol 168

0.017 < 0.1 0.06 toluene 7
42 0.15 4.8 0.33 0.23 toluene 69
43 0.22 4.3 0.19 toluene 112
44 0.033 3.9 0.16 toluene 112
46 0.004 0.81a 0.09 toluene 112
84, 99 0.01–0.02 Ar matrix 157
48 0.03 0.52 0.045 0.013 toluene 111, 115

0.023 benzene
49a 0.02 0.34 toluene 115

0.034 benzene
33 0.33 8.38 CH3OD 227

0.29 D2O
34–35b 0.17 3.94 0.25 CH3OD 227

0.10 1.61 H2O
0.10 D2O

36 ≈ 0 0.01 CH3OD 227
≈ 0 H2O

≈ 0 D2O
16 0.08 1.4 0.90 0.90 toluene 75
17 0.03 0.754 0.95 0.95 toluene 75
18 0.006 0.103 0.72 0.71 toluene 75
19 0.002 0.053 0.53 0.49 toluene 75

aAverage of two lifetimes. bThe data reported for the mixture of two compounds.
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Very little is known so far about the photophysics of other porphyrin isomers.
Room temperature measurements have been reported for toluene solutions of
OEHPc 21 and OECp 20. The fluorescence is stronger in the hemiporphycene
derivative. The ratio of the quantum yields (0.09 in 21 vs. 0.03 in 20) is very sim-
ilar to the ratio of absorption coefficients for the transition to L1 (see Table 6). Both
compounds reveal high efficiency of triplet formation (0.9 and 0.6 for 20 and 21,
respectively). They also generate single oxygen, with a quantum yield of 0.48 for
20 and 0.58 for 21.
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Table 10. The radiative (kr) and nonradiative rates of S1 depopulation for porphycene and
selected derivatives in room temperature solutions. IC — internal conversion; ISC — intersystem
crossing.

kr (107 s−1) kIC (107 s−1) kISC (107 s−1) Solvent Reference

2 3.5 2.2 4.1 toluene 225
10 3.9 2.3 4.1 toluene 69

4.1 3.0 4.0 toluene 75
42 3.1 10.8 6.9 toluene 69
43 5.1 toluene 112
44 0.8 toluene 112
46 0.5 toluene 112
48 5.8 110 7.2 toluene 115
49a 5.9 180 8.7 toluene 115
16 5.7 1.4 64 toluene 75
17 4.0 2.7 130 toluene 75
18 5.8 260 700 toluene 75
19 3.8 870 1000 toluene 75
33 3.9 CH3OD 227
34–35a 4.3 CH3OD 227

6.2 H2O

aMixture of two compounds.
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A. Mechanism of Excited State Deactivation in Alkylated Porphycenes

Tetraalkyl substitution of porphycene at the β positions has very little influence on
the photophysical properties. In contrast, meso-substitution has a dramatic effect.
This was first observed by Levanon and coworkers, who studied the triplet for-
mation in the parent porphycene and two n-propyl derivatives 10 and 11.167 At
room temperature, comparable triplet yields were observed for all three com-
pounds when triplet–triplet sensitization was used to produce the porphycene in
the T1 state. On the contrary, the triplet formation yield was negligible for the
meso-derivative when the route to the triplet involved laser excitation followed by
intersystem crossing. The triplet state was detectable at temperatures below 240 K.
In order to interpret these results, the authors postulated the existence of a ther-
mally activated singlet state lying about 1000 cm−1 above S1. This state would be
directly coupled to the ground state, thus providing an efficient channel for S1

depopulation.
Further studies demonstrated that fluorescence of methyl and n-propyl meso-

substituted porphycenes 29 and 11 can be enhanced not only by lowering the tem-
perature but also by increasing the viscosity of the environment.39 Actually,
embedding the chromophore in a polymer sheet at 293 K is nearly as effective
as lowering the temperature to 77 K. Comparison of the effect of temperature on
the fluorescence intensity in the parent porphycene 2 and in 9,10,19,20-tetra-n-
propylporphycene 11 is shown in Figure 24. The fluorescence of 2 is intense
already at 293 K and increases only weakly at low temperatures. In contrast, the
emission intensity of 11 increases dramatically, by more than two orders of mag-
nitude in the temperature range between 293 and 77 K; this is accompanied by a
corresponding increase in the fluorescence decay time. In fact, the emission decay
for 11 and the tetramethyl analog 29 is biexponential, since both trans and cis
tautomeric forms are present.

Similar behavior, namely large viscosity dependence of the fluorescence
quantum yield and lifetime, was observed for β,β′-substituted octaalkyl deriva-
tives. Again, the emission enhancement can be induced in two different ways:
either by viscosity increase or by temperature decrease. An interesting observation
is that, for the same solvent, both fluorescence quantum yields and lifetimes are
about an order of magnitude higher for octaalkyl-substituted than for meso-
substituted porphycenes.

Replacement of the two internal protons by deuterons leads to an increase in
fluorescence intensity. At the same time, the activation barrier for the depopula-
tion process remains the same for deuterated and nondeuterated derivatives. This
can be seen from the same temperature dependence of the emission intensity
presented in Figure 24 for both nondeuterated 11 and its deuterated derivative.
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Another observation relevant to the explanation of the depopulation mecha-
nism was provided by comparison of photophysical properties of free-base and zinc
octaethylporphycenes.168 In the zinc derivative, the sum of fluorescence and inter-
system crossing quantum yields was found to be close to unity. This was not the
case for the free base, for which the value of this sum was very small and solvent-
independent. Thus, the internal protons must play a role in the radiationless deacti-
vation. Still, another factor must also be taken into account, responsible for the
viscosity dependence. The latter suggests that a large amplitude motion is involved.

The model which was recently proposed to explain the photophysics of alky-
lated porphycenes39 is based on the above experimental factors and on the results
of calculations performed for three different tautomeric forms of porphycene. The
calculations yielded an unusual result for the cis-2 form of porphycene (the forms
2b′ and 2b′′ in Figure 8): in this tautomer, the state of lowest energy corresponds
to an open shell configuration with strongly nonplanar geometry, whereas the pla-
nar, closed shell structure has a slightly higher energy. Since the cis-2 form is the
least stable tautomer of porphycene, both energy levels are located in the vicinity
of the first excited state of the trans (and cis-1) forms. In the correlation of the
electronic states of the trans and cis-2 tautomers (Figure 25), the open shell states
of the former must be correlated with the open shell states of the latter. The same
is true of the closed shell states. Therefore, the correlation curves must cross along
the curve describing the excited state trans–cis-2 tautomerization. Since the cis-2
structure was found to be strongly nonplanar, the hydrogen transfer coordinate
involves not only the proton translocation but also twisting. The observed sensi-
tivity to viscosity can thus be explained.
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Preliminary calculations indicate the existence of a conical intersection along
the tautomerization coordinate, corresponding to a nonplanar structure, in which
the two pyrrolic rings on which the protons reside in the cis-2 tautomer are twisted
from the molecular plane. For testing the model, four porphycenes — 2, 40, 15,
and 29 — were selected as a representative series. In 2 and 40 the emission is
strong, whereas for 15 and 29 the fluorescence quantum yield in nonviscous solu-
tions is very low. A perfect correlation was obtained between the experimentally
measured S1 deactivation rate and the calculated difference between the lowest
electronic state of cis-2 and the energy of the excited S1 state of the trans tautomer.
According to the model, this value is a measure of the activation barrier, i.e. the
energy required to assume the geometry of the conical intersection. The calculated
values increase in the order 29, 15, 40, 2. This is exactly the order of the experi-
mentally determined S1 deactivation rates. The model allows one to understand
this ordering. If the deactivation were controlled only by nonplanarity, then the
largest rate should be expected for the nonplanar octaalkyl derivatives. If, on the
other hand, the process is governed by the tautomerization barrier, one should
expect the most efficient depopulation in the meso-derivatives, which have the
shortest, and therefore the strongest, intramolecular hydrogen bonds. The barrier
to deactivation via tautomerization should be the largest in octaalkyl derivatives,
which have the weakest hydrogen bonds. The fact that the two extreme cases,
octaalkyl and meso-substituted derivatives, are depopulated most efficiently,
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Figure 25. Correlation of the electronic states in the trans (left) and cis-2 tautomeric forms
of parent porphycene. The arrows indicate the path of deactivation involving a conical inter-
section (CI). (Modified with permission from Ref. 39.)

b867_Vol-07_Ch-35.qxd  6/4/2010  10:06 AM  Page 406



demonstrates that both hydrogen transfer and deviation from planarity contribute
to the deactivation. A somewhat similar explanation had been proposed before to
account for the lack of emission in strongly nonplanar dibenzoporphycenes.159

It remains to be seen whether the above model can be successfully extended
to other porphycene derivatives, in particular those containing aryl substituents. 

B. Relaxation from Higher Excited States

Picosecond time-resolved absorption and emission studies have been performed
for several porphycenes isolated in cryogenic argon and nitrogen matrices.157,158,160

The transient signals originating in the S1 state were monitored as a function of
time delay from the moment of excitation. An unusually long relaxation time was
observed for parent porphycene excited into the Soret region. The relaxed S1 state
was observed only after a delay exceeding 100 ps. On the other hand, no spectral
evolution was observed for direct excitation into S1 (Figure 26). Similar behavior
was observed for tetra-tert-butylporphycene 30. On the other hand, the relaxation
from higher excited states was found to be very fast for dibenzoporphycenes 84
and 99. These differences were explained by the rigidity and planarity of the par-
ent porphycene, as opposed to a flexible structure of the dibenzo derivatives. For
the latter, the times of relaxation from higher excited states were compared for the
chromophore embedded into an argon matrix at 27 K and the same chromophore
in a glassy and liquid 2-methyltetrahydrofuran at 93 and 293 K, respectively. The
same relaxation times, 9–13 ps, were observed for the glassy and liquid matrices,
whereas for Ar the relaxation was significantly longer (16–20 ps).157

The dynamics of relaxation from the Soret states has also been studied at room
temperature for meso-substituted porphycenes 11 and 29, using a femtosecond flu-
orescence upconversion technique.169 An extremely short time, about 50 fs, was
determined for the relaxation of the B into the L states. This value is similar to, or
even shorter than, the one observed for porphyrin, even though the separation
between the Soret and Q bands is nearly twice as large in the case of porphycenes.

The electronic and vibrational relaxation processes occurring after excitation
to S2 were monitored for porphycene 2 in solution at 293 K.170 The sequence of
processes following the excitation includes intramolecular vibrational redistribu-
tion, S2–S1 internal conversion, and thermal equilibration via energy transfer to the
solvent. The last process is the longest and takes about 16 ps in acetonitrile.

C. Triplet State Studies

In view of potential applications in photodynamic therapy, the properties of the
triplet states of porphycenes have been intensively studied.25,68,69,75,112,115,167,168,171–179
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As can be inferred by comparing the data in Tables 8 and 9, the triplet state is pop-
ulated less efficiently than in porphyrins. As a consequence, the efficiency of sin-
glet oxygen generation by porphycenes should be lower. Fortunately, this is
compensated for by the fact that porphycenes absorb much more strongly.
Moreover, the triplet state usually generates singlet oxygen with a nearly 100%
yield (Table 9). Thus, the average value for 1O2 photosensitization, 0.3 ± 0.1, is
very close to the usual triplet formation efficiency, which allows porphycenes to
be called “excellent photosensitizers”.17 When one is considering practical appli-
cations, however, it is to be remembered that the predictions obtained on the basis
of in vitro experiments may not always be transferable to living systems. This was
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Figure 26. Time evolution of fluorescence spectra of 2 in a nitrogen matrix at 15 K. Bottom:
excitation to S1 (593 nm); top: excitation into the Soret band (355 nm). Time delay from
the moment of excitation is indicated for each spectrum. (Modified with permission from
Ref. 160.)
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demonstrated in a paper by Baumer and coworkers, devoted to singlet oxygen
generation by 9-acetoxy-2,7,12,17-tetrakis-(β-methoxyethyl)porphycene 64 in
solution.177 The results showed that, due to very different oxygen concentrations
in vitro and in vivo (lower in the latter), the obtained quantum yield values may be
very different in the two cases.

Photosensitizing properties of porphycenes can also be exploited in the solid
state. In work by Hisaeda and coworkers,179 a porphycene derivative 100 was
covalently immobilized in a sol–gel silica film. Under irradiation with visible
light, singlet oxygen was produced, which was then used for oxidation of 1,5-
dihydroxynaphthalene. This procedure could be recycled.

Photoexcited triplet states of several porphycene derivatives have been stud-
ied by EPR, ENDOR, and electron spin echo techniques.25,168,174–176 These meas-
urements resulted in the determination of the zero-field splitting parameters D and
E, as well as the hyperfine coupling tensor components. Comparison of the latter
with the values calculated for trans and cis forms of parent porphycene indicated
that the molecule exists in the trans form in the triplet state.25

Very little is known about the triplet state properties of the other porphyrin iso-
mers. Magnetic, kinetic, and structural parameters were determined using time-
resolved EPR for OECp 20 and OEHPc 21 in toluene and liquid crystal
matrices.180 For doubly protonated OECp, studied in benzene solutions, the values
of the quantum yield of triplet formation and singlet oxygen generation have been
determined (0.82 and 0.38, respectively).181

V. Tautomerism

A. Tautomerism in Porphyrins

The process of migration of two internal protons between the four nitrogen atoms
which form the inner cavity of porphyrin has been studied since the early
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1970s.182,183 The main issues considered are related to the stepwise vs. concerted
mechanism of the reaction and the role of tunneling. After two decades of inves-
tigations, the tautomerization mechanism was established, based mainly on the
NMR studies by Limbach and coworkers.91–93 The reaction proceeds according to
a stepwise mechanism, with thermal activation of a level isoenergetic with a tran-
sient cis tautomer intermediate. The second step involves single hydrogen tunnel-
ing through the potential barrier (Figure 27). The model is based on several
experimental findings. The HH/DD isotope effect is very large, 17 at 273 K for
parent porphyrin92 and 29 for TPP,91 whereas the HD/DD effect is much smaller
(1.9 and 2.0, respectively). Such behavior is characteristic of a stepwise process
which involves two consecutive hydrogen transfer steps via an intermediate.
Large isotope effects (11 for 1 at 293 K) indicate tunneling, which is additionally
corroborated by nonlinear Arrhenius plots. A remarkable observation is that for the
parent porphyrin the tautomerization rate constants and isotope effects are the
same for the liquid phase and polycrystalline environment. It was concluded that
the liquid state degeneracy of two trans tautomers is maintained in the solid
phase.92 Finally, one should mention that the cis tautomeric intermediate, crucial
for the mechanism, has never been experimentally observed in porphyrins.

The tautomerization occurs in porphyrin not only in the ground electronic state
but also after photoexcitation.184–186 This reaction proceeds even at liquid helium tem-
peratures, in contrast to the dark process, which can be frozen at low temperatures.
Such behavior enables photoorientation, i.e. achieving partial alignment of initially
isotropic samples by irradiation with linearly polarized light. This methodology has
been used for porphyrins isolated in rare-gas matrices.94,95,187,188 Combining photoori-
entation with linear dichroism studies enabled polarization assignments for transi-
tions observed in the electronic and IR absorption spectra, as well as detailed
characterization of matrix site characteristics.162,163 The mechanism of photoinduced
tautomerization in porphyrin most probably involves a triplet state.96,189
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Figure 27. Scheme of stepwise tautomerization in porphyrin: TA — thermal activation; SHT —
single hydrogen tunneling.
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B. Tautomerism in Porphycenes

1. Coherent Double Hydrogen Tunneling in Isolated Molecules

Quantum mechanics dictates the delocalization of wave functions in a system con-
taining several energy minima separated by barriers, as long as the barriers are
finite. Porphyrin and porphycene provide examples of such compounds: two
chemically equivalent tautomers are separated by a potential barrier. For such a
special, symmetric double minimum case, the two tautomers are equally probable,
and the energy levels are split into doublets (Figure 28). Because of selection
rules, only certain transitions between tunneling levels are allowed. For the S0–S1

electronic absorption or emission, these are the transitions labeled O+
+ and O−

− in
Figure 28, involving either lower or upper tunneling levels in S0 and S1.

The value of the tunneling splitting depends on the mass of the tunneling
particle, the distance it has to travel, and the effective tautomerization barrier.
Naturally, these parameters should be strongly correlated with the molecular
structure, in particular with the strength of the NH···N intramolecular hydrogen
bonds. Shorter, more linear hydrogen bonds should yield lower barriers to tau-
tomerization. One could therefore expect a smaller barrier for porphycene than
for porphyrin, a prediction which was fully confirmed by calculations.44,190 As
a consequence, tunneling splittings in porphycene should be be larger than in
porphyrin. Indeed, the fluorescence excitation spectrum of porphycene isolated
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the allowed optical transitions between the ground and the lowest excited singlet state. Inset:
The 0–0 region of the fluorescence excitation spectrum of porphycene isolated in a supersonic
jet, revealing the tunneling splitting.22
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in supersonic jets consists of doublets, separated by 4.4 cm−1 (Figures 28
and 29).22 In contrast, the spectrum of supersonic-jet-isolated porphyrin reveals
no splittings.191

The proof that the splittings are due to coherent double hydrogen tunneling
was provided by experiments on porphycene with one (Pc–d1) or two (Pc–d2)
internal protons substituted by deuterons. No splittings were observed under these
conditions.

In general, the splittings observed in the spectra express the difference between
ground and excited state tunneling splitting values. For a special case where the
splitting is negligibly small in one of the states, the separation of the spectral lines
becomes equal to the tunneling splitting in the other state involved in the monitored
spectral transition. This is the case for porphycene, as revealed by the same values
of doublet separation observed for the 0–0 transition and numerous vibronic peaks.
Based on the red shifts observed in the spectra of Pc–d1 and Pc–d2, it was concluded
that the observed 4.4 cm−1 separation of doublet components is practically due
entirely to the splitting in the ground electronic state.22 The finding of a much larger
tunneling splitting in the ground electronic state than in the first excited singlet state
was explained assuming that the molecule expands upon excitation. In particular, the
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two NH···N distances become larger, which weakens the intramolecular hydrogen
bonds and thus leads to an increase of the tautomerization barrier. This hypothesis
has been confirmed by geometry optimization of electronically excited porphycene.

About a decade later, the conclusions reached on the basis of supersonic jet stud-
ies were confirmed and extended by an investigation of porphycene embedded in
helium nanodroplets.40 These studies, carried out at a lower (and, in contrast to the jet,
well-defined) temperature of 0.37 K and with better spectral resolution yielded
4.43 cm−1 as the tunneling splitting value of the ground state vibrationless level. It was
also possible to obtain the respective splitting for Pc–d1; a value of 0.58 cm−1 has been
measured. In addition, the value of the splitting in S1 was estimated at 0.02 cm−1.

Most spectacular were the results of fluorescence measurements, which
yielded the tunneling splitting values for different vibrational levels of the elec-
tronic ground state. These values were found to depend crucially on the particular
vibrational mode. Thus, for some vibrational levels, the splitting values were very
close to the value observed for the 0–0 transition. For a 182 cm−1 ag mode, the split-
ting was much higher — 12 cm−1. On the contrary, for another ag mode, 145 cm−1,
the splitting was found to be so small that it could not be experimentally resolved.
It was thus demonstrated that the tunneling is mode-specific. In other words, tau-
tomerization characteristics may be different for different vibrational levels. Some
modes can promote the process by lowering the barrier, which is manifested by a
larger tunneling splitting. Other vibrations may increase the barrier and thus
decrease the splitting. Finally, there exist also “neutral” vibrations, which, when
excited, do not change the effective barrier penetrated by the tunneling protons.

The forms of several low-frequency modes, including the “promoting” (2ag),
“hindering” (1ag), and two “neutral” ones (3ag and 4ag), are presented in Figure 30.
In accordance with chemical intuition, the neutral modes do not greatly affect the
hydrogen bond parameters, whereas the others do that to a great extent. Especially
instructive is the form of the promoting 2ag mode. For this vibration, the nuclear
motions simultaneously make both hydrogen bonds shorter and more linear. The
smaller barrier for double hydrogen tunneling (and, in consequence, a larger tun-
neling splitting) is therefore easy to understand. The behavior of the hindering 1ag

mode is the opposite: this vibration results in weakening of the hydrogen bonds.
A detailed supersonic jet study was also performed for two meso-substituted

porphycenes, 11 and 29.30 Since the X-ray and NMR data71 indicate stronger
hydrogen bonds, one could expect larger tunneling splitting values. Indeed, the
values for the ground and the lowest excited singlet state were estimated at 15 cm−1

and 2 cm−1, respectively. Most interestingly, the potential for tautomerization in 29
was found not to be symmetric, the reason being the coupling between the motion
of the internal protons and the methyl substituents. The asymmetry is reversed
upon excitation (Figure 31).
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These supersonic jet studies resulted in another valuable finding. The fluores-
cence excitation spectra of 11 and 29 exhibit a structure consisting of a doublet of
doublets (features A and B in Figure 29). One of the doublets disappears upon
cooling. In a singly or doubly deuterated derivative, features A and B consist of
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Figure 30. The forms of four lowest-frequency ag modes of porphycene with the corre-
sponding values of ground state tunneling splittings determined from fluorescence in helium
nanodroplets at 0.37 K.40
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single lines. These findings were interpreted as an indication of the presence of
both cis (feature A) and trans (feature B) tautomeric forms, each revealing simi-
lar tunneling splitting values in S0 and S1. The existence of both tautomeric forms
was also confirmed for solutions, by observing doubly exponential fluorescence
decays.39 The calculations predict that the two tautomeric forms in 29 should have
similar energies, differing by less than 1 kcal/mol. To the author’s knowledge, this
molecule is so far the only porphycene for which the presence of both cis and
trans tautomeric forms has been reported.

Finally, the results of supersonic jet studies confirmed the existence of a
rapid deactivation channel in electronically excited meso-alkylated por-
phycenes. As seen in Figure 29, the fluorescence excitation spectra are limited
to a narrow range above the 0–0 transition — less than 200 cm−1. Excitation with
higher energy excess leads to the disappearance of fluorescence, indicating the

35/Free-Base Porphycenes and Other Porphyrin Isomers 415

Figure 31. The shapes of potential energy curves governing tautomerization in 9,10,19,20-
tetramethylporphycene 29, with the estimated values of tunneling splitting in the S0 and S1

electronic states. (Modified with permission from Ref. 30.)
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onset of an efficient radiationless process. According to the model discussed in
Section IV.A, the deactivation efficiency should be related to the medium vis-
cosity, extremely low for a supersonic jet. Therefore, the activation energy for
this channel in the jet should be lower than that determined from solution stud-
ies. This is indeed the case, which provides yet another argument for the model
which postulates that the radiationless deactivation of excited porphycenes pro-
ceeds along the pathway involving both hydrogen transfer and distortion from
planarity.39

2. Molecules in Condensed Phases

a. Ground state tautomerism in polycrystalline porphycene

Early 15N-CPMAS-NMR comparative studies of crystalline porphyrin and por-
phycene by Limbach and coworkers18 showed a much larger tautomerization rate
in the latter. The line shape analysis allowed one to determine tautomerization
rates in porphyrin; they decrease from >30000 s−1 at 356 K to 500 s−1 at 244 K. For
porphycene the rates were too fast to be determined, as no line broadening was
detected, even at the lowest available temperature of 107 K. Four sharp lines were
observed, indicating the presence of two nonequivalent asymmetric proton trans-
fer systems. Two alternative explanations were proposed: (i) existence of two non-
equivalent molecules in the crystal, each having access to two tautomeric states;
(ii) equivalence of all the molecules in the crystal, each with four accessible tau-
tomeric states. The nonequivalence of tautomers is due to crystal effects.

Further studies of porphycene enabled determination24 of the rate constants
from the analysis of longitudinal 15N T1 relaxation times in the temperature range
228–355 K. The tautomerization was found to occur on a nanosecond time scale.
The temperature dependence of the rate pointed to the dominant role of tunneling
across a barrier of about 8 kcal/mol. A concerted mechanism of tautomerization
was suggested, based on strong coupling between the two hydrogen bonds.

Work from Limbach’s group,37 based on high-resolution 15N and 2H NMR
spectroscopy and longitudinal relaxometry, yielded several unusual results. The
tautomerization rates have been found to decrease sharply at higher tempera-
tures. Above 225 K, the rate was reported to drop by four orders of magnitude.
A phase transition was postulated to occur at this temperature. Another unex-
pected finding was the observation of the same rates of the HH and HD/DD tau-
tomerism. The authors proposed that the reaction occurs in a concerted fashion
at high temperatures and as a stepwise process at low temperatures. In the low-
temperature region, non-Arrhenius behavior was observed for the DD transfer,
indicative of tunneling. Finally, two nonequivalent molecules were detected in
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the unit cell, corroborating the hypothesis proposed in the first NMR study on
porphycene.18

b. Studies using polarized spectroscopy techniques

The measurements of fluorescence anisotropy of porphycene showed that the
emission is partially depolarized.19,20 An example is presented in Figure 32. When
the molecule is excited into S1, the anisotropy value is below 0.20 instead of 0.4,
expected for parallel orientation of absorbing and emitting transition dipole
moments. In turn, for excitation into S2, the anisotropy is around 0, whereas, judg-
ing from the results of calculations, it should be close to −0.2, because the S0–S1

and S0–S2 transition moments are predicted to be nearly perpendicular.
These results can be understood by assuming a rapid trans–trans tautomer-

ization in the excited state. The reaction changes the direction of each transition
moment. Tautomerization is equivalent to the reflection of the transition moment
in the vertical or horizontal plane perpendicular to the plane of the porphycene
macrocycle (Figure 33). In a high-temperature regime, when the reaction occurs
many times back and forth before the excited molecule emits a photon, the prob-
abilities of emitting with a transition moment corresponding to that of the ini-
tially excited and that of the other tautomer are equal. The observed value of the
anisotropy is related to the position of the transition moment in the molecular
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Figure 32. Porphycene in 1:1 methanol:ethanol glass at 97 K. Left — absorption (1) and flu-
orescence excitation (2); top — anisotropy of fluorescence excitation. Right — decay of
anisotropy for excitation into S1 (625 nm, a) and S2 (590 nm, b); bottom — experimental (d)
and fitted (e) fluorescence decay curve and the excitation profile (c). (Modified with permis-
sion from Ref. 32.)
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plane. Therefore, it is possible to determine the transition moment directions,
using fast excited state tautomerization as a tool. This has been performed for the
parent porphycene.20 Even though the symmetry of porphycene is C2h, which
allows any direction in the molecular plane, the directions of S0–S1 and S0–S2

transition moments resemble the situation in free-base porphyrin: the transition
to S1 is polarized approximately along the NH direction, and the transition to S2

is nearly perpendicular to it. Initial anisotropy studies of OECp indicate similar
behavior of the transition moments corresponding to two lowest excited singlet
states. 

The observation of depolarized fluorescence immediately shows that the dom-
inant tautomeric structure corresponds to the trans tautomer, as the direction of the
transition moments does not change during the cis–cis conversion. Trans–cis or
cis–trans processes would lead to different values of the anisotropy than observed
experimentally.

Comparative studies of four different porphycenes, 2, 10, 11, and 15, per-
formed in n-propanol glass at 113 K revealed depolarized fluorescence for all but
the last of these compounds. Thus, at this temperature, the reaction is too slow in
15 to occur within the excited state lifetime, about 10 ns. Octaethylporphycene 15
has the largest NH···N distance of all the studied porphycenes, and thus the weak-
est hydrogen bonding. This explains the lowest tautomerization rate for this
molecule. As discussed later in this section, the difference in rates is dramatic,
which is most probably due to the tunneling mechanism of hydrogen transfer in
porphycenes.
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in porphycene. The structure on the left corresponds to the initially excited form.
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A methodology has been developed31,32 which enables determination of the
excited state tautomerization rates from the analysis of absorption anisotropy,
measured in both the stationary and time-resolved modes (see Figures 32 and 34).
Studies of the temperature dependence of the anisotropy of porphycene fluores-
cence (Figure 34) resulted in an Arrhenius plot from which a surprisingly low acti-
vation energy, 0.55 kcal/mol, was extracted. This was interpreted as evidence of
thermally activated double hydrogen tunneling. The value of the apparent tau-
tomerization barrier is, within the experimental error, equal to the frequency of the
2ag, “promoting” mode, which was found to reveal the largest tunneling splitting
for the chromophore isolated in helium nanodroplets (See Section V.B.1 and
Figure 30).
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The methodology was subsequently extended to transient absorption studies, or,
more generally, to pump–probe experiments.35,36 This approach allows determination
of the rates not only for the electronically excited but also for the ground state. The
rates in both states can be determined in one experiment by changing the pump/
probe wavelengths.

Using this technique, the rates of double hydrogen transfer, in both S0 and S1,
have been measured for porphycene 2 and four derivatives: 11, 15, 29, and 30.36

The results are presented in Figure 35 and Table 11. The difference in the rates is
striking: the values vary by over three orders of magnitude. The fastest reaction is
observed in the two porphycenes in which the hydrogen bonding is the strongest,
i.e. 11 and 29. The slowest rate is obtained for 15, a molecule with the largest NH…N
distance. The values of the rates correlate nicely with 1H chemical shifts, which
thus can be treated as good indicators of intramolecular hydrogen bond strength.
Other indices, i.e. the X-ray-determined or calculated NH···N, also work nicely
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when the corresponding values strongly differ, but fail for geometrically similar
structures, like 2 and 30, for which the tautomerization rates vary by a factor of
2–3. The fact that the change in NH···N separation from 2.53 Å in 11 to 2.80 Å in
15 results in rate constants differing by orders of magnitude provides another argu-
ment for the dominant contribution of the tunneling mechanism, even at room
temperature.

In all the investigated porphycenes the reaction is slower in S1, by approxi-
mately an order of magnitude, in agreement with the smaller tunneling splittings
observed for the excited state.

The same pump and probe methodology was used to determine the rate of an
intermolecular process — exchange of internal hydrogen atoms by deuterons pro-
vided by the solvent, deuterated alcohol.35 The reaction, studied for 2 and 30,
turned out to be unusually slow; at 293 K, about 20 hours were required to com-
plete the double deuteration. The kinetic evolution of Pc-d0, Pc-d1, and Pc-d2 pop-
ulations could be monitored separately for each tautomer (Figure 36). The same
value was obtained for the rates of the first and the second deuteration.

The results obtained so far suggest a mechanism for tautomerization in por-
phycene which is presented in Figure 37, together with the corresponding scheme
for porphyrin. As opposed to a stepwise mechanism for the latter, the double
hydrogen transfer in porphycene occurs most probably in a concerted fashion. The
barrier for the concerted transfer in 2 is significantly lower than in 1. Moreover, it
can be dynamically modulated by vibrational excitation. It is possible that excit-
ing the 182 cm−1 promoting mode is sufficient for inducing a rapid tunneling.
Remarkably, such energy excess is small with respect to the cis–trans energy dif-
ference, calculated as about 2 kcal/mol.

Tunneling of two internal hydrogen atoms in condensed phases has been
demonstrated to occur at low temperatures by the studies of unsymmetrically
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Table 11. The rates of tautomerization in five different por-
phycenes in the ground (k0) and the lowest electronically excited
singlet state (k1), measured at 293 K in ethylene glycol solutions.36

k0 (s−1) k1 (s−1)

2 5.8.1011 7.4.1010

2-d2
a 1.3 .1011 1.5.1010

30 13.7.1011 2.0.1011

30-d2
a 1.7 .1011 2.6.1010

11 ∼1013 1.9.1012

29 ∼1013 1.9.1012

15 ∼1010 ≤109

aObtained from the isotope effects measured in O-deuterated
ethanol or butanol.

b867_Vol-07_Ch-35.qxd  6/4/2010  10:06 AM  Page 421



422 Waluk

0 200 400 600 800 1000 1200 1400
0.0

0.2

0.4

0.6

0.8

1.0

DD
HD

R
el

. c
on

ce
nt

ra
tio

n

Time (min)

HH

Figure 36. Changes in the relative concentration of three isotopomers of porphycene 2,
measured as a function of time from the moment of dissolving the compound in BuOD at
293 K. (Modified with permission from Ref. 35.)

trans

trans

trans

trans

cis

cis

ciscis

N

N N

N
H

H

N

N N

N
H

H

N

N N

N

H

H

N

NN

N

H

H

H
N

NN
H

N

H
N

N N
H

N

Figure 37. Comparison of the tautomerization pathways in porphyrin and porphycene.
(Modified with permission from Ref. 32.)

b867_Vol-07_Ch-35.qxd  6/4/2010  10:06 AM  Page 422



substituted acetoxyporphycene 45.23 In this molecule, two trans tautomers are no
longer degenerate. Both forms can be observed in the absorption spectra, their
S1(0–0) transitions differing by about 10 nm. Fluorescence, on the other hand,
occurs preferentially from one form, indicating a nonsymmetrical excited state
potential. Combined absorption/emission studies, carried out in a large tempera-
ture range, showed that the two forms interconvert in the ground electronic state
even at temperatures below 20 K. The asymmetry of the potential in S0 was esti-
mated to be very small, but in S1 the internal hydrogen atoms become localized
(Figure 38).

c. Tautomerization in the triplet state

Studies of porphycene by time-resolved EPR, ENDOR, and electron spin echo tech-
niques have been carried out in a large temperature range.25,174–176 These investigations,
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combined with calculations of triplet and singlet geometries, allowed establishing
that porphycene exists in the trans form in the triplet state.25 The calculations also
indicated that the energy difference between cis and trans tautomers is larger in T1

than in S0 (21.6 vs. 11.25 kJ/mol, B3LYP/6-31G*). The inner cavity is expanded
in T1, the increase in the rectangle sides being about 0.6% with respect to S0.

Investigations of parent porphycene in a toluene glassy matrix in the temper-
ature range 4–100 K indicated the presence of two triplet state species;176 only one
form is observed at 4 K, whereas the population of the other increases with tem-
perature. This was interpreted as evidence of triplet state tautomerism, with the
maximum rate at 100 K estimated at 7·108 s−1.

3. Single Molecule Studies

Fluorescence detection is one of the favorite techniques in single molecule spec-
troscopy. It is often coupled with use of polarized light. The fact that the transition
moment direction in porphycene changes after tautomerization suggested a possi-
bility of monitoring the double hydrogen transfer reaction in a single chro-
mophore. This was achieved by analyzing spatial profiles of the emission excited
with an appropriately polarized laser beam.29 Figure 39 shows the spatial patterns
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Figure 39. Left: Confocal image of two fluorescing porphycene molecules in PMMA matrix.
Right: Simulated patterns. The lower pictures represent 3D plots of the same area as the upper
ones. (Adapted with permission from Ref. 29.)
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of the emission from two porphycene molecules embedded in poly(methyl
methacrylate) film. Simulations demonstrate that a ring pattern cannot be obtained
from a single emitting dipole. On the other hand, such a pattern is readily recon-
structed assuming two transition dipoles forming an angle of 72°, in excellent
agreement with the results obtained for bulk samples in stationary fluorescence20

and, independently, transient absorption experiments.36

While the interpretation of the ring shape as being due to a “dual-dipole
emitter” was straightforward, this was not the case with the double lobe pattern.
It may be due to a dual emitter molecule which is oriented perpendicular to the
surface plane or, alternatively, it may originate from molecules in which, for
some reason, the tautomerization is hindered and which therefore emit “nor-
mally” as a single dipole. Although the latter case seems less probable, such a
possibility had to be checked. The issue was resolved by comparing special pat-
terns of the same single chromophore using two polarization modes, azimuthal
and radial (Figure 40).38 This analysis left no doubt that the emitting single chro-
mophores contain two transition dipoles. Moreover, using two polarization
modes of the exciting laser beam, it was possible to determine the 3D orienta-
tion of the chromophore in the polymer matrix. For molecules oriented perpen-
dicular to the matrix support plane, such analysis allows one to differentiate the
chromophores in which the two transition moments form similar angles with the
sample surface from those in which one transition moment is approximately par-
allel and the other approximately perpendicular to the surface (molecules 2 and
3, respectively, in Figure 40).

So far, tautomerization at a single molecule level has been observed for four
different porphycenes, namely 2, 30, the “mixed” derivative 40, and the recently
synthesized 2,7,12,17-tetratriphenylmethylporphycene 101. Given the importance
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Figure 40. Confocal fluorescence images from single molecules of 2,7,12,17-tetra-tert-
butylporphycene 30 excited by azimuthally (top) or radially (bottom) polarized laser beam.
Left — experiment; right — simulation. The insets show the orientation of the transition
moments with respect to the sample surface. (Adapted with permission from Ref. 38.)
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of porphycenes in photodynamic therapy and photodiagnostics, this methodology
carries great potential for studying biological systems.

VI. Summary and Outlook

Structural, spectral, and photophysical studies of free-base porphycenes reveal
important differences with regard to the corresponding characteristics of por-
phyrins. The rectangular shape of the inner core results in a shorter distance
between the nitrogen atoms and, as a consequence, in stronger, more linear hydro-
gen bonds. This leads to dramatic consequences for the mechanism of tautomer-
ization. All the results obtained so far indicate that, in contrast to the situation in
porphyrins, the double hydrogen transfer in porphycenes occurs in a concerted
fashion. The low energy barrier for tautomerization leads to tunneling splittings
which can be readily detected and characterized quantitatively. Such investiga-
tions, carried out for cold, isolated molecules, have shown the mode specificity of
the reaction. In turn, experiments in condensed phases based on techniques which
use polarized light allow determination of reaction rates in both ground and
excited electronic states. Porphycenes thus provide a rare opportunity of probing,
for the same system, the characteristics of double hydrogen transfer occurring
either in a coherent fashion or as a rate process. In addition, the potential energy
barrier for the process can be readily modified by chemically “mild” substituents,
such as alkyl groups. Using such procedures, it is possible to increase or decrease
the energy barriers and to perturb the symmetry of the double minimum potential.
All these factors make porphycenes role models for studying intramolecular
hydrogen bonding and tautomerization, and, in particular, such aspects of these
phenomena as cooperativity of hydrogen bonding and proton translocation, tun-
neling, and mode specificity. Those porphycenes which reveal ultrafast hydrogen
transfer seem to be promising candidates for quantum control experiments.

Several experimental observations for porphycenes still await interpretation.
The large difference in the values of tautomerization rates at room temperature
obtained by NMR spectroscopy for polycrystalline porphycene and by optical
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techniques for the same molecule in solutions and polymer films has not yet been
explained. Interestingly, the two methods yielded similar values at low tempera-
tures. Another finding to be elucidated is the lack of the NH stretching band in the
IR spectrum, even though the calculations predict that this transition should be the
strongest of all. Evidently, harmonic approximation is not a good model, and the
appropriate description has to take into account coupling with other modes, as
suggested by the results obtained for porphycene isolated in supersonic jets and
helium nanodroplets.

The absorption characteristics of porphycenes, qualitatively similar to those of
porphyrins, are quantitatively very different. Larger transition moments for both
Q transitions result in stronger absorption and more intense emission. Still, triplet
states are populated with reasonable intensities, and the quantum efficiency of sin-
glet oxygen generation is very high. All these properties make porphycenes
extremely attractive candidates for use in photodynamic therapy. Actually, com-
parison of photodynamic activity of several porphycenes, bearing two or four
methoxyethyl side chains, with the properties of Photofrin (an FDA-approved,
clinically used sensitizer), showed that porphycenes were 17–220 times more
active.16 Since the difference in the extinction coefficient is only about 10-fold,
and the triplet formation efficiency may be lower in porphycenes, other factors,
such as membrane solubility, must be critical and favorable for porphycenes.

Strong fluorescence makes porphycenes good candidates for cellular imaging.
Even more important, perhaps, is the huge sensitivity of the emission intensity in sev-
eral alkyl-substituted porphycenes to the viscosity of the environment. This property
may allow better characterization of localization in the cell and monitoring of cellu-
lar metabolism. A procedure for monitoring viscosity in a cell based on chromophores
which exhibit viscosity-dependent fluorescence has been proposed recently.192,193

Another promising application of porphyrin isomers to biological systems
which is being intensively developed194–205 is to replace the porphyrin moiety in
hemoproteins by porphycene, hemiporphycene, and corrphycene derivatives (see
Chapter 20, by Hayashi).

The investigations of isomers other than porphycenes are still in the early
stage. However, some general comparisons are already possible. Porphycenes,
being negative-hard chromophores, have definitely the strongest absorption and,
in consequence, the largest radiative constants. Moreover, these characteristics
should not vary strongly among different derivatives, though modification of tran-
sition energies by substitution is possible. These properties, along with good
triplet yield, make porphycenes the best choice for photodynamic therapy sensi-
tizers among all the porphyrin isomers synthesized so far. Of the remaining three
isomers, 6 and 8 should be similar to porphycene, as they are also predicted to be
strongly negative-hard chromophores.
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The small sensitivity of spectral properties of porphycenes to internal pertur-
bations — and even smaller to external perturbations — suggests little use in ana-
lytical/sensoring applications. Here, corrphycene, isoporphycene, and their
derivatives have greater potential. As soft chromophores, they should be very sen-
sitive even to minor structural perturbations, such as changes in tautomeric equi-
libria or in the properties of the environment. MCD seems to be a method of
choice for monitoring such changes.

Regarding photophysical characteristics, alkyl-substituted porphycenes are
quite promising, with their fluorescence greatly affected by the environment.
The potential of other isomers is still unknown. Hopefully, these compounds
will be the subject of more intensive studies in the years to come. Naturally,
availability of cheap and expedient synthetic procedures is a limiting factor.
Recent progress in the synthesis of porphycenes57,72,206 allows an optimistic
forecast.
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ATR attenuated total reflexion
Ca α-pyrrolic carbon atoms
Cb β-pyrrolic carbon atoms
Cyt cytochrome
Cn-cap (n = 2, 3) phenyl-capped tetraphenylporphyrin with

–O(CH2)nOCO–linkers between the cap and the
porphyrin

Cm meso carbon atoms
CASSCF complete active space self-consistent field
DFT density functional theory
DFT-SQM density functional theory with scaled quantum-

mechanical force field
2D-IR two-dimensional infrared
DMAP 4-dimethylaminopyridine
DNA deoxyribonucleic acid
IR infrared
FEL free electron laser
FIR far-infrared
fs femtosecond
FTIR Fourier-transformed infrared
Gln glutamine
Glu glutamic acid
Hb hemoglobin
Im imidazole
ISP iron–sulfur protein
Mb myoglobin
MIR mid-infrared
MeIm methylimidazole
Me2Im dimethylimidazole
Mepip methylpiperidine
NapC2-cap phenyl-capped tetranaphtalenylporphyrin with

–O(CH2)2OCO–linkers between the cap and the
porphyrin

NIR near-infrared
NRVS nuclear resonance vibrational spectroscopy
OC3OPor phenyl-capped tetraphenylporphyrin with

–O(CH2)3O– linkers between the cap and the
porphyrin

OD optical density
OEP octaethylporphyrin
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Pc phthalocyanine
MedPiv medium tail pocket porphyrin
OBTPP octabromotetraphenylporphyrin
PDT photodynamic therapy
Pip piperidine
Piv2Cn (n = 8, 9, 10, 12) hybrid basket handle porphyrin with n carbons in the

strap
PocPiv small tail pocket porphyrin
PPIX protoporphyrin IX
PPIXMe protoporphyrin IX dimethylester
Py pyridine
SDS sodium dodecyl sulfate
SEIRAS surface-enhanced infrared absorption spectroscopy
SERS surface-enhanced Raman scattering
SIR synchrotron infrared emission
SOMO singly occupied molecular orbital
TalPiv large tail pocket porphyrin
TAP meso tetra(p-anisyl)porphyrin
TCP twin coronet porphyrin
TCP-py twin coronet porphyrin with a covalently bound

pyridine
TDCPP meso tetra(2,6-dichlorophenyl)porphyrin
TD-DFT time-dependent density functional theory
TDFPP meso tetra(2,6-difluorophenyl)porphyrin
TD-THz time-dependent terahertz
THz terahertz
TMP meso tetramesitylporphyrin
T(p-CF3)PP meso tetra(p-trifluoromethylphenyl)porphyrin
T(p-CN)PP meso tetra (p-cyanophenyl)porphyrin
TPFPP meso tetra(pentafluorophenyl)porphyrin
TPivPP meso tetra(α,α,α,α -o-pivalamidophenyl)porphyrin
T(p-OCF3)PP meso tetra(p-trifluoromethoxyphenyl)porphyrin
TPP meso tetraphenylporphyrin
TTP meso tetra(p-tolyl)porphyrin
δ label of in-plane deformation vibrational modes
γ label of out-of-plane deformation vibrational modes
v label of stretching vibrational modes
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I. Introduction

Infrared spectroscopy is a versatile technique that can be used for all types of
materials, including polymers, biological samples, individual molecules and tissues.
Although the theory of infrared spectroscopy has been thoroughly worked out, its
scientific basis is currently undergoing a boost, with the application of this ana-
lytical technique in biology and biomedicine and the development of new time-
and space-resolved techniques in chemistry and biochemistry.

For many years infrared spectroscopy has been a popular technique for ana-
lyzing porphyrins and their derivatives.1–13 The vibrational modes typically found
are specific to the porphyrin ring,4,14,15 its oxidation and spin states,14,16,17 the
central ion and, more importantly, its axial ligands18–22 and hydrogen bonding
environment or interaction.23,24 Normal coordinate analysis and other theoretical
approaches can be applied for detailed analysis. Together with Raman spec-
troscopy, the technique has developed to a point where it is a standard analytical
method that accompanies synthesis and characterization of porphyrin com-
pounds.25–29 This is especially the case for the mid- and near-infrared spectral
ranges, where low cost instruments are available.

Infrared spectroscopy is used to study reaction mechanisms and has been cru-
cially employed in clarifying reaction intermediates within the catalytic cycle of
enzymes and their models.11,30–33 Combination with other techniques, including
photo- or redox chemistry, has been realized. Infrared microscopy and infrared
imaging have recently emerged, adding the possibility of studying spatial resolu-
tion of molecular ensembles, tissues or crystals. The development of the step scan
technique and the evolution of laser spectroscopies allowed studies with a time
resolution up to the femtosecond (fs) range. The unique combination of molecular
level structural information and ultrafast time resolution was achieved by two-
dimensional (2D) IR spectroscopies, giving previously inaccessible insight into
rapid structural fluctuations, vibrational dynamics and solvent–solute interac-
tions.34–36 Synchrotron radiation for high resolution gas phase infrared spec-
troscopy was used in pioneering applications at MAXLab in Sweden37 and LURE
in France,38 and new facilities have been developed at a number of synchrotrons,
including SOLEIL (France), the Australian Synchrotron, IRIS and ANKA
(Germany), and the Swiss Light Source. Synchrotron radiation provides an
infrared source that is much brighter than conventional thermal sources. This type
of light source is ideal for applications requiring high spatial resolution (i.e. spec-
tromicroscopy) or high spectral resolution (<0.001 cm−1).

In this chapter, an overview of recent developments in the area of infrared-
light-based spectroscopies is given along with selected examples from the field
of porphyrins and their derivatives. Some emphasis will be given to studies of
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hemoproteins derived from the respiratory chain. After a summary of the well-
established mid-infrared spectral properties of porphyrins and derivatives, we will
focus on the emerging NIR and FIR studies as well as IR differential spectroscopy
induced by variation of external parameters like the redox state or temperature.

II. Infrared Absorbance Spectra of Porphyrins and
Related Compounds

Infrared spectroscopists distinguish three main spectral ranges: the near-infrared
(NIR) extends close to the visible from 12,500 to 4000 cm−1 (800–2500 nm), the
mid-infrared (MIR) from 4000 to 450 cm−1 and the far-infrared (FIR) from
approximately 450 to 2 cm−1 (13.5–0.06 THz). Normal coordinate analysis has
been carried out for porphyrins starting from an idealized D4h symmetry, and then
the symmetry constraints were relaxed to take into account the deviation from pla-
narity of the macrocycle as well as the rotation of peripheral substituents.39–42 In
D4h symmetry the planar porphyrin core has 71 in-plane vibrational modes, out of
which 18 of Eu symmetry are IR-active, and 34 out-of-plane modes, out of which
6 of A2u symmetry are IR-active. Meso- or β-substitution of the porphyrin core fur-
ther increases the number of vibrational modes: the metallotetraphenylporphyrins
(MTPPs), for instance, have 169 normal modes, out of which 27% can be charac-
terized by IR spectroscopy. The planar core of phthalocyanines has 165 normal
vibration modes, out of which 8 of A2u and 28 of Eu symmetry are IR-active.43

A. The Mid-Infrared or Rock Salt Region

The MIR absorption of porphyrins has been described for the simplest porphyrin
or substituted ones (such as tetraphenylporphyrin (TPP) and derivatives,
octaethylporphyrin (OEP), protoporphyrin IX (PPIX) and hematoporphyrin IX, N-
methyl porphyrins), a variety of their metal complexes (Mg(II), Mn(II) and
Mn(III), Fe(II) and Fe(III), Co(II) and Co(III), Ni(II), Pd(II), Pt(II), Cu(II), Ag(II),
Zn(II), Cd(II)) and with or without biologically relevant additional ligands (O2,
CO, NO, imidazoles).1–13,18 In some cases, a complete quantum-chemistry-based
analysis is also available.40,41 Usually up to four regions can be distinguished in the
spectra.18,39,41,44 Between 500 and 810 cm−1 there mostly appear out-of-plane vibra-
tions of the porphyrin (in particular pyrrole folding modes, deformations γ(Hβ))
as well as the phenyl deformation bands in the meso-phenyl-substituted por-
phyrins. The second region extends approximately from 900 to 1350 cm−1 and
encompasses mainly in-plane vibrations (coupled pyrrole breathing and deforma-
tion bands, pyrrole half-ring modes, C–H in-plane bending modes). Between 1400
and 1700 cm−1 there appear the coupled stretching modes of the =C–N, C=N and
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C=C bonds of the porphyrin core and the phenyl substituents. At higher energy
(above 3000 cm−1) the weak stretching N–H and C–H bands of the pyrrole and
methine bridges can be seen. In addition, the spectra of protoporphyrin IX and
hematoporphyrin IX derivatives show the strong pH-dependent absorption peaks
of the propionate carbonyl stretches between 1700 and 1750 cm−1 and the weaker
antisymmetric and symmetric C–H alkyl stretching mode just below 3000 cm−1.
The C=C stretching bands of the vinyl substituents of protoporphyrin IX can be
found at approximately 1640 cm−1.

A similar analysis of the spectrum can be done for phthalocyanines (Pc):
below 900 cm−1 are encountered mainly the γ(C–H) and ring out-of-plane φC–C

deformations, whereas between 1000 and 1500 cm−1 can be found the in-plane
C–H bending vibrations. The C=C pyrrole, isoindole and benzene as well as C=N
stretching vibrations can usually be distinguished in the spectra, in the region
between 1300 and 1600 cm−1. Just above 3000 cm−1 can be seen the stretching
C–H vibrations.43,45,46

Partially reduced metalloporphyrins, such as chlorins, display more complex
spectra, due to their lower molecular symmetry. All the modes which were for-
bidden for porphyrins of D4h symmetry become IR-active in the corresponding
chlorins. A strong band in the region 1620–1640 cm−1, attributed to a Cα–Cmeso

stretching vibration, seems to be characteristic of chlorins.47,48

Several rare-earth double- and triple-decker porphyrins, phthalocyanines or mixed
porphyrins–phthalocyanines have also been characterized by IR spectroscopy.49–51

1. Square Planar M(II) Porphyrins and Analogs: Metal-Sensitive Bands

When studying different monomeric metalloporphyrins with several divalent metals
by IR spectroscopy, Thomas and Martell,18 Boucher and Katz,7 Ogoshi and cowork-
ers,44 and Lavallee1 identified several metal-sensitive bands. Some sharp absorption
bands near 960, 980 and 1000 cm−1 in the MTPP derivatives and between 920 and
970 cm−1 in the protoporphyrin and hematoporphyrin IX dimethyl ester derivatives,
and attributed to either an in-plane deformation mode or a C–H rocking mode, shifted
to higher frequencies approximately in the order Pt > Pd > Co, Ni > Cu > Ag > Zn >
Cd > Mg. This dependency was suggested to be correlated with the strength of the
metal–nitrogen bond in these complexes and is consistent with the order of stability
of the metalloporphyrins. The weak bands attributed to the C=C and C=N stretches
between 1500 and 1700 cm−1 also showed some metal dependency in both their
frequencies and intensities, especially in the case of nonsubstituted porphyrins,
octaethylporphyrin and N-methyl tetraphenylporphyrin derivatives.

Metallophthalocyanines show three strong absorptions in the 1000–1200 cm−1

region, which are sensitive to the nature of the central metal.45
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2. Five- and Six-Coordinate M(II) Porphyrins: Axial Ligand Bands

Most porphyrin derivatives have been designed and studied to model the active
site of hemoproteins which contain iron porphyrins coordinated to one or two
axial ligands. Biologically relevant ligands include imidazoles, thiols, O2, CO,
CN− and NO. The infrared frequencies of the axial ligand after binding can be
compared to their respective values for the free ligand, which usually gives
valuable insight into the strength and mode of coordination of these ligands to the
metalloporphyrin.

a. Imidazoles

Mono-imidazole and bis-imidazole ligated iron porphyrins, as models of natu-
rally occurring histidine ligated hemoproteins, have been mainly examined by
Raman resonance spectroscopy, and only a few IR studies are available. These
ligands show several characteristic bands in the MIR domain, which were
assigned for 4-MeIm, 1-MeIm and Im using H/D and 14N/15N exchange.52 The
δ(CH) and ring stretching modes have been localized between 1400 and 1500 cm−1,
and δ(NH) modes between 1200 and 1350 cm−1. Two specific vibrational modes
have also been observed for all these ligands between 1060 and 1100 cm−1 and
attributed to coupled ν (C–C) and δ(CH) modes and coupled δ(CH) and δ(NH)
vibrations. These latter bands are clearly identified in the spectra of bis-imida-
zole iron porphyrins (Fe(P)(Im)2) as well as in cyt b559 of the photosystem II
complex, which contains a heme coordinated to two histidines of two distinct
transmembrane α-helices.

b. Dioxygen

In its free form dioxygen (O2) is IR-inactive; however, it is possible to observe a
ν (O2) band in metalloporphyrins and metallophthalocyanines, due to a nonsym-
metric binding, but the band is expected to be weak, and therefore quite difficult
to identify in the spectra.53 In addition, O2 adducts are sometimes formed only at
very low temperature, or are quite unstable, requiring special technology for iso-
lation and spectroscopic characterization. For instance, most O2 adducts of metal-
lotetraphenylporphyrins and octaethylporphyrins without additional axial ligands
were obtained by the “matrix isolation” method.54–59

The ν (O2) frequency shows some dependency on the nature of the metal and
the sixth axial ligand. Depending on the family of porphyrins, these effects are
small (see in Table 1 the picket fence porphyrins TpivPP and the capped
porphyrins) or more pronounced (see the TPP family), and therefore difficult to
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predict and explain.67 However, the intensity of the ν (O2) band, its frequency, and
its behavior upon isotopic exchange are considered as good indicators of the mode
of binding of the O2 ligand in these complexes.61,62 Co(TPP)(O2) showed a high
ν (O2) frequency and two ν(16O18O) frequencies, which is consistent with a super-
oxide-like end-on mode of coordination (see Figure 1). For Mn(TPP)(O2) a per-
oxide-like side-on coordination of O2 was proposed from EPR studies.68 This
seems to be consistent with the significantly lower value of ν (O2) frequency
obtained for this complex. It was also suggested that the higher value of ν(O2) fre-
quency obtained for Fe(TPP)(O2) and Fe(OEP)(O2) could belong to an end-on
complex, whereas the lower value could belong to a side-on complex.58
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Table 1. ν (16O2), ν (16O18O), ν (18O2) frequencies measured in cm−1 in some O2 adducts of
synthetic porphyrins and hemoproteins.

Complex ν (16O2) ν (16O18O) ν (18O2) Ref.

Cr(TPP)(O2)(Py) 1142 masked 60
Co(TPP)(O2) 1278a 1252, 1242a 1209a 55
Co(TPP)(O2)(1-MeIm) 1142b 1071b 61
Fe(TPP)(O2) 1106, 1195a 1162a 1043, 1127 a 54
Mn(TPP)(O2) 983a 933a 56
Co(OEP)(O2) 1275a 1202a 57
Fe(OEP)(O2) 1104, 1190a masked 1042, 1124a 62
Mn(OEP)(O2) 991a 934a 59
Ti(OEP)(O2) 898 63
Fe(TpivPP)(O2)(1-MeIm) 1159c 1075c 64
Co(TpivPP)(O2)(1-MeIm) 1150c 1077c 64
Fe(C2-cap)(O2)(Py) 1175d 1096d 61
Fe(C2-cap)(O2)(1-MeIm) 1172b 1097b 61
Co(C2-cap)(O2)(1-MeIm) 1176b 1084b 61
Fe(C3-cap)(O2)(1-MeIm) 1160e 1080, 1085e 61
HbO2 1107f 1065f 65
MbO2 1103f 1065f 66

aMatrix isolation; bSolution 3% 1-MeIm/toluene; cNujol mull; dPyridine solution; eSolution 3%
1-MeIm/toluene, 195 K; fAqueous solution.

Figure 1. Different modes of coordination of O2 to metalloporphyrins.
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c. Carbon monoxide

Carbon monoxide (CO) is also a biologically important molecule, since it is pro-
duced by heme catabolism. CO binds stronger than O2 to unprotected hemes, mak-
ing even the natural level of CO in cells potentially lethal. Therefore nature has
developed its own mechanisms for preventing poisoning of hemoproteins by
CO.69 In this connection, a wide diversity of carbonmonoxy iron porphyrin mod-
els Fe(P)(CO)(L) (with L an additional nitrogen ligand) have been studied both in
solution and in the solid phase to find out the environmental factors controlling the
discrimination between CO and O2 in natural hemoproteins. CO in its free form
has a strong absorption band at 2143 cm−1, in a region of the MIR where por-
phyrins do not show any major absorption, thus making carbonmonoxy metallo-
porphyrins rather easy to characterize by IR. When it is ligated to a
metalloporphyrin, the frequency of this band decreases dramatically, by as much
as 220 cm−1 (see Table 2). The d-electron back-donation mechanism,70,71 which is
well verified in the case of unprotected hemes, allows correlation of the decrease
in the ν (CO) frequency with the strength of the Fe–CO bond: the lower the ν(CO)
frequency, the stronger the Fe–CO bond.

Table 2 shows that the carbonmonoxy iron metalloporphyrins studied so far
exhibited a quite large range of ν(CO) frequencies. Within the same system, it is
even possible sometimes to observe several ν(CO) frequencies corresponding to
different binding conformations (see for instance the TPP complexes in the solid
phase72 or the carbonmonoxy myoglobin84 and cytochrome c oxidase in Table 2).
Such important differences are now thought to arise from secondary interactions
between the CO molecule and its environment in the binding pocket of the por-
phyrin as well as electrostatic effects,53,72 rather than just deviations from the lin-
earity of the Fe–CO bond, as initially suggested. First, when one is comparing
carbonmonoxy metalloporphyrins with different sixth axial ligands L in solution,
it appears that this ligand exerts a trans effect on the CO ligand, decreasing the
ν (CO) frequency in the order 4-acetylpyridine > pyridine > 1-methylimidazole >
dimethylaminopyridine > alkyl thiol.81 Therefore, the more electron-donating this
ligand is, the larger the effect will be. However, a very interesting study by Scheidt
et al. on TPP complexes with different imidazoles (see Table 2)72 showed that in
the solid phase, additional interactions such as hydrogen bondings between bound
CO and neighboring imidazoles lead to large differences in the observed ν(CO)
frequencies and one of the lowest ν(CO) frequencies observed to date. In contrast,
the “twin coronet” porphyrins (TCPs) showed some of the highest ν(CO) fre-
quencies observed so far in metalloporphyrins.82 These high frequencies were cor-
related with the presence of polar residues (such as oxygen atoms) close to the
oxygen atom of the CO molecule. Therefore proton donors in the binding pocket
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seem to favor the Feδ+=C=Oδ− resonance structure, whereas electron-rich residues
favor the Feδ−−C≡Oδ+structure.

In strapped porphyrins such as the “basket handle porphyrins” and in “capped
porphyrins,” a higher ν(CO) frequency was observed for tighter structures (see the
comparison between the “hybrid basket handle porphyrins” with respectively 8, 9,
10, 12 carbon atoms in the strap,80 and the comparison between C3-cap and C2-cap
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Table 2. ν (CO) frequencies measured for some representative iron(II) synthetic porphyrins
and hemoproteins.

Complex ν (12C16O) (cm−1) Ref.

Fe(TPP)(CO)(1-MeIm) 1969a; 1967–1968b 72
Fe(TPP)(CO)(2-MeIm) 1972a; 1926b 72
Fe(TPP)(CO)(1,2-Me2Im) 1972a; 1948, 1953 (solvate 1)b; 1963 (solvate 2)b 72,73
Fe(TPP)(CO)(Py) 1980 74
Fe(TPP)(CO)(SEt) 1920c 75
Fe(OEP)(CO)(1-MeIm) 1965a 76
Fe(OEP)(CO)(Py) 1967 70
Fe(PPIX)(CO)(Py) 1970a 77
Fe(TpivPP)(CO)(1-MeIm) 1967a 64
Fe(PocPiv)(CO)(1-MeIm) 1964a 78
Fe(MedPiv)(CO)(1-MeIm) 1954a 78
Fe(TalPiv)(CO)(1-MeIm) 1963a 78
Fe(C2-cap)(CO)(1-MeIm) 2002a 73
Fe(C2-cap)(CO)(1,2-Me2Im) 1999a 73
Fe(NapC2-cap)(CO)(1,2-Me2Im) 1998a 73
Fe(C3-cap)(CO)(1,2-Me2Im) 1984a 73
Fe(OC3OPor)(CO)(1-MeIm) 1978b 79
Fe(OC3OPor )(CO)(1,2-Me2Im) 1974d 79
Fe(Piv2C8)(CO)(1-MeIm) 1948a 80
Fe(Piv2C9)(CO)(DMAP) 1947a 81
Fe(Piv2C9)(CO)(1-MeIm) 1948a 80
Fe(Piv2C9)(CO)(Py) 1953a 81
Fe(Piv2C9)(CO)(4-AcPy) 1955a 81
Fe(Piv2C10)(CO)(1-MeIm) 1952a 80
Fe(Piv2C12)(CO)(DMAP) 1950a 81
Fe(Piv2C12)(CO)(1-MeIm) 1958a 80
Fe(Piv2C12)(CO)(Py) 1963a 81
Fe(Piv2C12)(CO)(4-AcPy) 1966a 81
Fe(TCP)(CO) 1990e 82
Fe(TCP-py)(CO) 2008e 82
HbCO 1951f 83
MbCO 1927, 1945, 1969f 84
Cytochrome c oxidase CO 1966 (form α)f; 1956 (form β)f 85

aToluene or benzene solution containing an excess of nitrogen base; bCrystal nujol mull;
cChlorobenzene solution; dKrytox oil; ePure sample; fIn aqueous solution.
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compounds73). In “pocket porphyrins,”78 the situation is less clear since the ν(CO)
frequency of Fe(MedPiv)(CO)(1-MeIm) is lower than that of both the more
encumbered Fe(PocPiv)(CO)(1-MeIm) and less encumbered Fe(TalPiv)(CO)(1-
MeIm) systems. A combination of steric and electronic interactions between the
bound CO and the strap or the cap was invoked to explain all these observations.
The high dependency of the ν(CO) frequency on the metal environment in these
systems justifies why CO has long been used as a sensor of the binding pocket in
both synthetic metalloproteins and hemoproteins.

d. Cyanide

The ligand cyanide (CN−) has been used for a long time as a common inhibitor and
ligand of the active site of hemoproteins, mainly with iron in its +III oxidation
state. Reduction of the low spin (cyano) Fe(III) hemoproteins usually leads to the
(cyano) Fe(II) hemoproteins. However, it is only recently that a (cyano) Fe(II)
complex of a synthetic porphyrin has been prepared and characterized, i.e.
[Fe(TPP)(CN)]−, by Scheidt and coworkers in 2008.86 Interestingly, this complex
exhibited two strong CN stretching vibrations at 296 K: a major one at 2070 cm−1

and a minor one at 2105 cm−1. For comparison, the CN stretching vibration
appears at 2098 cm−1 in gaseous HCN.87 With the help of temperature effects, the
major band was attributed to a low spin Fe(II) compound whereas the minor band
was attributed to a high spin Fe(II) compound.

e. Nitric oxide

Many iron nitrosyl metalloporphyrins have been studied, particularly as models of
the nitrite reductase enzymes, such as the cytochrome c nitrite reductase, which
converts nitrite NO2

− into ammonia NH3. These compounds belong to the
{M–NO}7 family of metal nitrosyl complexes88 (as established by Enemark and
Feltham89), where the superscript 7 is the sum of d-electrons on the metal and elec-
trons in the π* orbital of NO. Other metalloporphyrins, with cobalt(II) and man-
ganese(II), are also able to bind and activate NO. The corresponding nitrosyl
complexes are members of the {M–NO}8 and {M–NO}6 families, respectively.
Bis-nitrosyl metalloporphyrins have been reported, by subsequent reaction at low
temperature between a parent mono-nitrosyl porphyrin and excess NO.90,91

In its gaseous form, NO absorbs at 1876 cm−1, and this wavenumber decreases
upon coordination to a metalloporphyrin (Table 3).

Like the ν (CO) in carbonmonoxy metalloporphyrins, the ν(NO) frequency is
highly dependent on the electronic environment of the porphyrin. The macrocycle
basicity has a direct influence on its value, as observed when one is comparing the
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various substituted porphyrins studied. Adding electron-donating substituents on
the porphyrin (such as alkyl groups)92,96 increases the electronic density on the
metal, which in turns decreases the NO bond strength through d-electron back-
donation. In contrast, adding electron-withdrawing substituents (such as –CF3,
–OCF3 and halides)96,98 decreases the electronic density on the metal, which is then
less prone to back-donation; therefore the ν(NO) appears at higher frequency.
Linear relationships between the ν(NO) frequency and the first oxidation poten-
tial of the porphyrin (which is linked to the porphyrin ring basicity) were derived
from some of these data.92 The axial base exerts a trans effect on the NO ligand,93,96

decreasing the ν (NO) frequency in the order alkyl alcohol > piperidine > imida-
zoles. The ν (NO) frequencies below 1700 cm−1, obtained for the iron(II) and
cobalt(II) complexes, are consistent with bent M–N–O geometries, whereas those
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Table 3. ν (14NO) frequencies obtained for some synthetic porphyrins.

Complex ν (14N16O) (cm−1) Ref.

Fe(OEP)(NO) 1667a 92
Fe(TPP)(NO) 1678a 92
Fe(PPIXDMe)(NO) 1676c 93
Fe(PPIXDMe)(NO)(Py) 1633d 93
Fe(PPIXDMe)(NO)(1-MeIm) 1618e 93
Fe(TPP)(NO)(1-MeIm) 1625b 94
Fe(TPP)(NO)(4-MePip) 1640 (form 1)b; 1653–1656 (form 2)b 95
Fe(TTP)(NO) 1675b 96
Fe(TMP)(NO) 1672a 92
Fe(OBTPP)(NO) 1685b 96
Fe(TDFPP)(NO) 1687b 96
Fe(TDCPP)(NO) 1688b 96
Fe(TPFPP)(NO) 1705b 96
Fe(TPP)(NO)2 1695 (strong)f ; 1777 (weak)f 91
Co(OEP)(NO) 1677b 97
Co(TPP)(NO) 1680a 98
Co(TAP)(NO) 1679a 98
Co(T(p-OCF3)PP)(NO) 1687a 98
Co(T(p-CF3)PP)(NO) 1690a 98
Co(T(p-CN)PP)(NO) 1693 a 98
Mn(TPP)(NO) 1735b 99
Mn(TPP)(NO)(4-MePip) 1740b 99
Mn(TTP)(NO)(CH3OH) 1743b 100
Mn(TTP)(NO)(Pip) 1746b 100
Mn(TTP)(NO)(1-MeIm) 1738, 1732b 100
Mn(TAP)(NO)(Pip) 1748b 100
Mn(TAP)(NO)(1-MeIm) 1736b 100

aThin layer CH2Cl2/electrolyte film; bKBr pellet; cCHCl3 solution; dPyridine solution; e1-MeIm
solution; fCHCl3 solution, 213 K.
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of the Mn(II) porphyrins are consistent with a quasi-linear M–N–O geometry.88

The bis-nitrosyl Fe(TPP)(NO)2 complex, isolated at 213 K, showed a main NO
band nearly twice as intense as the corresponding band of the parent mono-nitrosyl
Fe(TPP)(NO) compound, suggesting that the two NO ligands have nearly the
same electronic structure.91

3. M(II) and M(III) Porphyrins: Redox- and Spin-State-Sensitive Bands

From the study of 20 hexacoordinated Fe(TPP)(L)(L′) complexes (L and L′ are
two additional axial ligands),14 two structure-sensitive bands were identified; one
strongly spin-dependent at 1330–1350 cm−1, called band I; and the other strongly
oxidation-state-sensitive at 806–790 cm−1, called band II. Band I was usually
observed at 1349–1343 cm−1 for low spin iron TPP derivatives and 1341–1333 cm−1

for high spin complexes, and was only slightly sensitive to deuteration of the β-
pyrrolic protons. Calculations showed that this band corresponds to a highly
mixed mode labeled ν41 with both some stretching (ν(Cα–Cmeso) + ν(Cmeso–phenyl) +
ν (pyrrole half ring)) and in-plane deformation (δ(Cβ–H)) characters.41 Band II
appeared at higher wavenumbers for Fe(III) species than for Fe(II) species and
showed a strong shift upon deuteration of the β-pyrrolic protons. It was assigned
from calculations to out-of-plane deformation vibrations (γ(Cβ–H) and pyrrole
folding, labeled γ5).

41

Other studies on biologically relevant porphyrins such as protoporphyrin IX10

revealed two main redox-sensitive bands; one in the C=C and C=N stretching
region at 1575–1525 cm−1 involving β carbon atoms and labeled ν38, and the other
in the in-plane-deformation region at 1280–1262 cm−1 involving meso carbon and
hydrogen atoms and labeled δ42. A redox-sensitive band similar to band II, in the
out-of-plane deformation region but at slightly higher wavenumbers (830–848 cm−1),
was also observed for these porphyrins.101 All these bands are clearly seen in the
spectra of hemoproteins10,102 and are therefore used as specific redox heme
markers.

Some axial ligand bands described previously are also highly metal-redox-
state-sensitive. Carbonmonoxy iron(III) porphyrins are unknown; however, 
mono- and bis-cyano iron(III) porphyrins abound,103 and nitrosyl iron(III) por-
phyrins have been prepared.88 Nitrosyl ferric porphyrins belong to the {M–NO}6

series and their ν(NO), at significantly higher frequencies than that of the ferrous
analogs (see Table 4), is consistent with quasi-linear M–N–O groups and a
Fe(II)–NO+ electronic structure, sometimes suggested for these complexes.
Interestingly, a ν (NO) frequency at 1913 cm−1 was detected in the reaction of
Paracoccus pantotrophus cytochrome cd1 nitrite reductase with nitrite,104 showing
that a nitrosyl ferric heme intermediate is probably formed. The measured ν(CN)
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frequencies are also higher for the low spin iron(III) than for the low spin iron(II)
metalloporphyrins (see Table 4).

4. Porphyrin ππ-Cation Radicals

Oxidation of both synthetic metalloporphyrins and natural hemoproteins can
occur either on the metal or on the macrocycle itself, and FTIR allows a clear
and simple identification of the oxidation site. The π-cation radicals of TPP met-
alloporphyrins (Cu, Fe) exhibit a strong band in the region 1270–1295 cm−1,106

assigned by Hu and Spiro to the ν41 mode (ν (pyrrole half ring)) using selective
deuteration.107 This mode had been discussed before as being a spin state marker
of Fe(II) and Fe(III) TPP derivatives. The increase in intensity of the correspon-
ding IR band, when removing one electron from the porphyrin, was explained
by a good matching between the topology of the a2u SOMO of TPP•+ and the
vibrational phases of ν41. In contrast, π-cation radicals of OEP metallopor-
phyrins (Cu, Ni) showed increased intensity of two bands between 1550 and
1600 cm−1,106 attributed to Cα–Cmeso asymmetric stretchings (ν37) and Cβ–Cβ

stretchings (ν38).
107 In this case, the SOMO of the porphyrin radical cation is of

a1u symmetry and is topologically adapted to the eigenvectors of ν38. The π-
cation radical of the sterically crowded and therefore highly unplanar Cu(II)
octaethyltetraphenylporphyrin was also studied by IR spectroscopy.108 It showed
an intensity enhancement of the ν41 mode as well, but shifted at higher energy
(1355 cm−1), which is a probable consequence of the conformational distorsions
in this porphyrin.

From the studies of double-decker actinide and lanthanide phthalocyanines or
mixed phthalocyanines–porphyrins, a similar marker band for oxidized phthalocya-
nines was identified at about 1310 cm−1, and assigned to pyrrole stretching.49,109,110
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Table 4. Comparison of the ν (14NO) frequencies in some Fe(II) and Fe(III) metalloporphyrins
and hemoproteins.

Complex ν (14NO) (cm−1) ν (CN) (cm−1) Ref.

Fe(II)(OEP)(NO) 1667a 92
[Fe(III)(OEP)(NO)]ClO4 1854a 92
Fe(II)(TPP)(NO) 1678a 92
[Fe(III)(TPP)(NO)]ClO4 1848a 92
[Fe(II)(TPP)(CN)]K(222) 2070 (LS), 2105 (HS)b 86
Fe(III)(TPP)(CN)(Py) 2130 (LS)b 103
Fe(II)(Mb)(CN) 2057 (pH 7.8); 2078 (pH 5.3)c 105
Fe(III)(Mb)(CN) 2126 (pH 6–8)c 105

LS: Low-spin; HS: High-spin; aThin layer CH2Cl2/electrolyte film; bKBr pellet; cAqueous solution.
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These π-cation radical characteristic bands led to a better understanding of the
electronic structure of neutral, oxidized and reduced rare-earth double-decker
phthalocyanines, bis-porphyrins or mixed phthalocyanines–porphyrins. Since Pc,
TPP and OEP show different marker bands, it was possible to determine where the
electronic hole preferentially resides in these complexes. Homoleptic complexes
usually showed a delocalization of the hole over the two equivalent macrocycles.
However, in (TPP)EuIII(OEP) for instance, the electronic hole was rather localized
on the OEP ring, whereas in [(TPP)CeIV(Pc)]+ the hole could be found on the
phthalocyanine.50,51,110,111

B. Recent Developments in the Near-Infrared

The NIR is widely used in analytical chemistry, industry and biomedical
research.112,113 In the biomedical field, this technique has gained importance
because NIR light penetrates superficial layers (skin, subcutaneous fat, skull, etc.)
and is either absorbed by chromophores (oxy- and deoxyhemoglobin and myo-
globin) or scattered within the tissue. So-called NIR spectroscopy is a noninvasive
and relatively low-cost optical technique that is becoming widely used instrumen-
tation for determining tissue O2 saturation, changes in hemoglobin volume and,
indirectly, brain/muscle blood flow and muscle O2 consumption.114–116 Tissue O2

saturation represents a dynamic balance between O2 supply and O2 consumption
in the small vessels, such as the capillary, arteriolar and venular bed. Quantitative
measurements of blood flow in vivo are possible using NIRS and a light-absorbing
tracer, which can be applied to evaluate, for example, circulatory responses to
exercise and to assess tissue O2 saturation. The venular O2 saturation can be esti-
mated with NIRS by applying venous occlusion and measuring changes in oxy-
genated hemoglobin versus total hemoglobin. These various measurements
provide the opportunity to evaluate several important metabolic and circulatory
patterns in localized regions of tissue and may be fruitful in the study of occupa-
tional syndromes and a variety of diseases. This technique was further developed
for NIR-spectroscopic imaging117,118 and for cancer research.119–121 Furthermore,
absorption bands in the NIR are important in different fields of biomedicine.
Extended porphyrins and conjugated porphyrin dimers have been developed, based
on their favorable photophysical properties and intracellular behavior. These mol-
ecules are suitable for photodynamic therapy (PDT) and similar modalities.122–126

In chemistry, several NIR spectroscopic features have been found to be useful
for the characterization of porphyrins and hemoproteins.127,128 For example, “band
III” in porphyrins is a fine probe of the heme pocket conformation. This signal,
positioned in the NIR at ∼760 nm (∼13,200 cm−1), is observed only in the deoxy-
genated derivative of Hb and is attributed to a porphyrin-to-iron charge transfer

452 Hellwig and Melin

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 452



electronic transition. This signal is sensitive to heme pocket structural relaxations,
and is thus called the “conformation band”. Recent studies include the analysis of
hemoglobin conformational variations.129

C. The Far-Infrared or THz Spectral Region

1. Modes of a Collective Nature

The FIR is of great importance due to the rich chemical and physical processes
observable in this spectral range and therefore has seen a flurry of research activ-
ity.130–134 The interest in this spectral range is based on the observation that the FIR
contribution of a wide range of molecules is dominated by vibrations involving a
substantial fraction of the atoms forming the molecule and motion associated with
intermolecular hydrogen bond vibrations. Due to their collective nature, such
modes are highly sensitive to the intra- and intermolecular structure and thus pro-
vide a unique fingerprint of the conformational state of the molecule and effects
of its environment.

The interest in this spectral domain originated from the prediction of the col-
lective structural vibrational modes for DNA and other large biological molecules
first presented more than 30 years ago.135 As a consequence, the inter- and
intramolecular hydrogen bonding interaction can be characterized and interesting
broad features are found for proteins,136,137 or any system containing hydrogen
bonding components such as water.138 This signal strongly depends on the polar-
izability of the hydrogen bond.139 Theoretical predictions indicate a noticeable role
of the vibrational anharmonicity in the FIR spectral features.140

Any molecule with internal hydrogen bonding structures displays a large
broad feature in the FIR/THz range that seems to include dense, overlapping nor-
mal modes (see Figure 2).141–143 Whereas chemists attribute this continuum to the
low frequency hydrogen bonding modes,144 in physics this large signal is named
the “boson peak.”145 In crystals, lattice modes are also involved in this spectral
region. Since the study of this spectral range for larger molecules and especially
for the THz range is very recent, only a few publications are available.

The development of new sources, as well as progress in the interpretation of
the results, is very promising.133,146–151 In addition to the use of synchrotron light
sources, so-called free electron lasers (FELs) have been developed for the FIR.
FELs allow the generation of electromagnetic radiation in a wide field of fre-
quencies through the proper adjustment of the energy of an electron beam and the
field configuration of a magnetic undulator passed by this beam. The energy
obtained is significantly higher than from conventional sources.137,152 FIR or THz
spectroscopy is currently being promoted to become a routine technique for
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all-day use in science and industry. Quantitative studies show the potential of THz
spectroscopy for the detection and identification of intermolecular hydrogen
bonds in unknown mixture samples.153,154

An interesting example of an application, found in the field of porphyrin
research, is the so-called heme “doming” mode. This motion seems to be signifi-
cantly delocalized, so that distant sites respond to ligand interactions including
oxygen binding on vibrational time scales. The delocalization has ramifications
for understanding long range interactions in biomolecules, such as those that
mediate cooperativity in allosteric proteins. In the spectral region below 300 cm−1,
the doming modes, the hydrogen bonding signatures and clearly defined signals of
the metal–ligand vibrations are observed. Some examples are given below.

2. Metal–Ligand Vibrations

A classic application of the FIR involves the characterization of metal–ligand
vibrations. In contrast to resonance Raman data, only a few infrared-spectroscopic
reports are available for the FIR region; however, the analysis is often completed
by a full theoretical study.6,52,155,156 In the field of porphyrins, FIR spectra were
published for Ni(TPP) using DFT-SQM calculations.40 Paulat and coworkers pre-
sented infrared and resonance Raman spectra of different metalloporphyrin com-
plexes (Fe, Mn and Co) with a Cl− ligand, together with DFT calculations in the
spectral range of 2000–300 cm−1.41 For Fe(TPP)Cl, a complete vibrational data set
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Figure 2. FIR spectrum of cytochrome c oxidase from P. denitrificans, including the amide
region and the low frequency hydrogen bonding feature. Y represents any hydrogen bonding
partner. In the spectra of large membrane proteins, the heme modes are less dominant.
(Modified from Ref. 6.)
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was discussed. The use of FIR is again very important in the field, due to the devel-
opment of THz spectroscopy and synchrotron-based infrared approaches.6,8,155–157

In a recent synchrotron-light-based study, FTIR absorbance data of different
heme model compounds in the mid- and low-frequency regions were obtained
from thin films of protoporphyrin IX, hemin, hematin, microperoxidase 11 and
horse heart cytochrome c.6 The porphyrin model compound data are dominated by
ring motions; however, metal–ligand vibrations of noteworthy intensities are typ-
ically distinguishable, such as the Fe–Cl vibration at 345 cm−1 and the Fe–N vibra-
tional mode at 378–390 cm−1. The Fe–N vibration is especially important for the
study of heme proteins, such as hemoglobin, myoglobin, or cytochrome c oxidase,
where the iron–histidine bond is the only covalent bond between protein and the
active site where oxygen binds. This vibration is a marker for changes in protein
structure and dynamics.

Whereas the assignment of the Fe–N stretching motions between 250 and
200 cm−1 is well accepted for Raman spectra,9,158 the position in the infrared data is
under debate. This question was clarified by studying a model compound. The
active site of oxygen-binding proteins was mimicked using the ferric protopor-
phyrin IX derivative hemin, coordinated to two imidazole molecules and embed-
ded in sodium dodecyl sulfate (SDS) micelles.155 The detergent simulated the
hydrophobic cavity of heme proteins. Both infrared and Raman data are available
for this compound.155,159 The Fe–N motions were tentatively attributed to being
involved in the asymmetric ν(Fe–N) vibration (378 cm−1) and the ν(Fe–N) + δ(pyr
trans) vibration (401 cm−1). Paulat et al.41 reported that the asymmetric Fe–N
(N: imidazol-ligand) stretching vibration can be expected at 390 cm−1 and the
ν(Fe–N) + δ(pyr trans) vibration at 402 cm−1. Based on theoretical calculations,
Mitchell and colleagues assigned the asymmetric ν (Fe–N) in spectra of
Fe(III)(OEP)(Im)2 to a signal at 386 cm−1; the mode is coupled with the out-of-plane
pyrrole tilting mode (pyr-tilt).21 The signal would be expected around 350 cm−1

without the coupling of the modes. This assignment was recently confirmed.156

Within this context, the dynamics of a five-coordinate deoxymyoglobin
model, Fe(TPP)(2-MeIm), is discussed in relation to the active site of the six-
coordinate heme protein, carbonmonoxymyoglobin. The iron-imidazole stretching
mode was identified at 226 cm−1 for the first time in a six-coordinate heme sys-
tem.8 The heme in-plane modes with large contributions from the ν42, ν49, ν50 and
ν53 modes of the core porphyrin were identified. In general, the iron modes can be
attributed to a coupling with the porphyrin core, the CO ligand, the imidazole ring
and/or the phenyl rings. Other significant findings were the observation that vibra-
tions of the porphyrin ring peripheral substituents are strongly coupled to the iron
doming mode and that the Fe–C–O tilting and bending modes are related by a
negative interaction force constant.157
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In infrared spectra of proteins, the predominant features can be assigned in
general to motions of the amide linkage. It was thus investigated whether or not
metal–ligand vibrations could be depicted in the low frequency range. For
cytochrome c and microperoxidase 11, the Fe–N vibration was seen at 380 cm−1.6

Microperoxidase is a cytochrome c site model with 11 attached amino acids,
which is obtained on the basis of a trypsin digestion.102 The most prominent sig-
nal in large proteins, however, is the large internal hydrogen bonding feature (see
Figure 2). Ligands coordinated to heme sites in proteins have been extensively
characterized in the MIR. Most of the ligands compete with oxygen or NO for
their binding site. Based on the strong infrared absorption of these ligands, they
have been established as probes for the active site of oxidases, sensors and trans-
porters.22,160,161 These experiments will be discussed together with reaction-
induced FTIR spectroscopy.

D. Using the Effect of Temperature: T-Derivative Spectroscopy

Studies of the temperature dependence of IR spectra make it possible to compare
the spectra in various phase states and to clarify the role of intermolecular forces.19

Data are studied in all accessible temperature ranges. With the help of closed circle
cryostats, temperatures down to 4 K can be obtained; however, nitrogen-cooled
systems are often sufficient.162–165 Measurements at low temperatures were also
performed to trap reaction intermediates, including dioxygen adducts of heme
model compounds in cryogenic matrixes54,166,167 or unstable complexes.168 For exam-
ple, in oxygen carrier models (see Section II.A.2.b), the ν(O2) frequency was found
between 1100 and 1280 cm−1 for end-on ligation, and between 900 and 1000 cm−1

for side-on ligation.58 Isotope labeling of the ligand is typically performed to
confirm the assignments.

Temperature-derivative spectroscopy has proven to be a particularly powerful
technique for studying protein–ligand interactions. Several ligand binding studies of
porphyrins in proteins are known. Myoglobin, a ubiquitous mammalian oxygen stor-
age heme protein, was the first protein with a structure determined by X-ray crys-
tallography169 and serves as a model system for heme–ligand interactions.162,170 The
most extensively studied form is the complex bound with CO, which is more stable
than the protein complexed with the physiological O2 ligand. A large photodissoci-
ation quantum yield and the high intensity of the ν(CO) vibration in the MIR spec-
tral range made the mode accessible for extensive studies, the ligand being utilized
as a local probe of structure function and dynamics160,164,171,172 due to the high sensi-
tivity of the ν(CO) to the heme environment, as discussed in Section II.A.2.c.

Among a large number of excellent studies, the temperature dependence of the
slow geminate recombination of CO in oxygen transporters by Frauenfelder and
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coworkers, and others, was crucial in initiating an understanding of the dynamics
of conformational substates in proteins.173,174 Barrier crossings associated with
conformational changes of the protein-dissociated CO system were determined
based on the temperature dependence of the vibrational motions. Geminate ligand
rebinding of CO with myoglobin was found to be highly nonexponential at T <
200 K, giving evidence for the trapping of a large number of protein statistical
substates at low temperature.175,176 Measurements are started with a completely
photodissociated sample at a temperature around 10 K, where rebinding is
extremely slow on the experimental time scale. While linearly increasing the
sample temperature with time, FTIR spectra are measured continuously. The
absorbance difference spectra, involving information on the different substates,
are then calculated from spectra at successive temperatures.

Temperature-dependent investigation of an infrared spectrum can be analyzed
by the vibration involved in a signal. Although many of the absorption bands are
combination modes, they can be roughly considered as stretching or bending
modes. When H-bonding is present, it is more difficult to bend a bond and conse-
quently the frequencies of the bending modes increase with H-bonding. H-bonding
will weaken the intramolecular force constant and as a result it shifts the IR
absorption of a stretching motion to lower frequency. At higher temperatures, H-
bonding is weaker and the respective shifts can be induced. For coupled vibrations
this does not always apply.

Temperature-dependent studies also aim to answer questions on the crucial
role of H-bonds, since temperature has a large effect on H-bonding, which is both
directional and cooperative. For many molecules, H-bonds are what often deter-
mine structure, and when extreme temperature disrupts the structure, the IR spec-
tra change. This may be explained with the help of water, which is a liquid at room
temperature. As the temperature increases, the motion of water increases, decreas-
ing its H-bonding contribution and thereby changing the IR spectra. Because
water H-bonding is temperature-dependent, any vibrational modes that are cou-
pled directly or indirectly to water H-bonding will also be temperature-dependent.
Temperature-dependent infrared spectroscopy can monitor such temperature-
dependent H-bonding to study conformational changes, binding events or the
nature of solvation.

The temperature dependence of a vibrational mode is a strong indication of
the presence of H-bonds within a molecular structure, and the shifting of
absorption peaks with decreasing temperature may be ascribed to the collective
vibrational modes of the molecule. These effects are of special interest in the
FIR, where the shift of vibrational peak frequencies with temperature may be
used to probe the expansion of the H-bonding network of molecular ensembles
or proteins.23
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Figure 3 shows the temperature dependence of the IR spectrum of hemin, an
iron(III) porphyrin derived from red blood cells. Whereas the Fe–Cl vibration at
350 cm−1 does not show any noticeable shift,155 the broad spectral feature between
300 and 100 cm−1 increases and up-shifts with temperature, indicating the internal
strengthening of the H-bonding interaction, most likely taking place between the
hemin propionate groups.

E. Using Pressure in Infrared Spectroscopy

1. Pressure Dependence of Infrared Spectral Features

The pressure dependence of vibrational modes is another parameter that can be
used to probe signals in the MIR and FIR. Evidently, the samples need to be very
stable and the effect should be reversible. Infrared spectroscopy under high pres-
sure is technically challenging, due to the limited space in a pressure cell, such as
a diamond anvil cell. Typically, pressures of up to GPa are applied. The signal that
will be perturbed by the pressure needs to be sensitive to the local environment
and to the orientation of the motion.

The pressure dependence of an infrared mode was used to assign the out-
of-plane movement of Fe porphyrins, as described below.177 Further pressure
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Figure 3. Absorbance spectra between 650 and 100 cm−1 of hemin Fe(III)(PPIX)Cl for the
temperatures 300, 200, 100 and 25 K. The inset shows an enlarged view of the hydrogen
bonding features. (Adapted from Ref. 155.)
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dependence studies involve the manipulation of ligands bound to iron in porphyrin
complexes and the decrease in the N–O stretching frequency with increasing pres-
sure, which was studied for a nitrosyl complex of iron(II) tetraphenylporphyrin
[FeTPP(NO)], for example.178,179 The decrease in the N–O stretching frequency is
based on the increase in the Fe–N–O angle. This kind of effect can be applied to
study ligand binding.

2. Assignment of Heme Doming Modes

The dynamics of the heme prosthetic group and that of the surrounding group are
directly coupled to the properties of the protein and thus its function. The dynam-
ics was especially interesting for the formulation of the allosteric mechanism of
hemoglobin, first suggested by Monod et al.180 and put on a sterochemical basis
by Perutz.181 The two-state model was interpreted in terms of an equilibrium
between two alternative structures: a tense one (T) with low oxygen affinity, con-
strained by salt bridges between the C-termini of the four subunits; and a relaxed
one (R), lacking these bridges. The equilibrium was thought to be governed pri-
marily by the positions of the iron atoms relative to the porphyrin: the iron is out-
of-plane in five-coordinated, high-spin deoxyhemoglobin, and in-plane in
six-coordinated, low-spin oxyhemoglobin. The spectral signature of these motions
should be included in doming modes.

The optical excitation of six-coordinate hemes induces, via the transitions
lying in the plane of the heme, the population of intrinsically short-lived
excited states (hundreds of fs to a few ps).182 These excited states have an anti-
bonding character and can lead to dissociation of the Fe–ligand bond within
tens of fs. Dissociation subsequently leads to a heme “doming” within 1 ps.11

Interestingly, this translation motion of the heme core can be resilient, as
observed spectroscopically.143

In an interesting synchrotron-light-based experimental and density functional
approach, the “doming motion” that is found for the crucial out-of-plane move-
ment of Fe porphyrins was probed. The pressure dependence of vibrational modes
was used to identify the doming motion and other related normal modes.177 A
20 cm−1 shift of the respective signal at 53 cm−1 could be induced by applying
0.24 GPa to a carbonmonoxy pyridine iron octaethylporphyrin complex. The
respective data and the heme motion are shown in Figure 4.

Further theoretical and spectroscopic studies on these doming modes and the
analysis of low-lying spin states of iron(II) porphyrin predicted the doming mode
of porphyrin to be at 71 cm−1, close to the 75 cm−1 frequency determined from
coherent reaction dynamics in myoglobin.17 In most approaches, however, it
was not possible to make a definitive assignment, due to either lack of theoretical
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calculations or incomplete experimental information such as intensity data or the
use of pressure dependence.

F. Space-Resolved Techniques

1. Infrared Microscopy and Imaging

The combination of microscopic techniques and infrared spectroscopy has added
the possibility of studying surfaces and tissues at molecular resolution and has led
to infrared imaging.183 Chemical, biochemical and biomedical information can be
combined with spatial information. This has been one of the most important appli-
cations of vibrational spectroscopy to biomedically oriented research during the
last decade.184,185 Studies on living cells and tissue have emerged prominently in
recent years. Infrared microscopy was realized for the MIR and the FIR, the latter
being called THz imaging.

In chemistry and life sciences, FTIR imaging can be directly applied to the
sample, for example to obtain the distribution of a certain compound in a
sample. The identification of any compound with a clear vibrational marker is
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Figure 4. FIR absorption spectra of Fe(OEP)(CO)(Py) determined with the help of synchro-
tron light. The gasket and sample were ∼500 µm thick, with a 500 µm diameter (left). The
Fe(OEP)(CO)(Py) molecule shows atom displacements for the doming mode (right). The Fe
atom is located between the CO and pyridine molecules. Nitrogen atoms are bonded to the
Fe atom. (Reproduced with permission from Ref. 177; Copyright 2002, National Academy of
Sciences, USA.)
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possible within a large matrix.186–188 Hemazoin-type porphyrin derivatives have
been detected in biological cells, and candidates for photodynamic therapy
were identified. NIR molecular imaging probes are being developed based on
amphiphilic bisporphyrins and their Yb(III) complexes.189 Furthermore, the
contributions of the classic NIR vibrational markers in tissue, hemoglobin and
myoglobin can be monitored.190 Finally, infrared-fluorescent probes are
increasingly important. Their wavelengths penetrate tissue well; therefore these
probes are suitable for whole-body imaging.191 In addition, combination with
electrochemical techniques was reported, including the FTIR-microscopic
study on self-assembled or immobilized heme layers on different types of elec-
trodes.192,193 Data of this type are typically obtained with a setup which includes
a reflection element and, more recently, which is often coupled to synchrotron
light sources.

2. Working with Synchrotron Light

The use of synchrotron light for infrared spectroscopy (SIR) and microscopy has
dramatically increased during the past couple of years. Worldwide there are an
increasing number of synchrotron infrared facilities.194,195

Flux for conventional and synchrotron infrared emission are almost equivalent
but the opening angle of the edge radiation is narrower from the constant field of
the bending magnet; the SIR is emitted into a narrow range of angles. The inten-
sity profiles of the two types of emission at various wavelengths are different. The
brightness advantage is thus not based on a higher power produced by the syn-
chrotron, but on the fact that the effective source size is small; a synchrotron
infrared source typically fills a 10–20 µm area. For studies below 200 cm−1, syn-
chrotron light is the “best” light source available. For low aperture settings also,
the MIR shows a higher brightness.

Imaging has become one of the main applications of synchrotron-light-based
infrared spectroscopies.131,183,196–199 The high brilliance of the infrared light, how-
ever, is also of special interest to biochemists and chemists working with trans-
mission techniques in the FIR.155,177 New approaches include time-resolved
measurements in combination with spatial resolution, such as TD–THz.

A recent development is the so-called nuclear resonance vibrational spec-
troscopy (NRVS), an emerging synchrotron-based approach.13,200 NRVS achieves
the ultimate limit of selectivity for a single atom in a complex molecule, because
only the vibrational dynamics of the probe nucleus contribute to the measured
signal. The NRVS signal is proportional to the mean square amplitude of the metal
along the direction of the X-ray beam, and all modes involved will contribute to
the measured spectrum.
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III. Reaction-Induced FTIR Difference Spectroscopy

A. Motivation

By using reaction-induced FTIR difference spectroscopy, the reorganization of
proteins upon the induced reaction can be monitored without contributions from
the background. This technique can also be applied to smaller molecules or any
other material. It became an especially important tool for the analysis of reaction
mechanisms in enzymes and was essentially improved by spectroscopists working
in the field of biochemistry and biophysics. Measurements in aqueous solutions
have been made possible, in spite of the high absorptivity of water.30,201 The first
studies were presented by researchers working on bacteriorhodopsin,202 and on
photosynthesis.10,203,204 Other applications followed.

The success of this approach is based on the possibility of monitoring the
vibrational absorption bands of a single –COOH group, or any other residue, in a
protein, which contains residues on the order of 103. The difficulties are obviously
substantial. In practice, this amounts to being able to monitor absorption of about
10−5 OD in a background of about 1 OD, which requires very low random noise
and drift (1 part in 10−6). Data reported are thus typically obtained by cycling the
reaction of interest and averaging a large number of scans and cycles. Several
approaches have been used to obtain difference FTIR spectra. The goal in all cases
is to maintain the sample at a constant concentration and path length, while
perturbing the state of the sample in a way that is informative.

The analysis is based on the presence of specific vibrational marker modes of
reactant, intermediate or product states. The outcome or kinetics of the induced reac-
tion can then be interpreted by inspection of the transitions of these marker modes.
Site-specific information is obtained for vibrational marker modes that involve
nuclear motions of specific molecular side groups. When vibrational normal modes
are involved in nuclear motions of extended parts of the molecules, a direct struc-
tural insight is usually not obtained. Isotopic substitution reveals the involvement of
certain nuclei in the vibrational motions. When, in comparing the experimentally
observed vibrational mode pattern with predictions from quantum-chemical calcu-
lations, a full correspondence is possible, the three-dimensional structure is deriv-
able. Current quantum-chemical calculation routines, such as density functional
theory (DFT), allow for the estimation of the electronic ground state structure of
medium-sized molecules. For electronic excited states, including intermediate and
product states, reliable results can be obtained with the ab initio complete active
space self-consistent field (CASSCF) routine, albeit for mid-sized molecules not
much larger than 20 atoms. New developments in numerical procedures, such as
time-dependent density functional theory (TD-DFT), may prove beneficial in the
estimation of larger molecular structures in electronic excited states.
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A significant difficulty of the reaction-induced technique is thus the discrimi-
nation of individual contributions in the spectrum and their unequivocal assign-
ment. A number of strategies were developed over the years, including the
variation of external parameters like pH, pressure, temperature, specific and non-
specific isotope labeling, or, in the case of proteins, site-directed mutagenesis on
crucial amino acids. In the following section some reaction-induced approaches
are presented.

B. Electrochemically Induced FTIR Difference Spectroscopy

1. Thin Layer Electrochemistry

Porphyrin vibrational modes depend on the redox state of the central metal center.
It was thus of interest to couple the spectroscopic experiments with electrochem-
ical techniques. For in situ infrared-spectroscopic investigations of electrochemi-
cal reactions, a number of different techniques were developed. The first thin layer
cells were reported in the 1970s205,206 and that became a well-established tool for
investigating porphyrins, phthalocyanines and their derivatives in different redox
states.109,207

The development of electrochemical cells for infrared-spectroscopic meas-
urements in aqueous solution was achieved in the 1990s. The basic design real-
ized has not been significantly changed since then. It should be noted that
implementation for infrared spectroscopy is considerably more complicated
when it comes to measurements in aqueous solutions. Moss and colleagues
have developed a cell that became successful for redox-induced FTIR-differ-
ence-spectroscopic studies on biological molecules in aqueous solution in
transmission mode.208 Fourier transform infrared spectra are obtained on the
basis of thin layer electrochemistry of the protein at a modified gold grid elec-
trode. The modification or functionalization of the surface is often done with
the help of thiols that covalently bind to the electrode and thus protect the pro-
tein from irreversible adsorption onto the gold surface. This spectroelectro-
chemical thin layer cell allows fast, accurate and reproducible control of the
redox situation of the protein. The resulting reduced minus-oxidized infrared
difference spectra show the changes in the frequencies and intensities of
molecular vibrations that arise from the redox-linked conformational change
and coupled protonation changes. The concept of the transmission cell has not
been significantly changed since then.

The thin layer electrochemical cell presented in Figure 5 (the path below
10 µm) was used to obtain full redox titration of large proteins. Detailed analysis
of heme–heme interactions with cooperative systems, such as the hemes in the
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bacterial reaction center in photosynthesis209 or in the cytochrome c oxidase from
the respiratory chain, was carried out.210

2. Surface-Enhanced Infrared Absorption Spectroscopy

Another possibility of working with samples that require aqueous solutions is a
setup based on the reflection of the infrared light. Attenuated total reflection
(ATR) FTIR spectroscopy devices have been successfully combined with electro-
chemistry.211 The measurements are performed in reflection mode; therefore the
working electrodes may be of any metal or of glassy carbon. Unfortunately, a large
sample volume of 20 µL is needed.

A technical solution using a significantly lower sample volume was developed
based on surface-enhanced approaches, where the sample is directly adsorbed
onto the electrode surface (see Figure 6). This development is based on the semi-
nal discovery of surface-enhanced Raman scattering (SERS) in the early 1970s,
which opened up the field of surface-enhanced spectroscopies.212 The phenome-
non was subsequently observed at longer wavelengths and ultimately led to the
realization of surface-enhanced infrared absorption spectroscopy (SEIRAS).213

The practical and theoretical aspects of the phenomenon have more recently been
described.214,215 Characteristic of vibrational techniques, SERS and SEIRAS pro-
vide a wealth of molecular information on the level of a single chemical bond.

SERS and SEIRAS are complementary techniques, and each has its own
advantages and disadvantages. SERS takes advantage of its enormous enhance-
ment factor (on the order of 106–1012). The strongest enhancement results from the
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Figure 5. Scheme of a thin layer spectroelectrochemical cell adapted from Ref. 208. In
detail: (a) IR window, CaF2 for MIR, ZnSe for the lower frequency range101 and diamond or Si
for the FIR52; (b) plastic ring; (c) cell body; (d) Pt counterelectrode; (e) gold mesh, working
electrode, not to scale; (f ) rubber O-ring; (g) capillary connection to reference electrode.
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resonance condition, if the biomolecule carries a chromophoric cofactor. The
Raman signal is very weak and the fluorescence which often accompanies the phe-
nomenon may render detection of the Raman spectrum difficult. Although this is
not a problem with SEIRAS, the surface enhancement is modest (about 10–103).
SEIRAS probes almost all bands of the adsorbed species as long as the vibrational
mode includes a dipole component perpendicular to the surface (surface selection
rule).217 Although the enhancement factor of SEIRAS is smaller than that of SERS,
the cross-section for infrared absorption is several orders of magnitude higher than
the corresponding Raman cross-section. Thus, the weaker enhancement of
SEIRAS may be sufficient for many applications.

A number of successful experiments using this technique have been
reported.218,219 Since the signal relay comprises only small amounts of monolayer
molecules at the interfaces, measurement with a very small amount of the sample
is possible.216 Surface-enhanced vibrational spectroelectrochemistry constitutes a
powerful approach to elucidating the reaction mechanisms and dynamics not only
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Figure 6. Cell developed for the study of immobilized proteins and other adsorbed species
for the SEIRAS technique. (Reproduced with permission from Ref. 216; Copyright 2007,
Springer-Verlag.)
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of smaller molecules but also of immobilized redox proteins. In contrast to tradi-
tional electrochemical methods, the combination of SERS and SEIRA provides a
direct and detailed molecular picture of all potential-dependent processes of the
adsorbed species.

A profound knowledge of the molecular structure and dynamics of immobi-
lized proteins and enzymes that can be obtained by these methods is a prerequisite
for the rational design of bioelectronic devices of technological importance. In
addition, surface-enhanced vibrational spectroscopies create new possibilities of
studying complex biomimetic systems, thereby providing novel insight into
fundamental biological processes.

Generally, the influence of electric fields on the various parameters that con-
trol electron- and proton-transfer reactions of soluble and membrane-bound
proteins, like cytochrome c220 and cytochrome c oxidase,221 can now be studied.
Electric fields of a magnitude comparable to those at the interfaces of biomem-
branes, i.e. the natural reaction environment, may have a substantial influence on
redox potentials, protein structure, redox-linked conformational changes and
orientation/reorientation of electrostatic complexes; therefore these studies
demonstrate a functional role of the electric field effects in vivo.

C. Examples of Redox-Induced FTIR Difference Spectra

1. Studies on Porphyrins and Small Hemoproteins

Redox-induced FTIR difference spectroscopy was successfully applied for the char-
acterization of the redox-sensitive vibrational modes of porphyrins and hemoproteins.
Together with the redox-dependent transitions, signals from the reorganization of the
direct environment upon electron transfer become available. These reorganizations
may include protonation state changes or conformational movements. Cytochrome c
and its derivatives are well characterized by the electrochemically induced FTIR-
difference-spectroscopic approach.16,208,222 Data analysis was possible due to several
studies on model compounds. An often-used heme c-site model is the so-called
microperoxidase, which is obtained by trypsic digestion of cytochrome c.10,102 The
number of amino acids still attached to the c-type heme is indicated by a number.

Figure 7 shows the reduced-minus-oxidized FTIR difference spectra for
cytochrome c and for imidazole-microperoxidase-8.10,102,222 In it the positive and
negative signals correspond respectively to changes that occur upon reduction
or oxidation. Generally, the data include all changes that happen upon the
induced reaction. The structural changes are involved in the so-called amide I
band, which is observed between 1700 and 1600 cm−1 and includes the ν(C=O)
vibration of the polypeptide backbone in a hydrogen-bonding-dependent manner.
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Furthermore, the amide II signal seen from 1580 to 1520 cm−1 may provide infor-
mation on structural rearrangements. Comparing the difference spectra of
cytochrome c and the microperoxidase, strong differences can be noticed. This is
based on the additional contributions from beta turns and beta sheet segments in
the cytochrome c data. In addition, signals from amino acids contribute to the
spectrum, such as signals characteristic of the protonation of a tyrosine residue
at 1518 and 1500 cm−1, a signal that arises in all known cytochrome c FTIR
difference spectra.208,222

The redox-sensitive contribution of the hemes typically observed in the redox-
induced difference spectra is the ν38 and δ42 vibrational modes at 1556–1533 cm−1

and 1244 cm−1, respectively, the exact position depending on the type of heme in
the protein.10,102,210,223 The common redox-sensitive markers are summarized in
Table 5. An additional heme marker can be found at around 840–830 cm−1, a signal
that includes the γ(CH) mode of the porphyrin ring.101 Several other less intense
vibrational modes are found at lower frequencies.

Similar thin layer cells were developed for studies on the nonhydrosoluble
synthetic porphyrins in organic media.224 Redox-induced FTIR difference spec-
troscopy was used in particular to determine where the removal or addition of an
electron takes place, on either the metal or the porphyrin. Using the diagnostic band
of π-cation radicals (Section II.A.4), it was for instance proven that the second oxi-
dation of Fe(OEP)(NO) leads to the porphyrin π-cation radical Fe(OEP•)2+.92,225–227
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Figure 7. Reduced-minus-oxidized FTIR difference spectra of (a) an imidazole-microperoxidase-
8 complex and (b) horse heart cytochrome c. (Modified from Ref. 102.)
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Since the 1980s, most studies describing the combination of electrochemistry
with infrared spectroscopy have been carried out in the MIR range.208,222 More
recently, the use of the so-called fingerprint region in the lower frequency range
and of the FIR region, which includes signals from metal–ligand vibrations, has
started to evolve.52,101

2. Studies on Enzymes from the Respiratory Chain

Despite the difficulty of obtaining crystal structures from membrane proteins, sev-
eral high resolution structures of enzymes from the respiratory chain are available.
Crucial information like ligand and substrate dynamics, proton acceptor sites and
cofactor coupling, however, is essentially obtained by spectroscopic techniques,
often in combination with biochemical approaches, including site-directed muta-
genesis or monoclonal antibody studies. X-ray crystallography is not sensitive to
proton location, due to the weak electron density of the proton and the very high
resolution that would be required. Most crystal structures of membrane proteins
lack structural information on hydrogen atoms. In contrast, infrared spectroscopy
is highly sensitive to the location of protons. In the following paragraphs, an
overview of some interesting studies in this field will be presented.

a. Identification of protonation sites in cytochrome c oxidase

In the cellular respiration process, oxygen reduction is coupled to the formation of
an electrochemical membrane proton gradient that drives ATP synthesis. The ter-
minal heme/copper oxidases in the respiratory electron transfer chains reduce oxy-
gen to water and efficiently couple electron and proton transfer.228 Besides the four
protons required for water formation, up to four protons are pumped across the
membrane (termed “vectorial protons”) by most terminal heme/copper oxidases to
contribute to the electrochemical proton gradient. Four redox-active cofactors par-
ticipate in the electron transfer within the cytochrome c oxidase. CuA represents
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Table 5. Typical redox-sensitive heme vibrations.210

Vibration and coupled vibration Nomenclature Typical spectral range (cm−1)

ν (CaCm) δ (CaCmH), δ (CmX) ν37 1560–1625
ν (CbCb) ν (CaCm), ν (NCa), ν (CbX), δ (CbX) ν38 1535–1570
ν (CaCm)sym ν (NCa), ν (CbCb), ν (CaCm) ν39 1450–1490
ν (CaCb) δ (CbX), ν (NCa), δ (CaCbCb) ν40 1435–1450
ν (CaN) ν (CaCb), δ (CbX), δ (CaCbCb) ν41 1360–1395
δ (CmH) δ (CbX), ν (CaN), ν (CaCb) δ42 1220–1270
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the first acceptor for electrons from cytochrome c that are subsequently transferred
to heme a. Further electron transfer leads to the binuclear heme copper center
(heme a3 and CuB), where oxygen is bound and reduced. The crystal structures of
several bacterial and mammalian oxidases give a clear view of the architecture of
the enzyme active sites and confirm likely sites for the proton transport.229,230

Figure 8 shows the oxidized-minus-reduced FTIR difference spectrum of
cytochrome c oxidase from Paracoccus denitrificans.231 The positive and negative
signals correspond respectively to changes that occur upon oxidation or reduction.
The vibrational modes observed include redox-dependent changes of the hemes
themselves, of the environment of the electron acceptors/donors, and of any coupled
protonation or conformational change. In the amide I range (1680–1620 cm−1), the
differential signals indicate absorption changes arising from alterations of C=O
groups from the polypeptide backbone. These difference signals can be related to
subtle perturbations in the structure after the redox process.

In addition, contributions from the formyl group of hemes a and a3, the heme
propionates, and from individual amino acid side chains (Asn, Gln and Arg) are
expected in this spectral region. In the spectral region from 1560 to 1520 cm−1 (the
amide II range), essentially contributions from aromatic amino acid side chains
and heme C=C groups are observed, as well as antisymmetric COO− modes caused
by protonation/deprotonation or perturbation of COO− groups (Asp, Glu and heme
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Figure 8. Oxidized-minus-reduced FTIR difference spectrum of the cytochrome c oxidase
from P. denitrificans for the full potential step from −0.5 to 0.5 V versus a Ag/AgCl reference
electrode. (Adapted from Ref. 210.)
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propionate modes). At 1748 cm−1, a positive signal, correlating with the oxidation
of the enzyme, can be seen. In the spectral region above 1710 cm−1, contributions
from the ν(C=O) vibrational mode of protonated Asp and Glu side chains are
expected exclusively.232–234

Some noteworthy differences have been described when comparing the spec-
tra of the same enzyme found in different organisms, such as from the bacterium
Paracoccus denitrificans and from bovine heart mitochondria.235,236 This is inter-
esting, since the two oxidases host the same heme centers, hemes a and a3, with
far-reaching similarities regarding their environment.229,230 The same redox-
dependent changes of the porphyrin ring, the formyl and vinyl substituent and the
heme propionates are expected to manifest themselves in the spectra. The redox-
dependent reorganization of an additional amino acid was suggested based on the
crystal structure and can be depicted in the spectra together with the protonation
reaction induced by the electron transfer.235,237 The identification of the contribu-
tion of one individual amino acid clearly demonstrates the sensitivity of the reaction-
induced FTIR-difference-spectroscopic technique. However, the explanation for
this additional feature is under debate, since the existence of a third proton path-
way was excluded for bacterial enzymes.238

Several studies have identified the contributions from individual amino acids
within the enzyme. The possible function of individual amino acid side chains as
proton acceptor/donor and thus their participation in the proton pathway have
often been investigated by site-directed mutagenesis, which involves biochemical
perturbation of the individual amino acids. The molecular processes concomitant
with the redox reactions of a wild-type and mutant enzyme can be analyzed by
combining protein electrochemistry and FTIR difference spectroscopy. Using
these techniques the protonation state of glutamic acid 278 in the cytochrome c
oxidase from P. denitrificans was assigned. This residue is the key proton trans-
porter within the proton pump.239,240 Analysis of the infrared signal was confirmed
by groups working on the same enzyme from different organisms.231,241

Another way of obtaining information at the molecular level is isotope labeling.
13C-isotope labeling was used to assign the protonation states of the heme propionates
within the cytochrome c oxidase (see Figure 9). The structure of the heme environ-
ment is shown in Figure 10. This labeling was important for identification of the role
of the heme propionates during the catalytic cycle. Based on crystallographic data it
has been suggested that these propionate groups participate in proton translocation.229

Specific isotopic labeling provides an excellent tool for redox-FTIR investi-
gations and avoids structural changes that can arise upon site-directed mutagenesis.
A method for providing isotopically labeled cytochrome c oxidase was developed
that guaranteed a very efficient and specific 13C-enrichment at the carboxyl groups
of the heme propionates. The protein obtained from these preparations had
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Figure 9. Oxidized-minus-reduced FTIR difference spectra of the cytochrome c oxidase
from P. denitrificans as isolated (full line) and after 13C labeling at the −COOH propionate
functions of all hemes in the protein (dotted line). (Modified from Ref. 31.)

Figure 10. Structure of the heme environment in the cytochrome c oxidase from P. denitrif-
icans. All amino acids within hydrogen bonding distance of the four heme propionates are
shown. (Modified from Ref. 244.)
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spectral characteristics and enzymatic activity identical to those of the wild type.
The 13C-labeled enzyme was used to identify the signals observed in electrochem-
ically induced FTIR difference spectra of the cytochrome c oxidase and to assign
their protonation states.31,242

Based on direct comparison between the “as-isolated form” of the protein and
the oxidase, in which all COOH propionate functions were 13C-labeled, the vibra-
tional modes of heme propionates within a heme protein were distinguished for
the first time. As seen in Figure 9, signals at 1570 cm−1 and in the 1546–1528 cm−1

range were assigned to antisymmetric COO− modes. A signal at 1390 cm−1 was
attributed to a symmetric COO− mode of deprotonated heme propionates. The
vibrational mode at 1676 cm−1 was attributed to a COOH mode of a protonated
heme propionate.31 The assignments were confirmed for a related oxidase by anal-
ogous experiments,242 and the technique developed was used to clarify the analo-
gous questions in other hemoproteins.243

To assign the individual vibrational modes within the spectrum of the full
redox step to each of the specific heme propionates, additional experiments were
necessary. First, an assignment of the individual heme was made with the help of
infrared redox titrations on the basis of the respective redox potential.210 In addi-
tion, site-directed mutagenesis was performed. The crystal structure229 revealed
that all four heme propionates had strong hydrogen bonding interactions with sev-
eral amino acids (see Figure 10), and with parts of the protein backbone in close
proximity.244 The spectra of mutant proteins of the interacting amino acids have
been accompanied by changes of the vibrational modes of the corresponding heme
propionate. These changes are based on the variation of the hydrogen bonding
toward the respective heme propionate. The respective experiments led to the con-
clusion that the ring D propionate of heme a acts as a proton acceptor upon reduc-
tion of cytochrome c oxidase, and none of the other three heme propionates
seemed to be protonated upon reduction of the enzyme.244 It was suggested that the
ring D propionate of heme a3 underwent significant conformational changes in its
charged state, which might result in a change of the proton arrangement within the
cluster of interacting residues and thus cause an increase in net protonation.244

b. The bc1 complex from the respiratory chain

The cytochrome bc1 complex (ubiquinol–cytochrome c oxidoreductase; complex III)
is one of the fundamental components of the respiratory electron transfer chains
located in the inner mitochondrial or bacterial cytoplasmic membranes.245 The
enzyme catalyzes the electron transfer from ubiquinol to cytochrome c; this
electron transfer is coupled to translocation of protons across the membrane. All
bc1 complexes contain three catalytic subunits: cytochrome b with two b-type
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hemes (hemes bL and bH), cytochrome c1 with a covalently bound c-type heme and
the Rieske iron–sulfur protein with a [2Fe–2S] cluster (ISP).

Figure 11 shows the different heme contributions that were obtained by
addressing the redox step typical of each heme. Control experiments were
performed in the visible spectral range, where the contribution typical of each
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Figure 11. Oxidized-minus-reduced FTIR difference spectra of the individual hemes in the
bc1 complex from P. denitrificans (A: heme bL; B: heme bH, C: heme c1 and Rieske Protein;
D: comparison of the sum of the A–C spectra (bold line) with the spectrum of the overall
complex (dotted line)). The potential steps were selected from the UV/visible titration of the
individual hemes (see insert). (Modified from Ref. 248.)
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heme type can be distinguished. Redox-induced FTIR difference spectra of the bc1

complex have been studied by several groups.211,246–248 The analysis of the contri-
bution of each heme and the coupling of protonation changes to each transition
was important for clarifying the interplay between different sites in the protein.

Redox-induced FTIR difference spectra include information on the protona-
tion state of for example the amino acids or the heme propionates in an equilib-
rium situation. Time-resolved techniques have been developed that allow
following the electron transfer and the coupled conformational changes or proto-
nation reactions in “real” time.

D. Time-Resolved Techniques and Photoinduced Reactions

1. Accessible Time Domains

Chemistry occurs over a large range of time scales, most of which are accessible to
infrared spectroscopy. Elementary steps in chemistry, such as the dynamical event
of a chemical bond breaking or bond formation, appear to take place on femtosecond-
to-picosecond time scales.249 Examples of ultrafast chemistry are hydrogen and pro-
ton transfer, electron transfer, bond fissions and cis–trans isomerizations.
Biomolecular reaction dynamics in liquid solutions are dominated by relatively slow
mutual diffusion; typical time scales are on the order of nanoseconds. The dynam-
ics of ultrafast condensed phase chemistry are determined not only by the potential
energy surfaces of the reactant–product species, but the surrounding solvent also
plays a major role in modulating the energy levels of reactants, intermediates and
products, as well as the energy barriers separating these species. The outcome of
chemical reactions is thus partially different from those for isolated reacting species.
Photoinduced chemistry offers the opportunity to trigger the reaction dynamics at a
well-defined point in time, and is thus often used for time-resolved approaches.

Rapid scan FTIR is used to study time-resolved motions, from a few mil-
liseconds to seconds. The use of standard rapid scan FTIR spectroscopy is an
experimentally accessible approach that allows a time resolution of 60 ms, if a
4.5 cm−1 resolution is chosen. Time-resolved FTIR difference spectroscopy exper-
iments often use light-triggered reactions in proteins such as photoreceptors or
photosynthetic pigments. The time scale of rapid scan FTIR, however, is also suit-
able for molecules that are not light-triggered using rapid mixing applications.

Step scan FTIR was developed for the characterization of the functionally
important motions that take place in the time window from a few nanoseconds to
a few milliseconds. The time-limiting step of the interferometer technique (FT) is
the movement of the mirror; the highest velocity possible is the one used in the
rapid scan approach. To obtain a higher time resolution, only a fraction of the
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interferogram is measured in the step scan approach; this corresponds to a partial
movement of the mirror. Then, as a function of the fractions of the interferogram
measured, the reaction needs to be cycled to obtain the complete interferogram
and consequently, after Fourier transformation, the full spectrum. Obviously, time-
resolved step scan FTIR spectroscopy is technically challenging because it is sen-
sitive to vibration and requires long measurement times for data averaging.
Consequently, only a limited number of studies have been carried out using step
scan FTIR spectroscopy. Step scan FTIR was first established to study the pho-
toinduced reaction of bacteriorhodopsin,250 and later to characterize the rebinding
of CO to hemoglobin and cytochrome c oxidase in the nanosecond time range.12,251

Ultrafast infrared spectroscopy elucidates molecular structure evolution during
ultrafast chemical reactions and represents an exquisite tool for following chemical
reactions in real time after applying an optical trigger pulse. It is often used as a sin-
gle wavelength technique or with short-pulsed laser systems, because the velocity
of the mirror in an FT spectrometer limits time resolution (see step scan technique).

This technique is interesting to chemists and biochemists. Following vibra-
tional marker modes in real time provides direct insight into the structural dynam-
ics, as shown in studies on intramolecular hydrogen transfer, bimolecular proton
transfer, electron transfer, hydrogen bonding during solvation dynamics, bond fis-
sion in organometallic compounds and heme proteins, cis–trans isomerization, and
transformations in photochromic switch pairs. Femtosecond infrared spectroscopy
monitors the site-specific interactions in hydrogen bonds. Furthermore, the con-
version between excited electronic states can be followed for intramolecular elec-
tron transfer by inspection of the fingerprint IR-active vibrations, in conjunction
with quantum-chemical calculations. Excess internal vibrational energy, generated
either by optical excitation or by internal conversion from the electronic excited
state to the ground state, is observable through transient frequency shifts of IR-
active vibrations. An early example of picosecond infrared spectroscopy on excited
state intramolecular hydrogen transfer was presented in 1986.252 The method has
mainly been employed on metallocarbonyl compounds253 and heme proteins.254–256

With the availability of sensitive MIR detector arrays, it is now possible to fully
explore the potential of time-resolved vibrational spectroscopy to gain insight into
transient molecular structures involved in chemical reaction pathways.

2. Light-Induced FTIR Difference Spectroscopy

a. Ligand rebinding

One of the most elementary photoinduced chemical processes is bond fission,
where after absorption of a UV-vis photon one or several chemical bonds break
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and the molecular fragments separate from each other. In most of the studies, the
binding of the ligand or the rebinding of the photodissociated form is followed
spectroscopically. Photodissociation is induced by lasers or white flash lamps. The
measurements are performed for all temperature ranges and both rapid scan and
step scan studies are known.

Groundbreaking work on photodissociation of small molecules using ultrafast
UV-vis pump–probe techniques has been reported since the early days of ultrafast
spectroscopy.20,257 As mentioned in Section II.C.2, ligands like CO and CN− that
compete with oxygen for its binding site have been systematically used to analyze
all types of oxidases and transporters.22,160,161 The signal for the CO rebinding is
typically found between 1980 and 1910 cm−1.171 The less-often-studied Fe–CO
bending and stretching contributions are found in the FIR at about 574 cm−1 and
495 cm−1 for hemoproteins and porphyrin models.258 Polarization-sensitive spec-
troscopy revealed the orientation of the CO or NO ligands in myoglobin or hemo-
globin, either bound to the heme iron or released into the heme pockets. NO
rebinding typically takes place in the ps range, in a phase that was suggested to
reflect a barrier-less rebinding to the protein.

A number of proteins have been studied by time-resolved spectroscopies. They
include NO binding proteins (signaling proteins), like NO synthase, Fix L, CooA or
heme-based biological sensors.172,259–263 Heme-based sensors presently constitute the
majority of the proteins known to sense NO, O2 and CO and to initiate the chemistry
required to adapt to changes in their availability. They are found in a great variety of
organisms throughout all the kingdoms of life. These signal transducers achieve
their responses by coupling a regulatory heme-binding domain to a neighboring
transmitter. The past several years have been witness to a staggering rate of advance-
ment in the understanding of how organisms respond to changes in the availability
of diatomic molecules that are toxic and/or crucial for survival. Infrared spec-
troscopy is thus used to characterize the ligand binding properties and, together with
mutagenesis studies, defines crucial parameters of their sensoring ability.

b. Ligand rebinding in cytochrome c oxidase

The active site of the final acceptor of the respiratory chain, the cytochrome c oxi-
dase, was structurally characterized in great detail using light-induced rebinding
studies. In this enzyme, CO, CN− and other ligands compete with oxygen for its
binding site to the heme a3–CuB binuclear center. As noted before, in contrast to
oxygen these ligands give strong infrared bands, and thus represent excellent
probes for spectroscopic investigations of cytochrome c oxidase.264

The negatively charged CN− ligand was used to examine redox-linked confor-
mational changes at the binuclear site.265 Of the various possible ligands competing
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with oxygen, CO was most extensively used to probe the environment of the bin-
uclear center. It tightly binds to the reduced heme a3/CuB center and can be pho-
tolyzed with a quantum yield close to 100%. Ultrafast kinetic studies on the
photolysis of CO in the visible and MIR spectral range have provided insight into
the primary molecular steps of photodissociation and rebinding.266,267 In addition,
the CO adduct of the cytochrome c oxidase has been studied with infrared spec-
troscopy at cryogenic temperatures.85,164,268–270

The thermodynamically favored binding site for CO is the iron of heme a3.
However, it was demonstrated that the binding of CO to heme a3 proceeds via a
CO adduct to CuB.271 After photoexcitation of heme a3, the Fe–CO bond is broken
and CO is transferred to CuB, which is only 4.5 Å away from the heme a3 center.229

The stability of this intermediate depends on temperature and on CO concentra-
tion in the surrounding medium. At ambient and moderately low temperature, this
CuB–CO adduct is in equilibrium with free CO in the bulk phase, whereas for the
enzyme at temperatures below 140 K the CuB-bound CO can be trapped. Only
transfer of CO within the binuclear center from heme a3 to CuB after photoexcita-
tion is observed.272,273 The CuB binding site is relevant not only to CO but also to
the physiological O2 ligand.274

Figure 12 shows such a rebinding experiment for the fully reduced form of the
cytochrome c oxidase. The positive signal seen corresponds to the Cu–CO vibra-
tional modes and the negative signal to the Fe–CO vibrational modes. In each sig-
nal a number of conformers can be distinguished. Based on the analysis of the
light-induced FTIR difference spectra on mutants of cytochrome c oxidases, the
ligands of the CuB site and the surrounding loops were predicted, several years
before the structure was determined by X-ray crystallography.275,276

CO bound to fully reduced cytochrome c oxidase exhibits two molecular con-
formations, termed the α- and the β-form, previously reported for the aa3 oxidase
from R. sphaeroides.277 In wild-type cytochrome c oxidase from P. denitrificans,
the α-form was attributed to signals at 1966/2063 cm−1 and the β-form to signals
at 1952/2042 cm−1.85 The relative contribution of the conformers was found to be
pH-dependent and suggested to originate from a residue with a pK value of 7.3 in
the vicinity of the heme copper center.277 This pH dependency is lost in mutants in
the vicinity of the heme propionates for heme a3, indicating that an interaction
takes place between the active site and the propionates.278

Investigation of CO photolysis and rebinding to the fully reduced cytochrome
c oxidase revealed that CO moves within the binding site and is released from the
enzyme at higher temperature. Both CO rebinding at 268 K and at cryogenic tem-
perature result in FTIR difference spectra that are similar with respect to the
amide I, amide II and heme modes, but essentially differ due to the motional con-
straints of the CO molecule at low temperature. In the case of the mixed valence
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cytochrome c oxidase, photodissociation of CO initiates “reverse” electron trans-
fer; proton release to the medium is coupled to this reaction.279,280 Data obtained
for the P. denitrificans cytochrome c oxidase clearly indicated that this reverse
electron transfer causes changes at an acidic residue.85,278 This is illustrated by a
difference signal at 1746 cm−1, which is shifted to 1740 cm−1 in 2H2O. The data
obtained from a mutation, where glutamic acid 278 was replaced by a residue that
does not contain the COOH function, show the absence of this signal and thus
allow identification of this residue as being responsible for the signal. Taking into
account the data of the electrostatic calculations,281 the balance of evidence sug-
gests the possible repositioning of the carboxylate proton in response to changes
of the local electric fields rather than proton release, because proton release is still
observed in a related mutant enzyme. At low temperature (below 270 K), rotations
leading to a proton repositioning are most likely frozen, resulting in the absence
of the signal assigned to the prominent glutamic acid 278.
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Figure 12. 3D plot of the CO rebinding to the fully reduced cytochrome c oxidase from
P. denitrificans at 140 K. A. (Böhm and P. Hellwig, unpublished data; working conditions as
described in Ref. 85.)
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FTIR-spectroscopic study of the CO rebinding is an established observable for
the analysis of heme-Cu sites. In addition, the analysis of other heme-containing
oxidases was successful, leading for example to the finding of a heme–heme bin-
uclear center in the bd oxidase.282 This type of oxidase is found in prokaryotes and
is implicated in the survival of some bacteria, including pathogens, under condi-
tions of low aeration. With a very high affinity for dioxygen (in the nM range),
cytochrome bd not only couples respiration to the generation of a proton motive
force, but also scavenges O2.

283

3. Time-Resolved THz Spectroscopy

Time domain THz (TD-THz) spectroscopy is a technique that is very promising for
its unique time-resolved feature and its applications to dynamic and time-resolved
processes. As mentioned above, contributions of metal–ligand vibrations and
hydrogen bonding collective motions can be probed in the FIR region (<800 cm−1)
and these low frequency modes also involve contributions from water chains in
the protein or any hydrogen bonding within the structure.134,136,284 The spectro-
scopic characterization of low frequency signals may lead to an understanding of
the protein dynamics that give rise to protein function, including ligand accom-
modation and electron and proton transfer.

TD-THz approaches probe the time-resolved reorganization of water within
an induced reaction, such as in protein refolding.132 The TD-THz technique is a
pump–probe approach. The major components are a fs laser, a THz emitter
source and a THz detector (FIR). A sample is excited in a desired spectral range
and then monitored with a second laser system. Data on intermolecular forces,
reaction dynamics or bond formation are accessible due to a fs time resolution.
This technique has not yet been used to characterize hemoproteins or porphyrin
derivative reactions and its citation here is meant to inspire the use of this prom-
ising technique.

4. Two-Dimensional Infrared Spectroscopy

a. The approach

Similarly, exciting developments have been seen in the field of two-dimensional
infrared (2D-IR) spectroscopy; however, this technique has not yet been used for
the characterization of the reactions of porphyrins and related compounds. This
spectroscopic tool combines structural and ultrafast time resolution.285 The idea is
based on the transferability of the concepts of multidimensional nuclear magnetic
resonance (NMR) spectroscopy to IR spectroscopy, which was postulated already
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in the earliest publications on 2D-NMR. The first 2D-IR spectrum, however, was
measured relatively recently.286,287 Despite the fact that multidimensional optical
techniques are analogs of their NMR counterparts, the time resolution is signifi-
cantly improved: from ms in NMR to fs in IR.288,289

In 2D-IR spectroscopy, the response of complex molecules to sequences of fs
infrared pulses is measured. A unique view of the structure, dynamics and fluctu-
ating environments of molecules is provided, such as signatures of conformational
and hydrogen-bonding fluctuations, protein folding and chemical exchange
processes. Since vibrational spectra of large molecules are complex and con-
gested, the use of a vibrational marker for 2D-IR is essential. A vibrational marker
is a signal that should have a spectrally resolved transition in a part of the spec-
trum that is free of other transitions of the molecule and the solvent and at the
same time should have a reasonably large extinction coefficient. Stretching modes
with a large transition dipole, such as C=O, amide-I, amide-II, O–H and N–H, are
often used in 2D-IR measurements. In addition, isotope labeling can be used to
support the analysis. The interpretation is made on the basis of theoretical tools
and simulation protocols, based on different approaches, including for example
vibrational exciton Hamiltonians or united residue models.289–291

The study of metal carbonyls292,293 demonstrated the unique ability of 2D-IR
spectroscopy to resolve vibrational structure and dynamics in multimode systems.
It was possible to resolve the transitions between vibrational energy levels, to
determine the orientations and relative magnitude of the corresponding transition
dipole moments, to measure the coupling between modes due to the anharmonic-
ity of the potential, and finally to probe energy redistribution among the modes as
well as energy relaxation to other degrees of freedom. In addition, valuable new
information has been obtained on metal-to-ligand charge transfer processes,
solvent–solute interactions and fluxionality. The technique is currently being
advanced to allow the attribution of distances or bond connectivity patterns in
molecules and reach the level of an analytical method.294 Two examples are given
below.

b. OH stretching and H-bonding in water

Water dynamics have been studied in detail, most recently using multidimensional
nonlinear infrared spectroscopy to acquire structural and dynamical information
on fs time scales.295,296 Many of the unusual properties of liquid water are attrib-
uted to its unique structure, which is a random and fluctuating three-dimensional
network of hydrogen bonds that link the highly polar water molecules. One of the
most direct probes of the dynamics of this network is the infrared spectrum of
the OH stretching vibration, which reflects the distribution of hydrogen-bonded
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structures and the intermolecular forces controlling the structural dynamics of the
liquid. Two-dimensional infrared photon echo and pump–probe studies of the OH
stretching vibration provide a sensitive probe of the correlations and couplings in
the hydrogen-bonded network of liquid water. Spectral diffusion and resonant
energy transfer occur on a time scale much shorter than the average hydrogen
bond lifetime of approximately 1 ps. The efficiency of energy redistribution within
the hydrogen-bonded network means that liquid water essentially loses the mem-
ory of persistent correlations in its structure within 50 fs.295,296

c. Estimating angles and distances between molecules

One of the great strengths of NMR spectroscopy has been its ability to measure
the coupling strength between nuclear spins and subsequently to deduce the dis-
tance between them. This capability stems from the relatively simple physics that
determines the spin–spin coupling, in which distances interfere. It was shown that
for systems in which electrical anharmonicity dominates, the coupling can be well
described by the physics of multipole coupling, which corresponds approximately
to the dipole–dipole coupling.297 There are two types of anharmonicities intrinsic
to a molecular system. The first of these comprises the lowest order anharmonic
terms in a molecular potential energy surface, known as the mechanical anhar-
monicity. The second is the electrical anharmonicity, defined as the nonlinearity in
a molecular electrical dipole moment.

Guo and coworkers analyzed the complex-forming molecular system, pheny-
lacetylene and benzonitrile.297 Here, the cross-peaks formed by dipolar couplings
appear with the predicted strength and at the predicted locations in a 2D-IR spec-
trum. The polarization dependence of the cross-peaks can be used to deduce the
angle between the molecules in question and thereby to estimate the distances
between the two interacting modes via the intensities of the intermolecular cross-
peaks. 2D-IR spectroscopy can be used to detect weakly interacting complexes
and also to analyze their interaction geometry.

E. Perfusion-Induced Approaches; Stopped-Flow and Rapid Mixing

The combination of infrared spectroscopy with conventional mixing or stopped-
flow technologies was recently achieved even for aqueous solutions. The main
problem during development was the realization of the mixing procedure of the
relatively concentrated sample solution with its reactant in an infrared cell with a
path of about 50 µm or less. High pressure is needed to achieve instant mixing.
The first prototype of a stopped-flow cell for aqueous solution was available in
1995.298 The cell path was optimized down to 10 µm, allowing studies in the
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MIR.299 The applications of this technique include the characterization of active
sites within proteins and their reactions300,301 and the measurements on chemical
and biochemical reactions in a time-resolved manner.302–304 Typically, a 100 ms
mixing time is needed; the reaction is then followed with the time limits of the
respective FTIR apparatus. A stopped-flow mixing unit was recently presented
combined with an infrared microscope; the setup added spatial information to the
data.305

An alternative approach that was specifically developed for protein–substrate
interaction is perfusion-induced FTIR difference spectroscopy. For example, stud-
ies on cytochrome c oxidase led to conclusions about oxygen reaction intermedi-
ates.306,307 In order to monitor perfusion-induced difference spectra, it is necessary
to create a stable protein layer on the ATR crystal. This can be achieved via direct
immobilization or using the hydrophobic properties of some crystals. In the first
studies presented, films from the cytochrome c oxidase from Rhodobacter
sphaeroides and beef heart mitochondria were reconstituted with lipids and then
adhered to the internal reflection element of the ATR device.306 This procedure
leads to samples with a quite low concentration, since the protein is “diluted” by
the lipids. Interestingly, membrane proteins, when separated from the detergent
molecules used for solubilization, can be directly applied on the crystal surface.
The crystal surface then replaces the hydrophobic membrane. The success of this
approach was unexpected, since membrane proteins tend to be extremely unsta-
ble; however, a fully functional protein was obtained.307–309 The principle is evi-
dently suited not only for membrane proteins. The immobilization of any
molecule via hydrophobic interaction on the surface of the ATR crystal and sub-
sequent study of the interaction with a partner is possible.

IV. Conclusion

Infrared spectroscopy is a technique that may provide data on the structure,
function and dynamics of a molecule. The basic approach uses reaction- or
structure-sensitive vibrational markers, such as redox, metal or π-cationic sen-
sitive modes when one is working with porphyrins or hemes. Experimentally,
several new approaches have emerged during the last few years, including
reaction-induced approaches, ultrafast time-resolved techniques, 2D-IR, imaging
and the use of synchrotron light as an infrared source, allowing in particular a
better understanding of reaction mechanisms in hemoproteins or identification
of protonation sites in proton-pumping enzymes. These recent techniques,
mainly developed in the biomedical and biochemical fields, now offer promis-
ing applications, such as the real time study of chemical reactions by means of
2D-IR or TD-THz spectroscopy. Infrared spectroscopy is evidently a very
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versatile technique, and the development of infrared-light-based techniques is
surely far from being finished.

V. References
1. Lavallee, D. K. Inorg. Chem. 1978, 17, 231–232.
2. Craven, C. W.; Reissmann, K. R.; Chinn, H. I. Anal. Chem. 1952, 24, 1214–1215.
3. Wetherell, H. R.; Hendrickson, M. J.; McIntyre, A. R. J. Am. Chem. Soc. 1959, 81, 4517–4520.
4. Vestling, C. S.; Downing, J. R. J. Am. Chem. Soc. 1939, 61, 3511–3513.
5. Boucher, L. J.; Strain, H. H.; Katz, J. J. J. Am. Chem. Soc. 1966, 88, 1341–1346.
6. Dörr, S.; Schade, U.; Hellwig, P. Vib. Spectrosc. 2008, 47, 59–65.
7. Boucher, L. J.; Katz, J. J. J. Am. Chem. Soc. 1967, 89, 1340–1345.
8. Rai, B. K.; Durbin, S. M.; Prohofsky, E. W.; Sage, J. T.; Ellison, M. K.; Scheldt, W. R.;

Sturhahn, W.; Alp, E. E. Phys. Rev. E 2002, 66, 051904/1–051904/12.
9. Argade, P. V.; Sassardi, M.; Rousseau, D. L.; Inubushi, T.; Ikeda-Saito, M.; Lapidot, A. J. Am.

Chem. Soc. 1984, 106, 6593–6596.
10. Berthomieu, C.; Boussac, A.; Mäntele, W.; Breton, J.; Nabedryk, E. Biochemistry 1992, 31,

11460–11471.
11. Franzen, S.; Lambry, J. C.; Bohn, B.; Poyart, C.; Martin, J. L. Nat. Struct. Biol. 1994, 1,

230–233.
12. Hu, X.; Frei, H.; Spiro, T. G. Biochemistry 1996, 35, 13001–13005.
13. Leu, B. M.; Silvernail, N. J.; Zgierski, M. Z.; Wyllie, G. R.; Ellison, M. K.; Scheidt, W. R.;

Zhao, J.; Sturhahn, W.; Alp, E. E.; Sage, J. T. Biophys. J. 2007, 92, 3764–3783.
14. Oshio, H.; Ama, T.; Watanabe, T.; Kincaid, J.; Nakamoto, K. Spectrochim. Acta A 1984, 40,

863–870.
15. Procyk, A. D.; Bocian, D. F. Annu. Rev. 1992, 43, 465–496.
16. Calvert, J. F.; Hill, J. L.; Dong, A. Arch. Biochem. Biophys. 1997, 346, 287–293.
17. Kozlowski, P. M.; Spiro, T. G.; Bérces, A.; Zgierski, M. Z. J. Phys. Chem. B 1998, 102,

2603–2608.
18. Thomas, D. W.; Martell, A. E. J. Am. Chem. Soc. 1959, 81, 5111–5119.
19. Krim, L.; Sorgues, S.; Soep, B.; Shafizadeh, N. J. Phys. Chem. A 2005, 109, 8268–8274.
20. Lim, M.; Jackson, T. A.; Anfinrud, P. A. Science 1995, 269, 962–966.
21. Mitchell, M. L.; Li, X. Y.; Kincaid, J. R.; Spiro, T. G. J. Phys. Chem. 1987, 91, 4690–4696.
22. Suharti, S. L.; de Vries, S.; Moënne-Loccoz, P. J. Am. Chem. Soc. 2004, 126, 15332–15333.
23. Demmel, F.; Doster, W.; Petry, W.; Schulte, A. Eur. Biophys. J. 1997, 26, 327–335.
24. Enakieva, Y. Y.; Bessmertnykh, A. G.; Gorbunova, Y. G.; Stern, C.; Rousselin, Y.; Tsivadze,

A. Y.; Guilard, R. Org. Lett. 2009, 11, 3842–3845.
25. Ogoshi, H.; Watanbe, E.; Yoshida, Z.; Kincaid, J.; Nakamoto, K. J. Am. Chem. Soc. 1973, 95,

2845–2849.
26. Decréau, R. A.; Collman, J. P.; Yang, Y.; Yan, Y.; Devaraj, N. K. J. Org. Chem. 2007, 72,

2794–2802.
27. Rochford, J.; Chu, D.; Hagfeldt, A.; Galoppini, E. J. Am. Chem. Soc. 2007, 129, 4655–4665.
28. Fantauzzi, S.; Gallo, E.; Rose, E.; Raoul, N.; Caselli, A.; Issa, S.; Ragaini, F.; Cenini, S.

Organometallics 2008, 27, 6143–6151.
29. Jaquinod, L.; Prévot, L.; Fischer, J.; Weiss, R. Inorg. Chem. 1998, 37, 1142–1149.
30. Gerwert, K. Biol. Chem. 1999, 380, 931–935.

36/Recent Applications of Infrared Spectroscopy and Microscopy 483

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 483



31. Behr, J.; Hellwig, P.; Mäntele, W.; Michel, H. Biochemistry 1998, 37, 7400–7406.
32. Hayashi, T.; Lin, I. L.; Chen, Y.; Fee, J. A.; Moënne-Loccoz, P. J. Am. Chem. Soc. 2007, 129,

14952–14958.
33. Nienhaus, K.; Knapp, J. E.; Palladino, P.; Royer, W. E.; Nienhaus, G. U. Biochemistry 2007,

46, 14018–14031.
34. Hochstrasser, R. M. Proc. Natl. Acad. Sci. USA 2007, 104, 14190–14196.
35. Finkelstein, I. J.; Zheng, J.; Ishikawa, H.; Kim, S.; Kwak, K.; Fayer, M. D. Phys. Chem. Chem.

Phys. 2007, 9, 1533–1549.
36. Bredenbeck, J.; Helbing, J.; Kolano, C.; Hamm, P. Chemphyschem 2007, 8, 1747–1756.
37. Nelander, B. Vib. Spectrosc. 1995, 9, 29–41.
38. Roy, P.; Brubach, J. B.; Calvani, P.; deMarzi, G.; Filabozzi, A.; Gerschel, A.; Giura, P.; Lupi, S.;

Marcouillé, O.; Mermet, A.; Nucara, A.; Orphal, J.; Paolone, A.; Vervloet, M. Nucl. Instrum.
Methods. A 2001, 467–468, 426–436.

39. Li, X. Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, Y. O.; Spiro, T. G. J. Phys. Chem. 1990, 94,
31–47.

40. Rush III, T. S.; Kozlowski, P. M.; Piffat, C. A.; Kumble, R.; Zgierski, M. Z.; Spiro, T. G.
J. Phys. Chem. B 2000, 104, 5020–5034.

41. Paulat, F.; Praneeth, V. K. K.; Näther, C.; Lehnert, N. Inorg. Chem. 2006, 45, 2835–2856.
42. Starovoitova, V.; Budarz, T. E.; Wyllie, G. R. A.; Scheidt, W. R.; Sturhahn, W.; Alp, E. E.;

Prohofsky, E. W.; Durbin, S. M. J. Phys. Chem. B 2006, 110, 13277–13282.
43. Zhang, X.; Zhang, Y.; Jiang, J. Spectrochim. Acta A 2004, 60, 2195–2200.
44. Ogoshi, H.; Saito, Y.; Nakamoto, K. J. Chem. Phys. 1972, 57, 4194–4202.
45. Seoudi, R.; El-Bahy, G. S.; El Sayed, Z. A. J. Mol. Struct. 2005, 753, 119–126.
46. Ziminov, A.; Ramsh, S.; Terukov, E.; Trapeznikova, I.; Shamanin, V.; Yurre, T. Semiconductors

2006, 40, 1131–1136.
47. Scheer, H.; Inhoffen, H. H., Eds. The Porphyrins; Academic Press: New York, 1978; Vol. 2.
48. Andersson, L. A.; Loehr, T. M.; Sotiriou, C.; Wu, W.; Chang, C. K. J. Am. Chem. Soc. 1986,

108, 2908–2916.
49. Lu, F.; Zhang, L.; Liu, H.; Yan, X. Vib. Spectrosc. 2005, 39, 139–143.
50. Dennis, K. P. N.; Jiangzhuang, J. Chem. Soc. Rev. 1997, 26, 433–442.
51. Buchler, J. W.; Ng, D. K. P.; Kadish, K. M.; Smith, K. M.; Guilard, R., Eds.; Academic Press:

San Diego, 2000; Vol. 3, pp. 245–294.
52. Berthomieu, C.; Marboutin, L.; Dupeyrat, F.; Bouyer, P. Biopolymers 2006, 82, 363–367.
53. Jung, C. J. Mol. Recognit. 2000, 13, 325–351.
54. Nakamoto, K.; Watanabe, T.; Ama, T.; Urban, M. W. J. Am. Chem. Soc. 1982, 104, 3744–3745.
55. Kozuka, M.; Nakamoto, K. J. Am. Chem. Soc. 1981, 103, 2162–2168.
56. Urban, M. W.; Nakamoto, K.; Basolo, F. Inorg. Chem. 1982, 21, 3406–3408.
57. Urban, M. W.; Nakamoto, K.; Kincaid, J. Inorg. Chim. Acta 1982, 61, 77–81.
58. Watanabe, T.; Ama, T.; Nakamoto, K. J. Phys. Chem. 1984, 88, 440–445.
59. Watanabe, T.; Ama, T.; Nakamoto, K. Inorg. Chem. 1983, 22, 2470–2472.
60. Cheung, S. K.; Grimes, C. J.; Wong, J.; Reed, C. A. J. Am. Chem. Soc. 1976, 98, 5028–5030.
61. Jones, R. D.; Budge, J. R.; Ellis, P. E.; Linard, J. E.; Summerville, D. A.; Basolo, F.

J. Organomet. Chem. 1979, 181, 151–158.
62. Watanabe, T.; Ama, T.; Nakamoto, K. J. Phys. Chem. 1984, 88, 440–445.
63. Guilard, R.; Fontesse, M.; Fournari, P.; Lecomte, C.; Protas, J. J. Chem. Soc. Chem. Commun.

1976, 161–162.

484 Hellwig and Melin

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 484



64. Collman, J. P.; Brauman, J. I.; Halbert, T. R.; Suslick, K. S. Proc. Natl. Acad. Sci. USA 1976,
73, 3333–3337.

65. Barlow, C. H.; Maxwell, J. C.; Wallace, W. J.; Caughey, W. S. Biochem. Biophys. Res.
Commun. 1973, 55, 91–95.

66. Maxwell, J. C.; Volpe, J. A.; Barlow, C. H.; Caughey, W. S. Biochem. Biophy. Res. Commun.
1974, 58, 166–171.

67. Momenteau, M.; Reed, C. A. Chem. Rev. 1994, 94, 659–698.
68. Hoffman, B. M.; Szymanski, T.; Brown, T. G.; Basolo, F. J. Am. Chem. Soc. 1978, 100,

7253–7259.
69. Springer, B. A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N., Jr. Chem. Rev. 1994, 94, 699–714.
70. Buchler, J.; Kokisch, W.; Smith, P. In Cis, Trans, and Metal Effects in Transition Metal

Porphyrins 1978; pp. 79–134.
71. Stavrov, S. S.; Decusar, I. P.; Bersuker, I. B. New J. Chem. 1993, 17, 71–76.
72. Silvernail, N. J.; Roth, A.; Schulz, C. E.; Noll, B. C.; Scheidt, W. R. J. Am. Chem. Soc. 2005,

127, 14422–14433.
73. Hashimoto, T.; Baldwin, J. E.; Basolo, F.; Dyer, R. L.; Crossley, M. J. J. Am. Chem. Soc. 1982,

104, 2101–2109.
74. Peng, S.-M.; Ibers, J. A. J. Am. Chem. Soc. 1976, 98, 8032–8036.
75. Caron, C.; Mitschler, A.; Riviere, G.; Ricard, L.; Schappacher, M.; Weiss, R. J. Am. Chem. Soc.

1979, 101, 7401–7402.
76. Salzmann, R.; McMahon, M. T.; Godbout, N.; Sanders, L. K.; Wojdelski, M.; Oldfield, E.

J. Am. Chem. Soc. 1999, 121, 3818–3828.
77. Wang, J. H.; Nakahara, A.; Fleischer, E. B. J. Am. Chem. Soc. 1958, 80, 1109–1113.
78. Collman, J. P.; Brauman, J. I.; Collins, T. J.; Iverson, B. L.; Lang, G.; Pettman, R. B.; Sessler,

J. L.; Walters, M. A. J. Am. Chem. Soc. 1983, 105, 3038–3052.
79. Slebodnick, C.; Duval, M. L.; Ibers, J. A. Inorg. Chem. 1996, 35, 3607–3613.
80. Desbois, A.; Momenteau, M.; Lutz, M. Inorg. Chem. 1989, 28, 825–834.
81. Landergren, M.; Baltzer, L. J. Chem. Soc. Perkin Trans. 2 1992, 355–360.
82. Matsu-ura, M.; Tani, F.; Naruta, Y. J. Am. Chem. Soc. 2002, 124, 1941–1950.
83. Alben, J. O.; Caughey, W. S. Biochemistry 1968, 7, 175–183.
84. Frauenfelder, H.; Sligar, S.; Wolynes, P. Science 1991, 254, 1598–1603.
85. Rost, B.; Behr, J.; Hellwig, P.; Richter, O. M.; Ludwig, B.; Michel, H.; Mäntele, W.

Biochemistry 1999, 38, 7565–7571.
86. Li, J.; Lord, R. L.; Noll, B. C.; Baik, M.-H.; Schulz, C. E.; Scheidt, W. R. Angew. Chem. Int.

Ed. 2008, 47, 10144–10146.
87. Satoshi, K.; Takayanagi, M.; Nakata, M. J. Mol. Struct. 1997, 413–414, 365–369.
88. Scheidt, W. R.; Ellison, M. K. Acc. Chem. Res. 1999, 32, 350–359.
89. Enemark, J. H.; Feltham, R. D. Coord. Chem. Rev. 1974, 13, 339–406.
90. Wayland, B. B.; Olson, L. W. J. Am. Chem. Soc. 1974, 96, 6037–6041.
91. Lorkovic, I.; Ford, P. C. J. Am. Chem. Soc. 2000, 122, 6516–6517.
92. Mu, X. H.; Kadish, K. M. Inorg. Chem. 1988, 27, 4720–4725.
93. Maxwell, J. C.; Caughey, W. S. Biochemistry 1976, 15, 388–396.
94. Piciulo, P. L.; Rupprecht, G.; Scheidt, W. R. J. Am. Chem. Soc. 1974, 96, 5293–5295.
95. Scheidt, W. R.; Brinegar, A. C.; Ferro, E. B.; Kirner, J. F. J. Am. Chem. Soc. 1977, 99, 7315–7322.
96. Bohle, D. S.; Hung, C.-H. J. Am. Chem. Soc. 1995, 117, 9584–9585.
97. Ellison, M. K.; Scheidt, W. R. Inorg. Chem. 1998, 37, 382–383.

36/Recent Applications of Infrared Spectroscopy and Microscopy 485

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 485



98. Richter-Addo, G. B.; Hodge, S. J.; Yi, G.-B.; Khan, M. A.; Ma, T.; Van Caemelbecke, E.;
Guo, N.; Kadish, K. M. Inorg. Chem. 1996, 35, 6530–6538.

99. Scheidt, W. R.; Hatano, K.; Rupprecht, G. A.; Piciulo, P. L. Inorg. Chem. 1979, 18, 292–299.
100. Zahran, Z. N.; Lee, J.; Alguindigue, S. S.; Khan, M. A.; Richter-Addo, G. B. Dalton Trans.

2004, 44–50.
101. Dörr, S.; Wolpert, M.; Hellwig, P. Biopolymers 2006, 82, 349–352.
102. Marboutin, L.; Boussac, A.; Berthomieu, C. J. Biol. Inorg. Chem. 2006, 11, 811–823.
103. Li, J.; Noll, B. C.; Schulz, C. E.; Scheidt, W. R. Inorg. Chem. 2007, 46, 2286–2298.
104. George, S. J.; Allen, J. W. A.; Ferguson, S. J.; Thorneley, R. N. F. J. Biol. Chem. 2000, 275,

33231–33237.
105. Reddy, K. S.; Yonetani, T.; Tsuneshige, A.; Chance, B.; Kushkuley, B.; Stavrov, S. S.;

Vanderkooi, J. M. Biochemistry 1996, 35, 5562–5570.
106. Shimomura, E. T.; Phillippi, M. A.; Goff, H. M.; Scholz, W. F.; Reed, C. A. J. Am. Chem. Soc.

1981, 103, 6778–6780.
107. Hu, S.; Spiro, T. G. J. Am. Chem. Soc. 1993, 115, 12029–12034.
108. Barkigia, K. M.; Renner, M. W.; Fajer, J. J. Phys. Chem. B 1997, 101, 8398–8401.
109. Kadish, K. M.; Moninot, G.; Hu, Y.; Dubois, D.; Ibnlfassi, A.; Barbe, J. M.; Guilard, R. J. Am.

Chem. Soc. 1993, 115, 8153–8166.
110. Chabach, D.; Tahiri, M.; De Cian, A.; Fischer, J.; Weiss, R.; Bibout, M. E. M. J. Am. Chem.

Soc. 1995, 117, 8548–8556.
111. Bian, Y.; Jiang, J.; Tao, Y.; Choi, M. T. M.; Li, R.; Ng, A. C. H.; Zhu, P.; Pan, N.; Sun, X.;

Arnold, D. P.; Zhou, Z.-Y.; Li, H.-W.; Mak, T. C. W.; Ng, D. K. P. J. Am. Chem. Soc. 2003,
125, 12257–12267.

112. Ferrari, M.; Mottola, L.; Quaresima, V. Can. J. Appl. Physiol. 2004, 29, 463–487.
113. Hoshi, Y. J. Biomed. Opt. 2007, 12, 062106.
114. Yoshitani, K.; Ohnishi, Y. J. Anesth. 2008, 22, 502–504.
115. Ndubuizu, O.; LaManna, J. C. Antioxid. Redox Signal. 2007, 9, 1207–1219.
116. Serebrennikova, Y. M.; Smith, J. M.; Huffman, D. E.; Leparc, G. F.; García-Rubio, L. H.

Opt. Express 2008, 16, 18215–18229.
117. Perrey, S. Methods 2008, 45, 289–299.
118. Pogue, B. W.; Paulsen, K. D. Opt. Lett. 1998, 23, 1716–1718.
119. Wang, J.; Davis, S. C.; Srinivasan, S.; Jiang, S.; Pogue, B. W.; Paulsen, K. D. J. Biomed. Opt.

2008, 13, 041305.
120. Prince, S.; Malarvizhi, S. Biofactors 2007, 30, 255–263.
121. Kondepati, V. R.; Heise, H. M.; Backhaus, J. Anal. Bioanal. Chem. 2008, 390, 125–139.
122. Finikova, O. S.; Cheprakov, A. V.; Beletskaya, I. P.; Carroll, P. J.; Vinogradov, S. A. J. Org.

Chem. 2004, 69, 522–535.
123. Detty, M. R.; Gibson, S. L.; Wagner, S. J. J. Med. Chem. 2004, 47, 3897–3915.
124. Balaz, M.; Collins, H. A.; Dahlstedt, E.; Anderson, H. L. Org. Biomol. Chem. 2009, 7,

874–888.
125. Kuimova, M. K.; Collins, H. A.; Balaz, M.; Dahlstedt, E.; Levitt, J. A.; Sergent, N.; Suhling, K.;

Drobizhev, M.; Makarov, N. S.; Rebane, A.; Anderson, H. L.; Phillips, D. Org. Biomol. Chem.
2009, 7, 889–896.

126. Hilmey, D. G.; Abe, M.; Nelen, M. I.; Stilts, C. E.; Baker, G. A.; Baker, S. E.; Bright, F. V.;
Davies, S. R.; Gollnick, S. O.; Oseroff, A. R.; Gibson, S. L.; Hilf, R.; Detty, M. R. J. Med.
Chem. 2002, 45, 449–461.

486 Hellwig and Melin

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 486



127. Dong, A.; Caughey, W. S. Methods Enzymol. 1994, 232, 139–175.
128. Clay, G. O.; Schaffer, C. B.; Kleinfeld, D. J. Chem. Phys. 2007, 126, 025102.
129. Schiro, G.; Cupane, A. Biochemistry 2007, 46, 11568–11576.
130. Schmuttenmaer, C. A. Chem. Rev. 2004, 104, 1759–1779.
131. Miller, L. M.; Dumas, P. Biochim. Biophys. Acta 2006, 1758, 846–857.
132. Kim, S. J.; Born, B.; Havenith, M.; Gruebele, M. Angew. Chem. Int. Ed. 2008, 47, 6486–6489.
133. Kaun, N.; Baena, J. R.; Newnham, D.; Lendl, B. Appl. Spectrosc. 2005, 59, 505–510.
134. Heugen, U.; Schwaab, G.; Bründermann, E.; Heyden, M.; Yu, X.; Leitner, D. M.; Havenith, M.

Proc. Natl. Acad. Sci. USA 2006, 103, 12301–12306.
135. Eyster, J. M.; Prohofsky, E. W. Phys. Rev. Lett. 1977, 38, 371–373.
136. Markelz, A. G. IEEE J. Sel. Top. Quant. Electron. 2008, 14, 180–190.
137. Xie, A.; van der Meer, A. F.; Austin, R. H. Phys. Rev. Lett. 2002, 88, 018102.
138. Brubach, J. B.; Mermet, A.; Filabozzi, A.; Gerschel, A.; Roy, P. J. Chem. Phys. 2005, 122, 184509.
139. Zundel, G.; Brzezinski, B. Pol. J. Chem. 1998, 72, 172–192.
140. Go, N.; Noguti, T.; Nishikawa, T. Proc. Natl. Acad. Sci. USA. 1983, 80, 3696–3700.
141. Zhang, C.; Durbin, S. M. J. Phys. Chem. B 2006, 110, 23607–23613.
142. Xu, J.; Plaxco, K. W.; Allen, S. J. J. Phys. Chem. B 2006, 110, 24255–24259.
143. Leu, B. M.; Zhang, Y.; Bu, L.; Straub, J. E.; Zhao, J.; Sturhahn, W.; Alp, E. E.; Sage, J. T.

Biophys. J. 2008, 95, 5874–5889.
144. Hurley, W. J.; Kuntz Jr., I. D.; Leroi, G. E. J. Am. Chem. Soc. 1966, 88, 3199–3202.
145. Ryzhov, V. A. Phys. Solid State 2002, 44, 2229–2233.
146. Martens, S.; Gompf, B.; Dressel, M. Appl. Opt. 2009, 48, 5490–5496.
147. Ji, Y. B.; Lee, E. S.; Kim, S. H.; Son, J. H.; Jeon, T. Opt. Express 2009, 17, 17082–17087.
148. Williams, K. K.; Taylor, Z. D.; Suen, J. Y.; Lu, H.; Singh, R. S.; Gossard, A. C.; Brown, E. R.

Opt. Lett. 2009, 34, 3068–3070.
149. Willer, U.; Pohlkötter, A.; Schade, W.; Xu, J.; Losco, T.; Green, R. P.; Tredicucci, A.; Beere,

H. E.; Ritchie, D. A. Opt. Express 2009, 17, 14069–14074.
150. Musheinesh, M. A.; Divin, C. J.; Fessler, J. A.; Norris, T. B. Opt. Express 2009, 17,

13663–13670.
151. Suen, J. Y.; Tewari, P.; Taylor, Z. D.; Grundfest, W. S.; Lee, H.; Brown, E. R.; Culjat, M. O.;

Singh, R. S. Stud. Health Technol. Inform. 2009, 142, 364–368.
152. Grosse, E. Phys. Med. Biol. 2002, 47, 3755–3760.
153. Ueno, Y.; Ajito, K. Anal. Sci. 2008, 24, 185–192.
154. Liu, H. B.; Chen, Y.; Zhang, X. C. J. Pharm. Sci. 2007, 96, 927–934.
155. Dörr, S.; Schade, U.; Hellwig, P.; Ortolani, M. J. Phys. Chem. B 2007, 111, 14418–14422.
156. Marboutin, L.; Desbois, A.; Berthomieu, C. J. Phys. Chem. B 2009, 113, 4492–4499.
157. Rai, B. K.; Durbin, S. M.; Prohofsky, E. W.; Sage, J. T.; Ellison, M. K.; Roth, A.; Scheidt,

W. R.; Sturhahn, W.; Alp, E. E. J. Am. Chem. Soc. 2003, 125, 6927–6936.
158. Kitagawa, T. In Biological Applications of Raman Spectroscopy; Spiro, T. G., Ed.; Wiley and

Sons: New York, 1988; Vol. III, pp. 97–131.
159. Boffi, A.; Das, T. K.; della Longa, S.; Spagnuolo, C.; Rousseau, D. L. Biophys. J. 1999, 77,

1143–1149.
160. Jung, C.; Schulze, H.; Deprez, E. Biochemistry 1996, 35, 15088–15094.
161. Alben, J. O.; Beece, D.; Bowne, S. F.; Doster, W.; Eisenstein, L.; Frauenfelder, H.; Good, D.;

McDonald, J. D.; Marden, M. C.; Moh, P. P.; Reinisch, L.; Reynolds, A. H.; Shyamsunder, E.;
Yue, K. T. Proc. Natl. Acad. Sci. USA 1982, 79, 3744–3748.

36/Recent Applications of Infrared Spectroscopy and Microscopy 487

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 487



162. Nienhaus, K.; Nienhaus, G. U. Methods Enzymol. 2008, 437, 347–378.
163. Berendzen, J.; Braunstein, D. Proc. Natl. Acad. Sci. USA. 1990, 87, 1–5.
164. Alben, J. O.; Moh, P. P.; Fiamingo, F. G.; Altschuld, R. A. Proc. Natl. Acad. Sci. USA 1981,

78, 234–237.
165. Nienhaus, G. U.; Chu, K.; Jesse, K. Biochemistry 1998, 37, 6819–6823.
166. Collman, J. P.; Gagne, R. R.; Gray, H. B.; Hare, J. W. J. Am. Chem. Soc. 1974, 96, 6522–6524.
167. Watanabe, T.; Ama, T.; Nakamoto K. J. Phys. Chem. A 1984, 88, 440–445.
168. Kurtikyan, T. S.; Martirosyan, G. G.; Hakobyan, M. E.; Ford, P. C. Chem. Commun. 2003, 9,

1706–1707.
169. Kendrew, J. C.; Bodo, G.; Dintzis, H. M.; Parrish, R. G.; Wyckoff, H.; Phillips, D. C. Nature

1958, 181, 662–666.
170. Brunori, M.; Bourgeois, D.; Vallone, B. J. Struct. Biol. 2004, 147, 223–234.
171. Spiro, T. G.; Wasbotten, I. H. J. Inorg. Biochem. 2005, 99, 34–44.
172. Vos, M. H. Biochim. Biophys. Acta 2008, 1777, 15–31.
173. Ansari, A.; Berendzen, J.; Bowne, S. F.; Frauenfelder, H.; Iben, I. E. T.; Sauke, T. B.;

Shyamsunder, E.; Young, R. D. Proc. Natl. Acad. Sci. USA 1985, 82, 5000–5004.
174. Austin, R. H.; Beeson, K. W.; Eisenstein, L.; Frauenfelder, H.; Gunsalus, I. C. Biochemistry

1975, 14, 5355–5373.
175. Johnson, J. B.; Lamb, D. C.; Frauenfelder, H.; Müller, J. D.; McMahon, B.; Nienhaus, G. U.;

Young, R. D. Biophys. J. 1996, 71, 1563–1573.
176. Nienhaus, G. U.; Mourant, J. R.; Frauenfelder, H. Proc. Natl. Acad. Sci. USA 1992, 89,

2902–2906.
177. Klug, D. D.; Zgierski, M. Z.; Tse, J. S.; Liu, Z.; Kincaid, J. R.; Czarnecki, K.; Hemley, R. J.

Proc. Natl. Acad. Sci. USA 2002, 99, 12526–12530.
178. Prémont-Schwarz, M.; Bohle, D. S.; Gilson, D. F. R. Inorg. Chim. Acta 2006, 359, 3089–3091.
179. Kurtikyan, T. S.; Hovhannisyan, A. A.; Hakobyan, M. E.; Patterson, J. C.; Iretskii, A.; Ford,

P. C. J. Am. Chem. Soc. 2007, 129, 3576–3585.
180. Monod, J.; Wyman, J.; Changeux, J.-P. J. Mol. Biol. 1965, 12, 88–118.
181. Perutz, M. F. Nature 1970, 228, 726–739.
182. Petrich, J. W.; Poyart, C.; Martin, J. L. Biochemistry 1988, 27, 4049–4060.
183. Lasch, P.; Naumann, D. Biochim. Biophys. Acta. 2006, 1758, 814–829.
184. Zhang, X. C. Phys. Med. Biol. 2002, 47, 3667–3677.
185. Bhargava, R.; Levin, I. W. Anal. Chem. 2001, 73, 5157–5167.
186. Malik, Z.; Dishi, M.; Garini, Y. Photochem. Photobiol. 1996, 63, 608–614.
187. Gravier, J.; Korchowiec, B.; Schneider, R.; Rogalska, E. Chem. Phys. Lipids 2009, 158, 102–109.
188. Kee, H. L.; Diers, J. R.; Ptaszek, M.; Muthiah, C.; Fan, D.; Lindsey, J. S.; Bocian, D. F.;

Holten, D. Photochem. Photobiol. 2009, 85, 909–920.
189. Jiang, F. L.; Poon, C. T.; Wong, W. K.; Koon, H. K.; Mak, N. K.; Choi, C. Y.; Kwong, D. W.;

Liu, Y. Chembiochem 2008, 9, 1034–1039.
190. Nighswander-Rempel, S. P.; Kupriyanov, V. V.; Shaw, R. A. Appl. Spectrosc. 2005, 59,

190–193.
191. Shu, X.; Royant, A.; Lin, M. Z.; Aguilera, T. A.; Lev-Ram, V.; Steinbach, P. A.; Tsien, R. Y.

Science 2009, 324, 804–807.
192. He, P.; Hu, N.; Rusling, J. F. Langmuir 2004, 20, 722–729.
193. Liu, H. H.; Tian, Z. Q.; Lu, Z. X.; Zhang, Z. L.; Zhang, M.; Pang, D. W. Biosens. Bioelectron.

2004, 20, 294–304.

488 Hellwig and Melin

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 488



194. Abo-Bakr, M.; Feikes, J.; Holldack, K.; Wüstefeld, G.; Hübers, H. W. Phys. Rev. Lett. 2002,
88, 254801.

195. Marinkovic, N. S.; Huang, R.; Bromberg, P.; Sullivan, M.; Toomey, J.; Miller, L. M.; Sperber, E.;
Moshe, S.; Jones, K. W.; Chouparova, E.; Lappi, S.; Franzen, S.; Chance, M. R. J. Synchrotron
Radiat. 2002, 9, 189–197.

196. Miller, L. M.; Wang, Q.; Telivala, T. P.; Smith, R. J.; Lanzirotti, A.; Miklossy, J. J. Struct. Biol.
2006, 155, 30–37.

197. Miller, L. M.; Carlson, C. S.; Carr, G. L.; Chance, M. R. Cell. Mol. Biol. 1998, 44, 117–127.
198. Schmidt, M.; Lee, J. S.; Grunze, M.; Kim, K. H.; Schade, U. Appl. Spectrosc. 2008, 62,

171–175.
199. Carr, G. L.; Williams, G. P. SPIE Conf. Proc. 1997, 3153, 51–59.
200. Scheidt, W. R.; Durbin, S. M.; Sage, J. T. J. Inorg. Biochem. 2005, 99, 60–71.
201. Zscherp, C.; Barth, A. Biochemistry 2001, 40, 1875–1883.
202. Braiman, M. S.; Mogi, T.; Marti, T.; Stern, L. J.; Khorana, H. G.; Rothschild, K. J.

Biochemistry 1988, 27, 8516–8520.
203. Nabedryk, E.; Berthomieu, C.; Verméglio, A.; Breton, J. FEBS Lett. 1991, 293, 53–58.
204. Buchanan, S.; Michel, H.; Gerwert, K. Biochemistry 1992, 31, 1314–1322.
205. Heineman, W. R.; Kuwana, T.; Hartzell, C. R. Biochem. Biophys. Res. Commun. 1972, 49, 1–8.
206. Norris, B. J.; Meckstroth, M. L.; Heineman, W. R. Anal. Chem. 1976, 48, 630–632.
207. Lin, X. Q.; Kadish, K. M. Anal. Chem. 1985, 57, 1498–1501.
208. Moss, D.; Nabedryk, E.; Breton, J.; Mäntele, W. Eur. J. Biochem. 1990, 187, 565–572.
209. Fritz, F.; Moss, D. A.; Mäntele, W. FEBS Lett. 1992, 297, 167–170.
210. Hellwig, P.; Grzybek, S.; Behr, J.; Ludwig, B.; Michel, H.; Mäntele, W. Biochemistry 1999, 38,

1685–1694.
211. Iwaki, M.; Yakovlev, G.; Hirst, J.; Osyczka, A.; Dutton, P. L.; Marshall, D.; Rich, P. R.

Biochemistry 2005, 44, 4230–4237.
212. Fleischmann, M.; Hendra, P. J.; McQuilla, A. J. Chem. Phys. Lett. 1974, 26, 163–166.
213. Hartstein, A.; Kirtley, J. R.; Tsang, J. C. Phys. Rev. Lett. 1980, 45, 201–204.
214. Aroca, R. F.; Ross, D. J.; Domingo, C. Appl. Spectrosc. 2004, 58, 324–338.
215. Osawa, M. Near-Field Optics and Surface Plasmon Polaritons 2001, 81, 163–187.
216. Ataka, K.; Heberle, J. Anal. Bioanal. Chem. 2007, 388, 47–54.
217. Osawa, M. Bull. Chem. Soc. Jpn. 1997, 70, 2861–2880.
218. Zhang, Z.; Sato, T. I. H.; Watanabe, A.; Ozaki, Y. Langmuir 2001, 17, 4564–4568.
219. Zhang, Z.; Yoshida, N.; Imae, T.; Xue, Q.; Bai, M.; Jiang, J.; Liu, Z. J. Colloid Interf. Sci. 2001,

243, 382–387.
220. Ataka, K.; Heberle, J. J. Am. Chem. Soc. 2004, 126, 9445–9457.
221. Ataka, K.; Giess, F.; Knoll, W.; Naumann, R.; Haber-Pohlmeier, S.; Richter, B.; Heberle, J.

J. Am. Chem. Soc. 2004, 126, 16199–16206.
222. Schlereth, D. D.; Mäntele, W. Biochemistry 1993, 32, 1118–1126.
223. Lin, C. Y.; Spiro, T. G. J. Phys. Chem. B 1997, 101, 472–482.
224. Kadish, K. M.; Mu, X. H.; Lin, X. Q. Electroanalysis 1989, 1, 35–41.
225. Jones, D. H.; Hinman, A. S. J. Chem. Soc. Dalton Trans. 1992, 1503–1508.
226. Kadish, K. M.; Mu, X. H. P. Appl. Chem. 1990, 62, 1051–1054.
227. Hinman, A. S.; Olorunyolemi, T. Can. J. Chem. 1993, 71, 1975–1982.
228. Hosler, J. P.; Ferguson-Miller, S.; Mills, D. A. Annu. Rev. Biochem. 2006, 75, 165–187.
229. Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, H. Nature 1995, 376, 660–669.

36/Recent Applications of Infrared Spectroscopy and Microscopy 489

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 489



230. Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, H.; Shinzawa-Itoh, K.;
Nakashima, R.; Yaono R.; Yoshikawa, S. Science 1995, 269, 1069–1074.

231. Hellwig, P.; Behr, J.; Ostermeier, C.; Richter, O. M.; Pfitzner, U.; Odenwald, A.; Ludwig, B.;
Michel, H.; Mäntele, W. Biochemistry 1998, 37, 7390–7399.

232. Barth, A. Biochim. Biophys. Acta 2007, 1767, 1073–1101.
233. Vogel, R.; Siebert, F. Curr. Opin. Chem. Biol. 2000, 4, 518–523.
234. Kötting, C.; Gerwert, K. Chemphyschem 2005, 6, 881–888.
235. Hellwig, P.; Soulimane, T.; Buse, G.; Mäntele, W. FEBS Lett. 1999, 458, 83–86.
236. Yoshikawa, S.; Muramoto, K.; Shinzawa-Itoh, K.; Aoyama, H.; Tsukihara, T.; Shimokata, K.;

Katayama, Y.; Shimada, H. Biochim. Biophys. Acta 2006, 1757, 1110–1116.
237. Okuno, D.; Iwase, T.; Shinzawa-Itoh, K.; Yoshikawa, S.; Kitagawa, T. J. Am. Chem. Soc. 2003,

125, 7209–7218.
238. Salje, J.; Ludwig, B.; Richter, O. M. Biochem. Soc. Trans. 2005, 33, 829–831.
239. Richter, O. M.; Ludwig, B. Biochim. Biophys. Acta 2009, 1787, 626–634.
240. Brzezinski, P.; Reimann, J.; Adelroth, P. Biochem. Soc. Trans. 2008, 36, 1169–1174.
241. Lübben, M.; Prutsch, A.; Mamat, B.; Gerwert, K. Biochemistry 1999, 38, 2048–2056.
242. Schmidt, B.; Hillier, W.; McCracken, J.; F.-M., S. Biochim. Biophys. Acta 2004, 1655,

248–255.
243. Mileni, M.; Haas, A. H.; Mäntele, W.; Simon, J.; Lancaster, C. R. Biochemistry 2005, 44,

16718–16728.
244. Behr, J.; Michel, H.; Mäntele, W.; Hellwig, P. Biochemistry 2000, 39, 1356–1363.
245. Berry, A. B.; Guergova-Kuras, M.; Huang, L.; Crofts, A. R. Annu. Rev. Biochem. 2000, 69,

1005–1075.
246. Ritter, M.; Palsdottir, H.; Abe, M.; Mäntele, W.; Hunte, C.; Miyoshi, H.; Hellwig, P. Biochemistry

2004, 43, 8439–8446.
247. Baymann, F.; Robertson, D. E.; Dutton, P. L.; Mäntele, W. Biochemistry 1999, 38,

13188–13199.
248. Ritter, M.; Anderka, O.; Ludwig, B.; Mäntele, W.; Hellwig, P. Biochemistry 2003, 42,

12391–12399.
249. Zewail, A. H. Science 1988, 242, 1645–1653.
250. Rödig, C.; Siebert, F. FEBS Lett. 1999, 445, 14–18.
251. Heitbrink, D.; Sigurdson, H.; Bolwien, C.; Brzezinski, P.; Heberle, J. Biophys. J. 2002, 82, 1–10.
252. Elsaesser, T.; Kaiser, W. Chem. Phys. Lett. 1986, 128, 231–237.
253. Moore, J. N.; Hansen, P. A.; Hochstrasser, R. M. J. Am. Chem. Soc. 1989, 111, 4563–4566.
254. Moore, J. N.; Hansen, P. A.; Hochstrasser, R. M. Proc. Natl. Acad. Sci. USA 1988, 85,

5062–5066.
255. Stoutland, P. O.; Dyer, R. B.; Woodruff, W. H. Science 1992, 257, 1913–1917.
256. Achterhold, K.; Parak, F. G. J. Phys. Cond. Matter 2003, 15, 1683–1692.
257. Schotte, F.; Lim, M.; Jackson, T. A.; Smirnov, A. V.; Soman, J.; Olson, J. S.; Phillips, G. N. J.;

Wulff, M.; Anfinrud, P. A. Science 2003, 300, 1944–1947.
258. Hu, S.; Vogel, K. M.; Spiro, T. G. J. Am. Chem. Soc. 1994, 116, 11187–11188.
259. Jasaitis, A.; Hola, K.; Bouzhir-Sima, L.; Lambry, J. C.; Balland, V.; Vos, M. H.; Liebl, U.

Biochemistry 2006, 45, 6018–6026.
260. Marvin, K. A.; Kerby, R. L.; Youn, H.; Roberts, G. P.; Burstyn, J. N. Biochemistry 2008, 47,

9016–9028.
261. Lu, S.; Suharti; Vries, S.; Moënne-Loccoz, P. J. Am. Chem. Soc. 2004, 126, 15332–15333.

490 Hellwig and Melin

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 490



262. Bidwai, A. K.; Ok, E. Y.; Erman, J. E. Biochemistry 2008, 47, 10458–10470.
263. Das, T. D.; Wilson, E. K.; Cutruzzolà, F.; Brunori, M.; Rousseau, D. L. Biochemistry 2001, 40,

10774–10781.
264. Gilles-Gonzalez, M.-A.; Gonzalez, G. J. Inorg. Biochem. 2005, 99, 1–22.
265. Tsubaki, M.; Yoshikawa, S. Biochemistry 1993, 32, 164–173.
266. Einarsdottir, Ó.; Dyer, R. B.; Lemon, D. D.; Killough, P. M.; Hubig, S. M.; Atherton, S. J.;

López-Garriga, J. J.; Palmer, G.; Woodruff, W. H. Biochemistry 1993, 32, 12013–12024.
267. Dyer, R. B.; Peterson, K. A.; Stoutland, P. O.; Woodruff, W. H. Biochemistry 1994, 33,

500–507.
268. Mitchell, D. M.; Müller, J. D.; Gennis, R. B.; Nienhaus, U. G. Biochemistry 1996,

16782–16788.
269. Park, S.; Pan, L. P.; Chan, S. I.; Alben, J. O. Biophys. J. 1996, 71, 1036–1047.
270. Puustinen, A.; Bailey, J. A.; Dyer, R. B.; Mecklenburg, S. L.; Wikström, M.; Woodruff, W. H.

Biochemistry 1997, 36, 13195–13200.
271. Georgiadis, K. E.; Jhon, N.-I.; Einarsdottir, Ó. Biochemistry 1994, 33, 9245–9256.
272. Fiamingo, F. G.; Altschuld, R. A.; Alben, J. O. J. Biol. Chem. 1986, 261, 12976–12987.
273. Fiamingo, F. G.; Altschuld, R. A.; Moh, P. P.; Alben, J. O. J. Biol. Chem. 1982, 257,

1639–1650.
274. Oliveberg, M.; Malmström, B. G. Biochemistry 1992, 3560–3563.
275. Calhoun, M. W.; Hill, J. J.; Lemieux, L. J.; Ingledew, W. J.; Alben, J. O.; Gennis, R. B.

Biochemistry 1993, 32, 11524–11529.
276. Hosler, J. P.; Shapleigh, J. P.; Tecklenburg, M. J.; Thomas, J. W.; Kim, Y.; Espe, M.; Fetter, J.;

Babcock, G. T.; Alben, J. O.; Gennis, R. B. Biochemistry 1994, 33, 1194–1201.
277. Mitchell, D. M.; Shapleigh, J. P.; Archer, A. M.; Alben, J. O.; Gennis, R. B. Biochemistry 1996,

35, 9446–9450.
278. Hellwig, P.; Bohm, A.; Pfitzner, U.; Mantele, W.; Ludwig, B. Biochim. Biophys. Acta 2008,

1777, 220–226.
279. Mitchell, R.; Rich, P. R. Biochim. Biophys. Acta 1994, 1186, 19–26.
280. Ädelroth, P.; Sigurdson, H.; Hallen, S.; Brzezinski, P. Proc. Natl. Acad. Sci. USA 1996, 93,

12292–12297.
281. Kannt, A.; Lancaster, C. R. D.; Michel, H. Biophys. J. 1998, 74, 708–721.
282. Hill, J. J.; Alben, J. O.; Gennis, R. B. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 5863–5867.
283. Jünemann, S. Biochim. Biophys. Acta 1997, 1321, 107–127.
284. Zhang, C.; Durbin, S. M. J. Phys. Chem. B 2006, 110, 23607–23613.
285. Hamm, P.; Helbing, J.; Bredenbeck, J. Annu. Rev. Phys. Chem. 2008, 59, 291–317.
286. Hamm, P.; Lim, M.; Hochstrasser, R. M. J. Phys. Chem. B 1998, 102, 6123–6138.
287. Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear Magnetic Resonance in One

and Two Dimensions; Oxford: Clarendon, 1987.
288. Bredenbeck, J.; Helbing, J.; Kolano, C.; Hamm, P. Chemphyschem 2007, 8, 1747–1756.
289. Zhuang, W.; Hayashi, T.; Mukamel, S. Angew. Chem. Int. Ed. 2009, 48, 3750–3781.
290. Zhuang, W.; Abramavicius, D.; Hayashi, T.; Mukamel, S. J. Phys. Chem. B 2006, 110,

3362–3374.
291. Khalili, M.; Liwo, A.; Jagielska, A.; Scheraga, H. A. J. Phys. Chem. B 2005, 109,

13798–13810.
292. Baiz, C. R.; McRobbie, P. L.; Preketes, N. K.; Kubarych, K. J.; Geva, E. J. Phys. Chem. A

2009, 113, 9617–9623.

36/Recent Applications of Infrared Spectroscopy and Microscopy 491

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 491



293. Baiz, C. R.; McRobbie, P. L.; Anna, J. M.; Geva, E.; Kubarych, K. J. Acc. Chem. Res. 2009,
42, 1395–1404.

294. Rubtsov, I. V. Acc. Chem. Res. 2009, 42, 1385–1394.
295. Kraemer, D.; Cowan, M. L.; Paarmann, A.; Huse, N.; Nibbering, E. T.; Elsaesser, T.; Miller,

R. J. Proc. Natl. Acad. Sci. USA 2008, 105, 437–442.
296. Cowan, M. L.; Bruner, B. D.; Huse, N.; Dwyer, J. R.; Chugh, B.; Nibbering, E. T.; Elsaesser, T.;

Miller, R. J. Nature 2005, 434, 199–202.
297. Guo, R.; Fournier, F.; Donaldson, P. M.; Gardner, E. M.; Gould, I. R.; Klug, D. R. Phys. Chem.

Chem. Phys. 2009, 8417–8421.
298. White, A. J.; Drabble, K.; Wharton, C. Biochem. J. 1995, 306, 843–849.
299. Masuch, R.; Moss, D. A. Appl. Spectrosc. 2003, 57, 1407–1418.
300. George, S. J.; Kurkin, S.; Thorneley, R. N.; Albracht, S. P. Biochemistry 2004, 43, 6808–6819.
301. George, S. J.; Andrew, C. R.; Lawson, D. M.; Thorneley, R. N. F.; Eady, R. J. Am. Chem. Soc.

2001, 123, 9683–9684.
302. Hinsmann, P.; Frank, J.; Svasek, P.; Harasek, M.; Lendl, B. Lab. Chip. 2001, 1, 16–21.
303. Tolland J. D.; Thorneley, R. N. F. Biochemistry 2005, 44, 9520–9527.
304. Muthusamy, M.; Ambundo, E. A.; George S. J.; Lippard, S. J.; Thorneley, R. N. F. J. Am.

Chem. Soc. 2003, 125, 11150–11151.
305. Kauffmann, E.; Darton, N. C.; Austin, R. H.; Batt, C.; Gerwert, K. Proc. Natl. Acad. Sci. USA.

2001, 98, 6646–6649.
306. Nyquist, R. M.; Heitbrink, D.; Bolwien, C.; Wells, T. A.; Gennis, R. B.; Heberle, J. FEBS Lett.

2001, 505, 63–67.
307. Iwaki, M.; Puustinen, A.; Wikstrom, M.; Rich, P. R. Biochemistry 2004, 43, 14370–14378.
308. Rich, P. R.; Iwaki, M. Mol. Biosyst. 2007, 3, 398–407.
309. Iwaki, M.; Rich, P. R. J. Am. Chem. Soc. 2004, 126, 2386–2389.

492 Hellwig and Melin

b867_Vol-07_Ch-36.qxd  6/4/2010  10:09 AM  Page 492



A
Abbreviations

for free-base porphycenes, 360
for IR spectroscopy/microscopy, 438–440
for metallophthalocyanines (MPcs), 249
for phthalocyanines (Pcs), 249
for porphyrin isomers, 360

Absolute configurations, of natural products
via conformational analysis, 232–239

Absorption. See also Infrared
spectroscopy/microscopy

of chlorophyll/bacteriochlorophyll/chlorin/
bacteriochlorin systems, 179–181

of chlorophyll hetero-dyads, 196–197
circular dichroism (CD)/electronic

absorption spectra and hemoglobin,
154–156

corrphycenes and, 383, 390–392
equine hemoproteins and, 157–160
fluorescence spectra/quantum yields (ΦF)

and, 281–282
free-base porphycenes and, 380–390
free-base porphyrin electronic spectras and

Qx/Qy notation, 380–381
hemiporphycenes and, 383, 390–392
isoporphycene derivatives and, 390–392
perimeter model for absorption elucidation,

392–397
photophysical processes after light

absorption and Jablonski diagram,
268

radiative/nonradiative rates for porphycenes
and derivatives, 401, 403

in room temperature absorption spectra,
384–385

room temperature absorption spectra for
toluene solutions, 403

synthetic heme systems and, 165–171
for toluene solutions, 403

Aggregation behavior
carboxylated derivatives (water soluble

Pcs) and, 280
energy levels/transitions (water soluble

Pcs) of, 278–279
in non-water soluble Pcs, 321–323
quaternized derivatives (water soluble Pcs)

and, 280–281
sulfonated derivatives (water soluble Pcs)

and, 279–280
Alkanes, photocatalytic reactions of, 347–348
Alkenes, photocatalytic reactions of, 347–348
Anisotropy factors, and natural chlorophyll

a/bacteriochlorophyll a and derivatives,
177, 182

ANKA (Germany), 441
Antipodes and CD spectra, 200–201, 203
Argon, main trapping site of porphycene in,

398–399
Australian Synchrotron, 441
Axial ligands

and carbon monoxide of M(II) porphyrins,
446–448

and cyanide of M(II) porphyrins, 448
and dioxygen of M(II) porphyrins,

444–445
and four-coordinate iron(III) porphyrin

cation for formation of pure
intermediate-spin complexes, 60–61

general axial ligands (X1, X2) of Pcs,
260–263

and imidazoles of M(II) porphyrins, 444
and magnetochemical series for formation

of pure intermediate-spin complexes,
58–60

and nitric oxide of M(II) porphyrins,
448–450

Axial ligands effect on ground states, and
electronic/magnetic structures, 26–31
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B
Bacteriochlorin systems. See Chlorophyll/

bacteriochlorophyll/chlorin/
bacteriochlorin systems

Bacteriochlorophyll systems. See Chlorophyll/
bacteriochlorophyll/chlorin/
bacteriochlorin systems

bc1 complex, and respiratory chain enzyme
studies, 472–474

Binaphthyl-linked porphyrins,
structures/spectra of, 199–200

Bis-porphyrin classes, 234–235

C
Carbon monoxide (CO), axial ligand bands

and M(II) porphyrins, 446–448
Carboxylated derivatives

Φ∆ and, 319
ΦF and MPc(SO3)mix, 313
(ΦT)/(τT) and, 316–317

Carboxylated derivatives and aggregation
behavior in water soluble Pcs, 280

Cation, for formation of pure intermediate-
spin complexes, 60–61

Cation radicals (oxoiron IV), 130–134
Cation radicals, porphyrin π-cation radicals,

451–452
CdPc complexes, quantum yields for, 335–337
Chlorin systems. See Chlorophyll/

bacteriochlorophyll/chlorin/
bacteriochlorin systems

Chlorobium tepidum, and spectra of BChl c,
184–186

Chlorophyll/bacteriochlorophyll/chlorin/
bacteriochlorin systems

comparison of experimental/calculated
anisotropy factors, 182

Kirkwood model and, 180
and natural BChl c, d, e and g, 184–185
and natural chlorophyll

a/bacteriochlorophyll a and
derivatives, 173–184

and natural light harvesting complex 2
(LH2), 185–191

optical activity/absorption spectra and
ether, 179–180

rotational strengths/absorption and ether,
181

and synthetic chlorins/bacteriochlorins and
dimeric/aggregated systems,
191–196

Chlorophyll hetero-dyads
CD spectra/absorption of, 196–197
structures of, 196–197

Chromophores, circular dichroism (CD) and,
149–150

Circular dichroism (CD)
chromophore fundamentals and, 149–150
Cotton effects and, 152–153
defined, 148
and determination of absolute

configurations of natural products,
232–239, 232–239

and determination of helicity of
polyisocyanides, 230–232

exciton coupling fundamentals and,
150–153

and natural BChl c, d, e and g, 184–185
and natural chlorophyll

a/bacteriochlorophyll a and
derivatives, 173–184

natural heme systems, 153–165
and natural light harvesting complex 2

(LH2), 185–191
phenomenological/theoretical fundamentals

of, 148–149
and synthetic chlorins/bacteriochlorins and

dimeric/aggregated systems,
191–196

and synthetic dimeric porphyrins without
optically active substituents,
208–219

synthetic heme systems, 165–173
synthetic monomer systems, 196–205
and synthetic naphthalene units linked with

bis-porphyrins, 205–208
synthetic oligomeric porphyrin systems,

219–230
Cis-trans tautomerism. See also

Tautomerism
Cis-trans tautomerism

polarized spectroscopy and, 417–418
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and relative changes of fluorescence
quantum yield with temperature,
404–405

structure, 373–380, 397
triplet state studies and, 409

Conformational analysis
bis-porphyrin classes and, 234–235
and determination of absolute

configurations of natural products,
232–239

and determination of helicity of
polyisocyanides, 230–232

Corrin moiety, 361
Corrphycenes

cis/trans tautomeric forms of, 376
electronic absorption data of, 383
electronic absorption spectra of, 390–392
formulas of most stable tautomeric form of,

362
Cotton effects

circular dichroism (CD) and, 156
and determination of absolute

configurations of natural products,
232–233

exciton coupling and, 152–153
and spectra of synthetic

bacteriochlorins/dimeric systems,
203

Curie plots, and electronic ground states in
low-spin complexes

Cyanide (CN−), axial ligand bands and M(II)
porphyrins, 448

Cytochrome bc1 complex, and respiratory
chain enzyme studies, 472–474

Cytochrome c oxidase protonation sites, and
respiratory chain enzyme studies,
468–472

Cytochrome P450
catalytic mechanism of, 3–4
redox properties of, 361

D
Davydov splitting, exciton coupling and, 151,

153
Deformation of porphyrin ring

domed deformation, 7, 11

and formation of pure intermediate-spin
complexes (ruffled), 61–67

and formation of pure intermediate-spin
complexes (saddles), 67–70

ruffled deformation, 11, 39–45
saddled deformation, 11, 45–47

Dianions, of porphyrins, 8–9
Dications, iron(III) porphyrin, 134
Dichroism. See Circular dichroism
Dimeric porphyrins without optically active

substituents, 208–219
Dimers, and spectra of natural chlorophyll

a/bacteriochlorophyll a and derivatives,
182–184

Dioxygen (O2), axial ligand bands and M(II)
porphyrins, 444–445

Dipole strength, HOMO/LUMO MCD spectra
and, 395–396

Doming, of five-coordinate iron porphyrin
complexes, 7, 11

E
Electrochemically induced FTIR difference

spectroscopy
surface-enhanced IR and, 464–466
thin layer electrochemistry and, 463–464

Electronic absorption data
isoporphycene derivatives and, 383

Electronic absorption spectra
corrphycenes and, 390–392
free-base porphycenes (general

information) and, 380–390
hemiporphycenes and, 390–392
isoporphycene derivatives and, 390–392

Electronic/magnetic structures
13C NMR spectroscopy to determine,

15–20
1H NMR spectroscopy to determine, 12–15
and axial ligands effect on ground states,

26–31
and axial ligands for formation of pure

intermediate-spin complexes,
58–61

effect of peripheral substitution on, 31–39
and electronic ground state in intermediate-

spin complexes, 70–75
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and electronic ground states in
intermediate-spin complexes, 70–75

EPR spectroscopy to determine, 20–22
[Fe(MAzP)L2]

± and [Fe(OEP)L2]
±, 82–87

and [Fe(OETPP)L2]
+ spin crossovers

between S = 3/2 and S = 1/2, 76–80
and [Fe(OMTPP)L2]

+ and Fe(TBTXPL)L2
spin crossovers, 80–82

formation of pure intermediate-spin
complexes, 58–70

general considerations, 57–58
and iron(IV) porphyrins with FeIV=O bond,

124–127
and iron(IV) porphyrins without FeIV=O

bond, 127–129
low-spin iron(III) porphyrin complexes

(general considerations), 22–26
one-electron-oxidized products, iron(III)

with (dxz, dyz)
4(dxy)

1 electrons and,
117–124

one-electron-oxidized products of iron(III)
porphyrins (general information)
and, 108–109

one-electron-oxidized products of iron(III)
porphyrins (high-spin cation
radicals) and, 109–113

one-electron-oxidized products of iron(III)
porphyrins, iron(III) with (dxy)2(dxz,
dyz)

3 electrons and, 116–117
one-electron-oxidized products of iron(III)

porphyrins (low-spin cation radicals)
and, 115–124

one-electron-oxidized products of iron(III)
porphyrins (mixed high-spin/
intermediate-spin cation radicals)
and, 114–115

orbital interactions to determine, 7–11
and porphyrin ring deformation for

formation of pure intermediate-spin
complexes, 61–70

ruffled porphyrin ring deformation and,
39–45

saddled deformation and, 45–47
and solvent effects on ground states, 47–53
spin crossover (general considerations),

75–76

spin crossover structural consequences and,
87–91

and spin crossovers between S = 3/2 and
S = 5/2 (monoaqua complexes), 94–95

and spin crossovers between S = 3/2 and
S = 5/2 (monoaqua complexes of
saddled porphyrins), 91–94

and spin crossovers in monoimidazole
complexes, [Fe(OETPP)L]+,
101–108

and spin crossovers in monoimidazole
complexes, [Fe(TMP)L]+ and
[Fe(TMTMP)L]+, 96–101

and spin crossovers in monoimidazole
complexes (general information),
95–96

two-electron-oxidized products, iron(III)
N-oxides, 134

two-electron-oxidized products, iron(III)
porphyrin dications, 134

two-electron-oxidized products, iron(V)
porphyrins, 134

two-electron-oxidized products of iron(III)
porphyrins (general considerations),
129

two-electron-oxidized products,
oxoiron(IV) cation radicals, 130–134

Enzymatic reactions
and bc1 complex from respiratory chain,

472–474
heme proteins and, 3–4
importance of IR spectroscopy in studying,

441
and protonation sites in cytochrome c

oxidase, 468–472
EPR spectroscopy, to determine electronic

structures (iron porphyrin complexes),
20–22

Excited state deactivation in alkylated
porphycenes (photophysics), porphyrin
isomers, 404–407

Exciton coupling
circular dichroism (CD) and, 150–153
and determination of absolute

configurations of natural products,
237–239
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F
Face-to-face exciton coupling, 150–151
Far-infrared (FIR) absorbance spectra,

451–452
metal-ligand vibrations and, 454–456
and modes of collective nature, 453–454

Fe porphyrins and pressure dependence of IR
spectroscopy, 458–459

Five-coordinate complexes
carbon monoxide of M(II) porphyrins

(axial ligand bands), 446–448
cyanide of M(II) porphyrins (axial ligand

bands), 448
dioxygen of M(II) porphyrins (axial ligand

bands), 444–445
and formation of pure intermediate-spin

complexes (ruffled), 62–65
and formation of pure intermediate-spin

complexes (saddled), 67–69
imidazoles of M(II) porphyrins (axial

ligand bands), 444
nitric oxide of M(II) porphyrins (axial

ligand bands), 448–450
Fluorescence decay time. See Lifetimes (τT)
Fluorescence quantum yields (ΦF)

basic photophysical parameters of,
399–402

MPc parameters and, 275
Fluorescence spectra/quantum yields (ΦF)

absorption/excitation/emission spectra of,
281–282

carboxylated derivatives and, 313
MPc complexes (quaternized derivatives),

313–314
MPc(SO3)mix complexes (sulfonated

derivatives), 292
MPc(SO3)n complexes (sulfonated

derivatives), 292, 313
porphyrazine complexes (quaternized

derivatives), 313
properties of non-water soluble Pcs,

293–312
yield values/behavior of water soluble Pcs,

283–291
Four-coordinate iron(III) porphyrin cation, for

formation of pure intermediate-spin
complexes, 60–61

Fourier-transformed infrared (FTIR). See FTIR
difference spectroscopy

Free-base porphycenes
basic photophysical parameters of,

399–402
cis-trans tautomerism structure and,

373–380
common abbreviations for, 360
derivatives of, 364
electronic absorption data of, 382–383
electronic absorption spectra

(corrphycenes), 390–392
electronic absorption spectra (general

information), 380–384
electronic absorption spectra

(hemiporphycenes), 390–392
electronic absorption spectra

(isoporphycene derivatives),
390–392

electronic absorption spectra
(porphycenes), 384–390

excited state deactivation in alkylated
porphycenes (photophysics),
404–407

formulas of most stable tautomeric form of,
362

general information (photophysics),
399–403

and influence of substitutents on geometry
of internal cavity, 369–373

low-temperature spectroscopy of,
397–399

perimeter model for absorption elucidation,
392–397

perimeter model for magnetic circular
dichroism spectra, 392–397

relaxation from higher excited states
(photophysics), 407

spectroscopy of, 380–399
structure of, 365–380
symmetry/planarity of, 365–369
tautomerism in porphycenes (coherent

double hydrogen tunneling in
isolated molecules), 411–416

tautomerism in porphycenes (molecules in
condensed phases), 416–424

tautomerism in porphyrins, 409–410
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tautomerism (single molecule studies),
424–426

triplet state studies (photophysics),
407–409

Free-electron lasers (FELs), FIR and,
453–454

FTIR difference spectroscopy, perfusion-
induced, 481–482

FTIR difference spectroscopy, reaction-
induced

and accessible time domains, 474–475
electrochemically induced (surface-

enhanced), 464–466
electrochemically induced (thin layer

electrochemistry), 463–464
ligand rebinding in cytochrome c oxidase

(light-induced) and, 476–479
ligand rebinding (light-induced) and,

475–476
motivation and, 462–463
perfusion-induced approaches (stopped-

flow/rapid mixing) and, 481–482
redox-induced FTIR difference spectra (bc1

complex from respiratory chain),
472–474

redox-induced FTIR difference spectra
(porphyrins/small hemoproteins),
466–468, 466–468

redox-induced FTIR difference spectra
(protonation sites in cytochrome c
oxidase), 468–472

time-resolved THz spectroscopy and, 479
two-dimensional IR spectroscopy and,

479–481
FTIR difference spectroscopy, redox-induced

bc1 complex from respiratory chain,
472–474

porphyrins/small hemoproteins, 466–468,
466–468

protonation sites in cytochrome c oxidase,
468–472

G
Gymnocins, and determination of absolute

configurations of natural products,
233–234

Ground states
axial ligand effect on, 26–31
in intermediate-spin complexes, 70–75
peripheral substitutents’ effect on, 31–39

Group 1/group 2 Pc complexes (unmetalated),
321–323

Group 12 Pc complexes (ZnPc complexes),
330–335

Group 13 Pc complexes, 337–339
Group 14/group 15 Pc complexes, 339–341
Group 4 to 11 Pc complexes, 330

H
Head-to-tail exciton coupling, 150–151
Helicity, of polyisocyanides via

conformational analysis, 230–232
Heliobacterium chlorum, and spectra of BChl

g/g’, 184–186
Heme proteins. See also Iron porphyrin

complexes
assignment of heme doming modes,

459–460
and catalytic mechanism of cytochrome

P450, 3–4
importance of, 3
natural heme systems, 153–165
synthetic heme systems, 165–173

Hemiporphycenes
cis/trans tautomeric forms of, 378–379
electronic absorption data of, 383
electronic absorption spectra of, 390–392
formulas of most stable tautomeric form of,

362
Hemoglobin

circular dichroism (CD)/electronic
absorption spectra and, 154–156

iron porphyrins and, 360–361
Hemoproteins, redox-induced FTIR difference

spectra and, 466–468
High-spin/intermediate-spin porphyrin

complexes
and axial ligands for formation of pure

intermediate-spin complexes, 58–61
and electronic ground states in

intermediate-spin complexes,
70–75
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formation of pure intermediate-spin
complexes, 58–70

general considerations, 57–58
and porphyrin ring deformation for

formation of pure intermediate-spin
complexes, 61–70

Highest occupied π molecular orbitals
(HOMOs), MCD spectra and, 392–397

Hydrogen bond (HB) geometry
porphycenes and, 364
THz spectroscopy and, 453–454

I
Imidacene, 387–388
Imidazoles

axial ligand bands and M(II) porphyrins,
444

bis-imidazole adopting (dXZ,dYZ)4(dXY)1
ground state, 53–54

Infrared spectroscopy/microscopy
abbreviations, 438–440
axial ligand bands (carbon monoxide),

445–448
axial ligand bands (cyanide), 448
axial ligand bands (dioxygen), 444–445
axial ligand bands (imidazoles), 444
axial ligand bands (nitric oxide), 448–450
characteristics of, 441
defined, 441
electrochemically induced FTIR difference

spectroscopy, 463–466
far-infrared (FIR) and effect of temperature

(T-derivative), 456–458
far-infrared (FIR) and free electron lasers

(FELs), 453–454
far-infrared (FIR) and metal-ligand

vibrations, 454–456
five-/six-coordinate M(II) porphyrins (axial

ligand bands), 444–450
infrared microscopy/imaging (space-

resolved techniques), 460–461
main spectral ranges (overview), 442
mid-infrared (MIR) (general information),

442–443
mid-infrared (MIR) (metal-sensitive

bands), 443

M(II)/M(III) porphyrins (redox-/spin-state-
sensitive bands), 450–451

motivation and reaction-induced FTIR
difference spectroscopy, 462–463

near-infrared (NIR) recent developments,
452–453

NIR recent developments, 452–453
perfusion-induced approaches (stopped-

flow/rapid mixing), 481–482
porphyrin π-cation radicals, 451–452
pressure and heme doming modes,

459–460
and pressure dependence of features,

458–459
redox-induced FTIR difference spectra

(enzymes from respiratory chain),
468–474

redox-induced FTIR difference spectra
(porphyrins/small hemoproteins),
466–468

synchrotron light (space-resolved
techniques), 461

time-resolved techniques/photoinduced
reactions, 474–481

Intermediate-spin/high-spin porphyrin
complexes

and axial ligands for formation of pure
intermediate-spin complexes,
58–61

electronic ground states in, 70–75
formation of pure intermediate-spin

complexes, 58–70
general considerations, 57–58
and porphyrin ring deformation for

formation of pure intermediate-spin
complexes, 61–70

Internal N4 cavity
importance of, 368
influence of substitutents on, 369–373
N–N distances of, 369

IRIS, Australian Synchrotron, 441
Iron porphyrin complexes

13C NMR spectroscopy to determine
electronic structures, 15–20

1H NMR spectroscopy to determine
electronic structures, 12–15
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and axial ligands effect on ground states,
26–31

and axial ligands for formation of pure
intermediate-spin complexes, 58–61

to determine electronic structures (iron
porphyrin complexes), 20–22

effect of peripheral substituent on ground
states, 31–39

and electronic ground state in intermediate-
spin complexes, 70–75

and electronic ground states in
intermediate-spin complexes,
70–75

[Fe(MAzP)L2]
± and [Fe(OEP)L2]

±, 82–87
and [Fe(OETPP)L2]

+ spin crossovers
between S = 3/2 and S = 1/2, 76–80

and [Fe(OMTPP)L2]
+ and Fe(TBTXPL)L2

+

spin crossovers, 80–82
formation of pure intermediate-spin

complexes, 58–70
general considerations, 57–58
and iron(IV) porphyrins with FeIV=O bond,

124–127
and iron(IV) porphyrins without FeIV=O

bond, 127–129
low-spin iron(III) porphyrin complexes

(general considerations), 22–26
one-electron-oxidized products, iron(III)

with (dxz, dyz)
4(dxy)

1 electrons and,
117–124

one-electron-oxidized products of iron(III)
porphyrins (general information)
and, 108–109

one-electron-oxidized products of iron(III)
porphyrins (high-spin cation
radicals) and, 109–113

one-electron-oxidized products of iron(III)
porphyrins, iron(III) with (dxy)2(dxz,
dyz)

3 electrons and, 116–117
one-electron-oxidized products of iron(III)

porphyrins (low-spin cation radicals)
and, 115–124

one-electron-oxidized products of iron(III)
porphyrins (mixed high-spin/
intermediate-spin cation radicals)
and, 114–115

orbital interactions to determine electronic
structures, 7–11

and porphyrin ring deformation for
formation of pure intermediate-spin
complexes, 61–70

ruffled porphyrin ring deformation in,
39–45

saddled deformation in, 45–47
and solvent effects on electronic ground

states, 47–53
spin crossover (general considerations),

75–76
spin crossover structural consequences and,

87–91
and spin crossovers between S = 3/2 and

S = 5/2 (monoaqua complexes),
94–95

and spin crossovers between S = 3/2 and
S = 5/2 (monoaqua complexes of
saddled porphyrins), 91–94

and spin crossovers in monoimidazole
complexes, [Fe(OETPP)L]+,
101–108

and spin crossovers in monoimidazole
complexes, [Fe(TMP)L]+ and
[Fe(TMTMP)L]+, 96–101

and spin crossovers in monoimidazole
complexes (general information),
95–96

spin states of, 5–6
two-electron-oxidized products (general

considerations) of, 129
two-electron-oxidized products, iron(III)

N-oxides, 134
two-electron-oxidized products, iron(III)

porphyrin dications, 134
two-electron-oxidized products, iron(V)

porphyrins, 134
two-electron-oxidized products,

oxoiron(IV) cation radicals, 130–134
Iron(III) N-oxides, 134
Iron(III) porphyrin dications, 134
Iron(V) porphyrins, 134
Isomers of porphyrin. See Porphyrin isomers
Isoporphycene derivatives

cis/trans tautomeric forms of, 376–378
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electronic absorption data of, 383
electronic absorption spectra of, 390–392
formulas of most stable tautomeric form of,

362

J
J-aggregate, exciton coupling and, 150–151
Jablonski diagram, photophysical processes

after light absorption, 268

K
Karenia mikimotoi, and determination of

absolute configurations of natural
products, 233

Kirkwood model, and natural chlorophyll
a/bacteriochlorophyll a and derivatives,
180

L
Lewis acidity, and determination of absolute

configurations of natural products,
238

Lifetimes (τT)
basic photophysical parameters of,

399–401
carboxylated derivatives and, 316–317
MPc(SO3)mix complexes (sulfonated

derivatives) and, 315–316
MPc(SO3)n complexes (sulfonated

derivatives) and, 316
quaternized derivatives and, 317–318

Ligands
metal-ligand vibrations and, 454–456
rebinding and light-induced FTIR

difference spectroscopy, 475–476
rebinding in cytochrome c oxidase,

476–479
Light-harvesting complex 2 (LH2), and

spectra of natural chlorophyll
a/bacteriochlorophyll a and derivatives,
185–191

Low-spin cation radicals, 115–124
Low-spin complexes with rare electronic

ground state
bis-imidazole adopting (dXZ,dYZ)4(dXY)1

ground state, 53–54

bis-tert-butylisocyanide adopting
(dXY)2(dXZ,dYZ)3 ground state, 54–57

Low-spin iron(III) porphyrin complexes
and axial ligands effect on ground states,

26–31
effect of peripheral substituent on ground

states, 31–39
general considerations, 22–26
ruffled porphyrin ring deformation in,

39–45
saddled deformation in, 45–47
and solvent effects on electronic ground

states, 47–53
Low-temperature spectroscopy, of porphyrin

isomers, 397–399
Lowest unoccupied orbitals (LUMOs), MCD

spectra and, 392–397
LURE (France), 441

M
Magnetic circular dichroism (MCD) spectra,

HOMOs/LUMOs and, 392–397
Magnetic structures. See Electronic/magnetic

structures
Magnetic transition moment (mij), circular

dichroism (CD) and, 148–149
Magnetochemical series, for formation of pure

intermediate-spin complexes, 58–60
MAXLab (Sweden), 441
meso-tetraaryl-substituted porphyrin isomer,

362, 369–370
Metal-ligand vibrations, FIR and, 454–456
Metallophthalocyanines (MPcs)

aggregation behavior in, 278–281, 321–323
alkanes/alkenes (photocatalytic reactions)

and, 347–348
common abbreviations for, 249
Φ∆ and, 333–334
fluorescence quantum yields (ΦF), 275
fluorescence quantum yields (ΦF) (CdPc

complexes), 335
fluorescence spectra/quantum yields (ΦF)

in, 281–314. See also Quantum
yields

ΦP and, 334–335
(ΦT)/(τT) and, 332–333
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(ΦT)/(τT) (CdPc complexes) and, 335–336
and general axial ligands (X1, X2),

260–263
group 12 Pc complexes (ZnPc complexes),

330–335
group 13 Pc complexes, 337–339
group 14/group 15 Pc complexes, 339–341
group 4 to 11 Pc complexes, 330
HgPc complexes (CdPc complexes) and,

336–337
IR spectroscopy and, 443
molecular structures of complexes, 263–267
phenols (photocatalytic reactions) and,

343–346
photobleaching quantum yields (ΦP),

320–321
photocatalytic reactions of MPcs, 324–329
photochemistry (CdPc complexes) and, 336
photochemistry of group 14/15 Pc

complexes, 341
photodegradation quantum yields (ΦP),

273–275
photophysics of group 14/15 Pc complexes,

339–341
and ring (R1 to R4) substituents of Pcs,

251–260
singlet oxygen quantum yields (Φ∆),

268–273, 318–320
sulfur-containing compounds

(photocatalytic reactions) and,
342–343

triplet quantum yields (ΦT) and lifetimes
(τT), 315–318

triplet state quantum yields (ΦT), 275–277
unmetalated, group 1/group 2 Pc

complexes, 321–323
uses of, 250
XAl(III)Pc complexes, 337
XGa(III)Pc and XIn(III)Pc complexes,

337–339
Microscopy. See Infrared

spectroscopy/microscopy
Mid-infrared (MIR) absorbance spectra

carbon monoxide of five-/six-coordinate
M(II) porphyrins (axial ligand
bands), 446–448

cyanide of five-/six-coordinate M(II)
porphyrins (axial ligand bands), 448

dioxygen of five-/six-coordinate M(II)
porphyrins (axial ligand bands),
444–445

distinguished areas (general information),
442–443

imidazoles of five-/six-coordinate M(II)
porphyrins (axial ligand bands), 444

metal-sensitive bands (square planar M(II)
porphyrins/analogs), 443

M(II)/M(III) porphyrins (redox-/spin-state-
sensitive bands), 450–451

nitric oxide of five-/six-coordinate M(II)
porphyrins (axial ligand bands),
448–450

porphyrin π-cation radicals, 451–452
M(II) porphyrins

axial ligand bands and carbon monoxide,
446–448

axial ligand bands and dioxygen, 444–445
axial ligand bands and imidazoles, 444
axial ligand bands and nitric oxide,

448–450
Mixed high-spin/intermediate-spin complexes

and axial ligands for formation of pure
intermediate-spin complexes, 58–61

formation of pure intermediate-spin
complexes, 58–70

general considerations, 57–58
Mixed high-spin/intermediate-spin porphyrin

complexes
and electronic ground state in intermediate-

spin complexes, 70–75
and electronic ground states in

intermediate-spin complexes, 70–75
and porphyrin ring deformation for

formation of pure intermediate-spin
complexes, 61–70

Motivation for reaction-induced FTIR
difference spectroscopy, 462–463

Myoglobin, 360–361

N
Naphthalene units linked with bis-porphyrins,

205–208
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Natural heme
and bovine liver catalase in near-IR region,

162
CD spectra human hemoglobin, 153–155
and CD spectra of

carbomonoxymyoglobin, 159–160,
162

equine hemoproteins and, 156–158, 160
and human hemoproteins in near-IR region,

160–162
and vibrational CD (VCD), 163–165
and X-ray spectroscopy of CD spectra,

155–156
Near-infrared (NIR) recent developments,

452–453
Nitric oxide (NO), axial ligand bands and

M(II) porphyrins, 448–450
NMR spectroscopy

13C NMR spectroscopy to determine
electronic structures, 15–20

1H NMR spectroscopy to determine
electronic structures, 12–15

orbital interactions to determine electronic
structures, 7–11

Non-water soluble Pcs
aggregation behavior in, 321–323
Φ∆ and, 333–334
ΦF and, 293–312
fluorescence quantum yields (ΦF) (CdPc

complexes), 335
ΦP and, 334–335
(ΦT)/(τT) and, 332–333
(ΦT)/(τT) (CdPc complexes) and, 335–336
group 12 Pc complexes (ZnPc complexes),

330–335
group 13 Pc complexes, 337–339
group 14/group 15 Pc complexes, 339–341
groups 4 to 11 Pc complexes, 330
HgPc complexes (CdPc complexes) and,

336–337
photocatalytic reactions of MPcs, 324–329
photochemistry (CdPc complexes) and, 336
photochemistry of group14/15 Pc

complexes, 341
photophysics of group14/15 Pc complexes,

339–341

unmetalated, group 1/group 2 Pc
complexes, 321–323

XAl(III)Pc complexes, 337
XGa(III)Pc and XIn(III)Pc complexes,

337–339

O
Oblique exciton coupling, 150–151
Octaethyl derivatives of porpyrin isomers,

MCD spectra and, 392–393
Oligomeric porphyrin systems

amino acid-bridged zinc porphryin
dime/ethylene diamine
structure/spectra, 225–227

BINAP structure/spectra, 221–222,
224–225

and CD behavior in third generation
dendron zinc porphyrin, 229–230

and cyclic dipeptides as linking units,
227–228

meso-cinchomeronimide diporphyrin and
atropisomers structure/spectra,
219–220

meso-pyridine porphyrin dimer
structure/spectra, 221, 223

structures/spectra of R-7 complexes, 219–222
One-electron-oxidized products of iron(III)

porphyrins
with (dxz, dyz)

4(dxy)
1 electrons, 117–124

electronic structures of, 6
with FeIV=O bond, 124–127
with low-spin cation radicals, 115–124
without FeIV=O bond, 127–129

Optically active porphyrin systems
circular dichroism (CD) defined, 148
and determination of absolute

configurations of natural products,
232–239

and determination of helicity of
polyisocyanides, 230–232

and fundamentals of circular dichroism
(CD), 148–153

and natural BChl c, d, e and g, 184–185
and natural chlorophyll a/

bacteriochlorophyll a and
derivatives, 173–184
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natural heme systems, 153–165
and natural light harvesting complex 2

(LH2), 185–191
and synthetic chlorins/bacteriochlorins and

dimeric/aggregated systems, 191–196
and synthetic dimeric porphyrins without

optically active substituents,
208–219

synthetic heme systems, 165–173
synthetic monomer systems, 196–205
and synthetic naphthalene units linked with

bis-porphyrins, 205–208
synthetic oligomeric porphyrin systems,

219–230
Orbital interactions of iron/porphyrins, 7–11
Oxidase, protonation sites in cytochrome c

oxidase, 468–472
Oxidized products of iron(III) porphyrin

complexes
with FeIV =O bond, 124–127
one-electron-oxidized products (general

information) and, 108–109
one-electron-oxidized products (high-spin

cation radicals) and, 109–113
one-electron-oxidized products, iron(III)

with (dxy)2(dxz, dyz)
3 electrons and,

116–117
one-electron-oxidized products, iron(III)

with (dxz, dyz)
4(dxy)

1 electrons and,
117–124

one-electron-oxidized products (low-spin
cation radicals) and, 115–124

one-electron-oxidized products (mixed
high-spin/intermediate-spin cation
radicals) and, 114–115

two-electron-oxidized products (general
considerations), 129

two-electron-oxidized products, iron(III)
N-oxides, 134

two-electron-oxidized products, iron(III)
porphyrin dications, 134

two-electron-oxidized products, iron(V)
porphyrins, 134

two-electron-oxidized products,
oxoiron(IV) cation radicals, 130–134

without FeIV=O bond, 127–129

Oxoiron(IV) cation radicals, 130–134
Oxophosphorus porphyrins, structures/CD

spectra of, 201, 202, 204

P
Patent Storm US database, 361
Perfusion-induced FTIR approaches (stopped-

flow/rapid mixing), 481–482
Phenols, photocatalytic reactions of, 343–346
Photobleaching quantum yields (ΦP), 320–321
Photocatalytic reactions of MPcs, 324–329
Photochemical/photophysical properties of

Pcs/Mpcs
fluorescence quantum yields (ΦF), 275
Jablonski diagram of absorption, 268
photodegradation quantum yields (ΦP),

273–275
singlet oxygen quantum yields (Φ∆),

268–273
triplet state quantum yields (ΦT),

275–277
Photodegradation quantum yields (ΦP),

MPc/Pc parameters and, 273–275
Photodynamic therapy (PDT)

antitumor agents, 381–383, 387
cancer treatment and, 361
MPcs/Pcs and, 250

Photoorientation and porphyrins in rare-gas
matrices, 410

Photophysics
excited state deactivation in alkylated

porphycenes, 404–407
porphyrin isomers (general information),

399–403
relaxation from higher excited states, 407
triplet state studies, 407–409

Photosynthesis, porphyrins and, 360–361
Phthalocyanines (Pcs)

aggregation behavior in, 278–281, 321–323
alkanes/alkenes (photocatalytic reactions)

and, 347–348
common abbreviations for, 249
Φ∆ and, 333–334
fluorescence quantum yields (ΦF), 275
fluorescence quantum yields (ΦF) (CdPc

complexes), 335
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fluorescence spectra/quantum yields (ΦF)
in, 281–314. See also Quantum
yields (ΦF)

ΦP and, 334–335
(ΦT)/(τT) and, 332–333
(ΦT)/(τT) (CdPc complexes) and,

335–336
general axial ligands (X1, X2) of, 260–263
group 12 Pc complexes (ZnPc complexes),

330–335
group 13 Pc complexes, 337–339
group 14/group 15 Pc complexes, 339–341
group 4 to 11 Pc complexes, 330
HgPc complexes (CdPc complexes) and,

336–337
and molecular structures of complexes of

MPcs, 263–267
phenols (photocatalytic reactions) and,

343–346
photobleaching quantum yields (ΦP),

320–321
photocatalytic reactions of complexes in

solution, 345–346
photocatalytic reactions of complexes on

supports, 343–345
photocatalytic reactions of MPcs, 324–329
photochemistry (CdPc complexes) and, 336
photochemistry of group 14/15 Pc

complexes, 341
photodegradation quantum yields (ΦP),

273–275
photophysics of group 14/15 Pc complexes,

339–341
ring (R1 to R4) substituents of, 251–260
singlet oxygen quantum yields (Φ∆),

268–273, 318–320
sulfur-containing compounds

(photocatalytic reactions) and,
342–343

triplet quantum yields (ΦT) and lifetimes
(τT), 315–318

triplet state quantum yields (ΦT), 275–277
unmetalated, group 1/group 2 Pc

complexes, 321–323
uses of, 250
XAl(III)Pc complexes, 337

XGa(III)Pc and XIn(III)Pc complexes,
337–339

Polarized spectroscopy, and fluorescence
anisotropy of porphycenes, 417–423

Polycrystalline porphycenes, 416–417
Poly(methyl methacrylate) (PMMA) film, and

single molecule studies, 424–425
Porphycenes. See also Free-base porphycenes

electronic absorption data of, 382–383
electronic absorption spectra of, 384–390
main trapping site in xenon/argon, 398–399
polarized spectroscopy and, 417–423
polycrystalline ground state tautomerism,

416–417
Porphyrin chromophores, 149–150, 154
Porphyrin isomers

cis-trans tautomerism structure and,
373–380

common abbreviations for, 360
electronic absorption spectra

(corrphycenes), 390–392
electronic absorption spectra (general

information), 380–384
electronic absorption spectra

(hemiporphycenes), 390–392
electronic absorption spectra

(isoporphycene derivatives),
390–392

electronic absorption spectra
(porphycenes), 384–390

excited state deactivation in alkylated
porphycenes (photophysics),
404–407

general information (photophysics),
399–403

geometric optimizations of, 368
and influence of substitutents on geometry

of internal cavity, 369–373
low-temperature spectroscopy of, 397–399
perimeter model for absorption elucidation,

392–397
perimeter model for magnetic circular

dichroism spectra, 392–397
relative energies of, 363
relaxation from higher excited states

(photophysics), 407
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spectroscopy of, 380–399
structure of, 365–380
symmetry/planarity of, 365–369
tautomerism in porphycenes (coherent

double hydrogen tunneling in
isolated molecules), 411–416

tautomerism in porphycenes (molecules in
condensed phases), 416–424

tautomerism in porphyrins, 409–410
tautomerism (single molecule studies),

424–426
trimethine moiety (cis/trans) of, 367–368
triplet state studies (photophysics),

407–409
Porphyrin ring deformation

and formation of pure intermediate-spin
complexes (ruffled), 61–67

and formation of pure intermediate-spin
complexes (saddles), 67–70

ruffled deformation, 39–45
saddled deformation, 45–47

Porphyrins. See also Iron porphyrin
complexes; Optically active porphyrin
systems

axial ligand bands and M(II) porphyrins,
444–450

and design for specific purposes. See Free-
base porphycenes

electronic absorption data of, 381
formulas of most stable tautomeric form of,

362
π-cation radicals, 451–452
redox-induced FTIR difference spectra and,

466–468
tautomerism in, 409–410. See also

Tautomerism
uses of, 360–361

Pressure in IR spectroscopy
and heme doming mode assignment,

459–460
pressure dependence of IR spectral

features, 458–459
Protochlorophyll, configurations of, 173–174
Protonation sites in cytochrome c oxidase, and

respiratory chain enzyme studies,
468–472

Pyrrole units and symmetry of porphyrin
isomers, 365

Q
Quantum yields (FF), 320–321

absorption/excitation/emission spectra of,
281–282

carboxylated derivatives and, 313,
316–317, 319

fluorescence quantum yields (ΦF), 275
MPc complexes (quaternized derivatives),

313–314, 320
MPc(SO3)mix complexes (sulfonated

derivatives), 292, 315–316, 318
MPc(SO3)n complexes (sulfonated

derivatives), 292, 313, 316, 318–319
photodegradation quantum yields (ΦP),

273–275
porphyrazine complexes (quaternized

derivatives), 313, 319
properties of non-water soluble Pcs,

293–312
quaternized derivatives and, 317–318
singlet oxygen quantum yields (Φ∆),

268–273
triplet state quantum yields (ΦT), 275–277
yield values/behavior of water soluble Pcs,

283–291
Quaternized derivatives

Φ∆ and MPc complexes, 320
Φ∆ and porphyrazine complexes, 319
ΦF and Pc complexes, 313
ΦF and Mpc complexes, 313–314
(ΦT)/(τT) and, 317–318

Quaternized derivatives and aggregation
behavior in water soluble Pcs, 280–281

Qx/Qy notation, and free-base porphyrin
electronic absorption spectra, 380–381

R
Radicals, oxoiron(IV) cation radicals, 130–134
Rapid mixing and perfusion-induces FTIR

spectroscopy, 481–482
Reaction-induced FTIR difference

spectroscopy
and accessible time domains, 474–475
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electrochemically induced (surface-
enhanced), 464–466

electrochemically induced (thin layer
electrochemistry), 463–464

ligand rebinding in cytochrome c oxidase
(light-induced) and, 476–479

ligand rebinding (light-induced) and,
475–476

motivation and, 462–463
perfusion-induced approaches (stopped-

flow/rapid mixing) and, 481–482
redox-induced FTIR difference spectra (bc1

complex from respiratory chain),
472–474

redox-induced FTIR difference spectra
(porphyrins/small hemoproteins),
466–468, 466–468

redox-induced FTIR difference spectra
(protonation sites in cytochrome c
oxidase), 468–472

time-resolved THz spectroscopy and, 479
two-dimensional IR spectroscopy and,

479–481
Recent applications of IR/microscopy. See

Infrared spectroscopy/microscopy
Reconstituted hemoproteins, circular

dichroism (CD) and, 158
Redox-induced FTIR difference spectra

bc1 complex from respiratory chain,
472–474

porphyrins/small hemoproteins, 466–468
protonation sites in cytochrome c oxidase,

468–472
Relaxation from higher excited states

(photophysics), porphyrin isomers,
407

Respiratory chain enzyme studies
and bc1 complex from respiratory chain,

472–474
and protonation sites in cytochrome c

oxidase, 468–472
Rhodopseudomonas sp., and spectra of BChl

c, 186–189
Ring-B/ring-D reduced chlorins, and spectra

of synthetic bacteriochlorins/dimeric
systems, 191–196

Ring (R1 to R4) substituents of MPcs/Pcs,
251–260. See also Phthalocyanines
(Pcs)

Rock salt region. See Mid-infrared (MIR)
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Preface

Although the porphyrin and tetrapyrrole research area was regarded as “fully
matured” during the 20th century, as evidenced for example by the awarding of
numerous Nobel Prizes to its principal researchers, new advances and accom-
plishments in the field still amaze us as editors. The area continues to blossom and
to expand into new areas of science and applications that would probably never
have occurred to our 20th century heroes. An earlier Porphyrin Handbook assem-
bled the large amount of factual data that had been accumulated during the 20th

century. Our new venture, the Handbook of Porphyrin Science takes a completely
new look at our research area and comprehensively details the contemporary sci-
ence now appearing in the scientific literature that would indeed have been hard
to predict even 10 years ago. In particular, fundamentally new methodologies and
potential commercial applications of the beautiful compounds that we all love are
exemplified, fully recognizing the subtitle of the series — “with applications to
chemistry, physics, materials science, engineering, biology and medicine”.

The three of us have complementary expertise in physical chemistry, synthetic
and bioorganic chemistry, and in synthetic and mechanistic organometallic chem-
istry; this has enabled us to cover the whole field of porphyrin science and appli-
cations, and to devise comprehensive volume and author content. As of the date of
writing, between the three of us, we have published more than 1600 tetrapyrrole
research articles, and hold 31 patents related to commercial applications of por-
phyrin science. So we do know our field, and this has enabled us to assemble a first-
rate group of experts who have written comprehensive up-to-date chapters with
accuracy and authority; we thank our authors for their cooperation and willingness
to go along with our highly ambitious schedule for production of these volumes.

We look forward to comments from our readers, and to suggestions that might
enable us to expand our basic interests and scientific coverage even further.
Meanwhile, we hope that porphyrin researchers, old, new and of the future, will
enjoy reading these volumes just as much as we enjoyed planning and, with the
help of World Scientific Publishing Company, producing them from manuscript to
published article, in a timely manner.

Karl M. Kadish (Houston, Texas, USA)
Kevin M. Smith (Baton Rouge, Louisiana, USA)

Roger Guilard (Dijon, Bourgogne, France)
January, 2010
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I. Introduction

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, or BODIPY (hereafter abbreviated
to BODIPY) dyes tend to be strongly UV-absorbing molecules that emit sharp flu-
orescence peaks with high quantum yields. They are relatively insensitive to the
polarity and pH of their environment, and are reasonably stable to physiological
conditions. Small modifications to their structures enable tuning of their fluores-
cence characteristics, hence these dyes are widely used to label proteins1–5 and
DNA.6 However, potential applications of these dyes are so diverse that modifica-
tions to the BODIPY framework are desirable for many reasons.

37/BODIPY® Dyes and Their Derivatives 3
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This chapter summarizes the basic chemistry and spectroscopic properties of
common BODIPY-derivatives, and draws attention to ways in which interesting
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probes could be prepared. Applications of BODIPYs as labelling reagents,2,4,7–34

fluorescent switches,35,36 chemosensors37–74 and as laser dyes75 may be interested in
this review as a guide to synthesis and spectroscopic properties, but details on use
of the dyes in those ways are not included here. Those seeking small amounts of
commercially available dyes for labeling should also consult the Invitrogen
(formerly Molecular Probes) catalog.2,76 This chapter is based on a review that
was published by us in 2007,77 but has been updated to include pivotal recent
developments in the area.

II. The BODIPY Core

The IUPAC numbering system for BODIPY dyes is different to that used for
dipyrromethenes,78 and this can lead to confusion. However, the terms α-, β-positions,
and meso- are used in just the same way for both systems.

4 Loudet and Burgess
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A. Fundamental Properties

BODIPY dyes were first discovered in 1968 by Treibs and Kreuzer.79 While the
syntheses of many substituted BODIPYs have been reported since then, the prepa-
ration of the fully unsubstituted BODIPY 1 remained a challenge and has only
recently been reported in the literature.80,81 This is because of synthetic difficulties
obtaining this compound related to the fact that the unsubstituted dipyrromethene
core is sensitive to nucleophilic addition. Synthesis of the corresponding
dipyrromethene precursor has been reported, but this compound is unstable and
decomposes above −30 °C to −40 °C.82 The symmetrical, dimethyl-substituted
compound 2 has been prepared83 and could be considered as a reference to which
other simple alkylated BODIPYs can be compared. The symmetrically substituted
systems 3 and 4 have apparently not been reported, reflecting synthetic limita-
tions for even some simple BODIPY systems. However, the unsymmetrically
substituted BODIPYs 5 and 6 have been prepared.84 There are relatively minor
differences in the reported UV-absorption maxima, fluorescence emission
maxima, and quantum yields of these compounds, and these should not be
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N N
B
F2
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λmax abs 510 nm
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λmax abs 528 nm
λmax emiss 535 nm

N N
B
F2

9
EtOH, Φ 0.70

λmax abs 517 nm
λmax emiss 546 nm

N N
B
F2

7
EtOH, Φ 0.80

λmax abs 505 nm
λmax emiss 516 nm

over-interpreted because small calibration errors are common in these types of
experiments. However, when the symmetrically-, tetra-, hexa-, and hepta-alkylated
systems 7,84,85 8, and 9 are included in the comparison then an unambiguous trend
towards red-shifted absorption and emission maxima with increased substitution
becomes apparent.

Alkylation or arylation at the meso position has no special effect on the
absorption and emission wavelengths (compare 2 with 11, and 7 with 12) even

37/BODIPY® Dyes and Their Derivatives 5
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though this substitution position is structurally unique. However, the quantum
yield of the meso-phenyl compound 11 is appreciably less than the more substi-
tuted analog 12. Such differences are widely attributed to 1,7-substituents pre-
venting free rotation of the phenyl group reducing loss of energy from the excited
states via non-irradiative molecular motions. Consistent with this, introduction of
ortho-substituents on the phenyl ring has been observed to increase quantum
yields, and similar explanations have been invoked.

BODIPY derivatives in which aliphatic rings have been fused to the pyrrole
fragments are perhaps more constrained than ones bearing acyclic aliphatic sub-
stituents. Nevertheless, the effects on their emission maxima are not always eas-
ily rationalized. Compound 13 has a shorter emission wavelength maximum than
9 even though both have three substituents on the pyrrole rings. On the other hand,
14 has only two such attachments, yet it has the longest wavelength fluorescence
emission.

B. Syntheses of the Unsubstituted BODIPY 1

There are three recent reports on preparations of 1.80,81,86 In the first, BODIPY 1
was prepared by oxidation of the corresponding dipyrromethane.87 As men-
tioned above, the dipyrromethene core is very unstable and must be stabilized
rapidly after oxidation. Thus, the oxidation was carried out at −78 °C, under
nitrogen for 1 hour. Upon completion of the oxidation, the dipyrromethene was
reacted in situ with DBU and boron trifluoride diethyl etherate to form 1 in
5–10% (Chart 1).80

To avoid the oxidation step from the dipyrromethane to dipyrromethene,
BODIPY 1 was prepared via the classical asymmetric synthesis route. Thus, con-
densation of 2-formylpyrrole and 1H-pyrrole, followed by complexation with
boron afforded 1. Although the synthesis is straightforward, the purification is
quite extensive and laborious, yielding the target compound in low yield (8%).
The author also reported that 1 exhibits a high photochemical (τFl 7.2 ns) but low
thermal stability, decomposing at temperature above 50 °C.86

6 Loudet and Burgess
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Chart 2 describes a much more efficient route to 1 affording the target
compound in 98% yield.81 Compound 1 was obtained by reaction of
8-thiomethylBODIPY 15 (synthesis discussed later) with triethylsilane in the
presence of a catalytic amount of Pd and a stoichiometric amount of copper(I)
thienyl-2-carboxylate (CuTc) in THF at 55 °C for 45 min (Chart 2). BODIPY 1
emits brightly in both nonpolar and polar solvents (Φ ranges from 68 to 93% from
nonpolar to polar solvents), and surprisingly was sparingly soluble in water. It is
an air-stable, crystalline red solid with excellent bench-life. It is highly recom-
mended to handle it in a well-ventilated fume hood since as a powder, since the
authors noticed it causes rather strong nose, skin and throat irritation.

C. Syntheses of Substituted BODIPYs from Pyrroles and Acid Chlorides
or Anhydrides

8-Substituted BODIPY dyes A (i.e., ones with substituents in the meso position)
tend to be relatively easy to prepare via condensation of acyl chlorides with
pyrroles (Chart 3).88,89 These transformations involve unstable dipyrromethene
hydrochloride salt intermediates. The intermediate dipyrromethene hydrochlo-
rides are easier to handle and purify as the number of substituents on the pyrrole

37/BODIPY® Dyes and Their Derivatives 7

NH

 CSCl2, 

Et2O , 0 °C NH HN

S
H2O2, KOH 

MeOH/H2O NH HN

O

NaBH4

 EtOH/H2O NH HN

(i) DDQ (soln in CH2Cl2)
via cannula, –78 °C, 1 h

under N2

(ii) DBU, BF3·OEt2
–78 °C, 1 h then heat

under reflux

N N
B
F2

1 5–10%

Chart 1.

N N
B
F2

SMe

+ Et3SiH
2.5% Pd2(dba)3

7.5% TFP, CuTc
55 °C, THF, 45 min

N N
B
F2

1 98%15

Chart 2.
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increases but, even so, these are not generally isolated in syntheses of BODIPY
dyes.

Other activated carboxylic acid derivatives could be used in place of acid
chlorides in Chart 3. In the particular case of acid anhydrides, this concept has
been reduced to practice. Chart 4 shows how the BODIPY derivative 16 was pre-
pared from glutaric anhydride.28 An attractive feature of this chemistry is that a
free carboxylic acid is produced, and this may later be used to attach the probe to
target molecules.

D. From Pyrroles and Aldehydes

Syntheses similar to those depicted in Charts 3 and 4 but which use aromatic alde-
hydes5 (to the best of our knowledge, aliphatic aldehydes have not been reported
in this reaction) require oxidation steps. The reagents for these oxidations can
introduce experimental complications. Thus, in Chart 5 the oxidant used was

8 Loudet and Burgess
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Chart 3.
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Et3N, 25 °C, 12 h

N
B
F2

N

HO2C
3

16 16%

Chart 4.
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p-chloranil and eventually the byproducts from this had to be removed (in fact,
this was done after complexation with the boron).

α,β-Unsubstituted BODIPYs e.g. 18 can also be prepared from aldehydes
using neat conditions.5 The aldehyde is dissolved in excess pyrrole at room tem-
perature, and the dipyrromethane intermediate (the reduced form of the
dipyrromethene) was formed and isolated. The BODIPY dye was obtained after
oxidation with DDQ and complexation with boron (Chart 6). Acid chlorides prob-
ably would be too reactive to use with pyrrole (since it is unsubstituted and more
reactive) so this aldehyde-based approach is the method of choice.

Use of, for instance, halogenated benzaldehydes (or halogenated acid chlo-
rides as above) provides compounds like 17 that can be further elaborated. In
another example, systems 19 and 20 were prepared from benzaldehyde derivatives

37/BODIPY® Dyes and Their Derivatives 9
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p-chloranil

MePh, 25 °C
 5 min

Chart 5.
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that have long chain acid substituents. These probes were used to investigate
dynamic effects in membranes.16 Presumably ortho-substituents were included on
the meso-aromatic group to restrict rotation of that ring and increase quantum
yields.

The fact that a diverse set of aldehydes could be used to prepare meso-substituted
BODIPYs provides a means to introduce more sophisticated functionalities for
specialized purposes. For instance, 8-hydroxyquinoline-2-carboxaldehyde was
used to prepare the Hg2+-selective chromo- and fluoroionophore 21.51 This probe
is highly fluorescent in the presence of transition-metal ions (Co2+, Ni2+, Cu2+, and
Zn2+) and heavy-metal ions (Pb2+, Cd2+), but 5 equiv. of mercuric ions reduced its
emission by more than 98% (the color of the solution also changed from light
amber to red enabling the progress of the complexation event to be visualized). A
1:1 complex with Hg2+ is formed in which the dipyrromethene core of 21 adopts
a nearly orthogonal conformation with the 8-hydroxyquinoline moiety because of
the methyl groups in positions 1- and 7- on the BODIPY core. This particular
arrangement displays the binding site of 8-hydroxyquinoline for complexation
of metal ions. The shape of these BODIPY-based ligand is such that 2:1 L:M
complexes are sterically disfavored.

10 Loudet and Burgess
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Fluorescent pH probes 22–25 have been prepared from phenolic benzaldehy-
des (a case where the acid chloride approach would have raised chemoselectivity
issues).59 These compounds are weakly fluorescent in the phenolate form presum-
ably due to charge transfer from the phenolate donor to the excited-state indacene
moiety. The pKa of the different derivatives was tuned by varying the aromatic
substituent.

It is unusual to use nonaromatic aldehydes to prepare BODIPY derivatives. In
this sense the vinylic thioether probe 26 is exceptional. A catalytic amount of ytter-
bium (III) trifluoromethane sulfonamide was used to mediate the condensation
process, the intermediate dipyrromethane was oxidized with DDQ, and complex-
ation with boron trifluoride gave the product, though in very poor yield (Chart 7).90

The fluorescence emission of compound 26 was red-shifted relative to dyes with
a phenyl group at the meso position (e.g. 11). Compound 27 has a sulfide in con-
jugation with the BODIPY core, just as 26 does. The fluorescence emission max-
imum of 26 is 26 nm red-shifted compared to 27, indicating that electron donating
groups in this position tend to have that effect.
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E. From Ketopyrroles Including Syntheses of Unsymmetrical BODIPYs

Condensations of pyrroles with acid chlorides or with benzaldehyde derivatives,
as outlined above, are direct and convenient methods to access symmetrically sub-
stituted BODIPY dyes. However, another approach is required to form unsym-
metrically substituted ones. Generally, this is achieved via preparations of
ketopyrrole intermediates, followed by a Lewis acid mediated condensation of
these with another pyrrole fragment.

Schemes 1a and b show reactions of magnesium anions of pyrroles with acti-
vated carboxylic acid derivatives to give the corresponding 2-ketopyrroles.91,92 In
part c, one such ketopyrrole is condensed with another pyrrole unit to give a
BODIPY framework. That example gives a symmetrical product, but the method
is particularly valuable for unsymmetrical ones, as in Scheme 1d.

F. Synthesis of Symmetrical BODIPY from Pyrrole-2-Carbaldehyde

BODIPYs unsubstituted at the meso position are usually prepared by condensation
of a pyrrole-2-carbaldehyde with a pyrrole. However, Burgess and coworkers have
recently reported that similar BODIPY derivatives, without any substituents at the
meso position, could easily be prepared from the aldehyde alone (Scheme 2).93

12 Loudet and Burgess
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+

(i) Yb(NTf2)3 5 mol%

(ii) DDQ
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λmax abs 554 nm

Chart 7.
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Thus, a series of alkyl and aryl substituted BODIPYs i.e. probes 28–30 was
prepared from the corresponding pyrrole-2-carbaldehyde and phosphorus oxychlo-
ride. The latter seems to be intimately involved in this reaction as the dipyrromethe-
nium cation was not formed when other Lewis acid were used (TFA or BF3

.OEt2).
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Scheme 1. (a) and (b) two different methods for production of ketopyrroles from magnesium
derivatives of pyrrole, and application of these starting materials in the production of (c) sym-
metrical, and (d) unsymmetrical dyes.
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A possible mechanism is that POCl3 reacts with pyrrole-2-carbaldehyde to
give a vinylogous Vilsmeier-Haack reagent. Electrophilic attack from the C2-atom
of another pyrrole-2-carbaldehyde on to the vinylogous Vilsmeyer-Hack reagent
then leads to the formation of the dipyrromethene (Figure 1). All the new
BODIPY dyes prepared emit bright, sharp fluorescent signals. As various sub-
stituents were tolerated in the synthesis, probes that emit in the range 516–662 nm
could be prepared.

III. Modifications to meso-Aromatic Substituents
on the BODIPY Core

A. Introduction

The BODIPY core is robust enough to withstand a range of chemical transforma-
tions, and a variety of aromatic groups can be introduced at the meso-position for
appropriately functionalized BODIPY dyes. Alternatively, dyes with special meso-
groups can be produced via in vivo synthesis. These strategies have been used to
produce several dyes for many different applications; just a few illustrative ones
are shown in Figure 2. For instance, derivatives of this type have been formed as
selective sensors of particular redox active molecules (31,53 32,56 33,39 34,94 35,95

3696 and 37,97 Figure 2a), pH probes (3846 and 39,42 Figure 2b), metal-chelators
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Figure 1. A possible mechanism for the formation of dipyrromethene from pyrrole-
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Figure 2. Selected BODIPYs with meso-modifications to give: (a) selective sensors of
particular redox active molecules; (b) pH probes; (c) metal-chelators; (d) biomolecule conju-
gating groups; and (e) cyanide ions.
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(40,70 41,70 42,65 43,58 44,57 45,44 46,71 47,69 48,73 and 49,62 Figure 2c), as biomole-
cule conjugating groups (50,40 51,72 and 52,98 Figure 2d) and as sensor for cyanide
ions (53,99 Figure 2e).

Here we intend to restrict the discussion to the general concepts that influence
the fluorescence properties of meso-modified BODIPY dyes; this review does not
attempt to give a comprehensive list of all the compounds made. Without excep-
tion, the chemosensors operate by perturbing the reduction potential of the meso-
substituent as illustrated in Figure 3a and b for the case of 36 and 37, respectively.
The next section discusses in more details the electronic effects of these perturba-
tions on fluorescence.

B. Fluorescence Control via Photoinduced Electron Transfer

Transfer of electrons between nonplanar parts of fluorescent molecules modifies
their fluorescence intensities.100 This has been known for some time but Nagano,
Ueno and coworkers have skillfully applied calculated orbital energy levels and
experimentally determined electrochemical data to rationalize quantum yields.
Their initial work with fluorescein derivatives,101,102 was later expanded to encom-
pass BODIPY systems as described here.103
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Figure 3. Off/on sensing mechanism for (a) 36; and (b) 37 is controlled by PeT from the
chromanol group.

Some nonplanar fluorescent molecules can be regarded as a highly fluorescent
group with non- (or significantly less) fluorescent substituents (Figure 4a). Some
such substituents, depending on their oxidation potentials relative to the excited
state of the BODIPY core, can act as electron donors or acceptors. If electron
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transfer occurs then the fluorescence is diminished when the fluorescent group in its
excited state is reduced. In this situation, the fluorescent group is acting as an accep-
tor, consequently this may be called reductive-PeT or a-PeT (“a” for acceptor;
Figure 4b). However, if the energy states are such that the excited state of the flu-
orescent group can donate electrons to the substituent LUMO then oxidative-PeT,

20 Loudet and Burgess
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Figure 4. The meso-substituent provides: (a) no significant electronic perturbation;
(b) electrons to the excited state; and, (c) a low lying LUMO to accept electrons from the
excited state.
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d-PeT, occurs (“d” for donor; Figure 4c). Indirectly, solvent polarity has an effect
on this process. This is because photoexcitation and oxidation processes involve
modification of ground state dipoles, and solvents may stabilize or destabilize
these changes according to polarity.

The feasibility of electron transfer can be judged from the change in free
energy (∆GPeT), as described by the Rehm-Weller equation104:

∆GPeT = E1/2 (D+/D) − E1/2 (A/A−) – ∆E00 – C

where

E1/2 (D+/D) = ground-state oxidation potential of the donor
E1/2 (A/A−) = ground-state reduction potential of the acceptor
∆E00 = excitation energy
C = an electrostatic interaction term.

Nagano and coworkers applied these principles to the triazole-BODIPY deriv-
ative 55 (Figure 5) to develop a nitric oxide probe.52 The low fluorescence of the
diamine 54 was explained in terms of reductive PeT. When nitric oxide converts
the diamine into the benzotriazole 55 then reductive PeT does not occur and
fluorescence is observed. Scheme 3 outlines the synthesis of the probe and the
oxidized product.

A refinement of these ideas was used to explain why the fluorescence for the
compounds 55 decreased in the order b > a > c (Figure 6). This is because the
nature of the substituent impacts the reduction potential of the BODIPY core in
that order (b is the most negative).

Fluorescence of the Zn2= and NO2
+ chemosensors 5654 and 57105 has been

explained using reductive PeT concepts outlined above. Chelation or nitration
makes the reduction potential of the meso-substituent more negative, PeT is
switched-off, and the probes become fluorescent.

Strongly electron-withdrawing substituents on aromatic meso-substituents
lower the LUMO of the aromatic system to the level where it might accept elec-
trons from the orbital containing the promoted electron in the BODIPY core
(Figure 4c). In such cases oxidative PeT comes into play. An illustration of this is
the quantum yields of 58–60.105 For dye 60 oxidative PeT is diminished because
the ketones lower the energy of the BODIPY orbital containing the promoted
electron.

At least two weaknesses are associated with combining theoretical calcula-
tions and electrochemical data to rationalize quantum yields. First, the reduction
potentials for the two components are calculated on isolated systems: the fact that
they are attached to each other must perturb the actual orbital levels. Second,

37/BODIPY® Dyes and Their Derivatives 21

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 21



22 Loudet and Burgess

(a)

(b)

R = H, a; Et, b; CO2Et, c

N
B
F2

N
RR

N
NHN

55

N
B
F2

N
RR

NH2

NH2

54

NO

CO2H

H2N
NH2

CO2H

H2N
NH2

CO2H

NHN
N

CO2H

CO2H

NHN
N

E relative 
quantum yield

threshold

weakly fluorescent

strongly fluorescent

–4.76 eV

–6.73 eV

–5.26 eV

–5.27 eV

–6.19 eV

–7.09 eV

–7.20 eV

0.003

0.005

0.83

0.92

0.85

Figure 5. (a) Calculated HOMO energy levels of meso-substituents for BODIPY 54 and 55;
(b) Reductive PeT occurs above the threshold indicated.
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energies of excited states are notoriously difficult to calculate. Nevertheless, the
approach emphasized by Nagano and coworkers helps dispel dogmas that
surround fluorescent probes. For instance the assertion that nitro groups or heavy
atom substituents always quench fluorescence is simply not true. The reality is that
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they tend to do so but only if their orbital energy levels interact with the fluores-
cent chromophore in a way that facilitates PeT.

IV. BODIPYs with Heteroatom Substituents

A. From Electrophilic Substitution Reactions

Simple considerations of mesomeric structures reveal that 2- and 6-positions of
the BODIPY core bear the least positive charge, so they should be most suscepti-
ble to electrophilic attack (Figure 7). However, there is no definitive study of
regioselectivities in these reactions for BODIPYs without pyrrole substituents;
almost invariably some of the other positions are blocked by substituents.
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1. Nitration

The 2,6-dinitro BODIPY dye 61 can be obtained via nitration with nitric acid at
0 °C (Chart 8). In this reaction, the fluorescence quantum yield of the product is
much less than that of the starting material.88,106–108 To the best of our knowledge,
this is the only nitration of a BODIPY dye that has been reported in the literature.

2,6-Dinitro-BODIPY 62109 and 63110–114 have also been reported in the
Japanese patent literature for applications as sensitizers and inks. We were unable
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to find procedures for their syntheses and the corresponding spectroscopic data in
these documents.

2. Halogenation

Bromination of the 1,3,5,7,8-pentamethyl-substituted BODIPY shown in Chart 9
gave the dibromination product 64.88,115 Predictably, introduction of bromo
substituent onto the dipyrromethene core causes a significant red shift of both the
UV-absorption and emission maxima, and it quenches the fluorescence quantum
yield via the heavy atom effect.

2,6-Diiodo-tetramethyl BODIPY 65 was prepared as described in Chart 10.116

Just as for the dibromo-BODIPY 64, iodo-substituents cause significant red shift
of the UV-absorption and fluorescence emission maxima, and decrease the fluo-
rescence quantum yield via the heavy atom effect. Compound 65 is much more
resistant to photobleaching than Rose Bengal; this is because the BODIPY core
has a more positive oxidation potential than the xanthone unit of Rose Bengal.
Compound 65 is an efficient photosensitizer.
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2,6-Difluoro- and 2,6-dichloro- BODIPY derivatives 66109 and 67,110–114 have
been applied in electroluminescent devices and sensitizers. Their synthesis has not
been reported.
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Scheme 4. Preparation of 3,5-dichloro-BODIPY via chlorination of a dipyrromethane
intermediate.

Chlorination of the unsubstituted dipyrromethane shown in Scheme 4 occurs
preferentially at the α-positions. Thus the 3,5-dichloro BODIPY derivative 68
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could be obtained after oxidation with p-chloranil and complexation with boron
trifluoride etherate. Applications of such chlorinated materials as SNAr elec-
trophiles are described later in this chapter.

3. Potential for Other Electrophilic Substitution Reactions

BODIPY dyes are intrinsically electron rich, and the reactions shown above illus-
trate that they will react with electrophiles. It is therefore surprising that the reac-
tions shown above represent the state-of-the-art in this area. There are very few
sulfonation reactions (see Section V) despite the importance of water-soluble
dyes; most of the sulfonated BODIPY compounds in the Invitrogen catalog (aka
Molecular Probes) feature carboxylic acids with sulfonated leaving groups. There
are no reports in the literature of some common electrophilic addition processes
like Vilsmeier-Haack reactions on BODIPY substrates, but Burgess and cowork-
ers have investigated this type of reaction, and the mono-formylated BODIPY dye
could successfully be synthesized in excellent yield (unpublished results).

B. From Nucleophilic Attack on Halogenated BODIPYs

The most common approach to introduce substituents on the 3- and 5-positions
of the BODIPY core involve de novo syntheses with appropriately substituted
pyrroles, but an exciting recent development reaches the same goal via nucle-
ophilic substitution on 3,5-dichloro-BODIPY such as 68.117–121 The nucle-
ophiles used so far include alkoxides, amines, thioalkoxides, diethyl malonate
anion, and cyanide. These reactions can be stopped at the mono-substitution
stage or forced to the disubstitution product (Scheme 5) hence they are useful
for access to asymmetric 69 and symmetric 70, hetero-substituted BODIPY
dyes, which would be difficult to obtain by other routes. When cyanide was
used as nucleophile, displacement was achieved using Lewis acid activation of
trimethylsilyl cyanide. Addition of tin tetrachloride gave selective substitution
at the carbon atom, i.e., compound 71, while boron trifluoride promoted dis-
placement at both the carbon and boron atoms giving the corresponding tetra-
cyanide derivative 72. SNAr reactions were successfully used to simultaneously
change the BODIPY core structure, its fluorescent properties, and enhance its
water solubility (compounds 73–75). In addition, Burgess and coworkers
showed that this process could be used to conjugate dyes to proteins, e.g., to
give 76 and 77.119

The spectroscopic effects of electron-donating groups attached to the BOD-
IPY core for the compounds in Scheme 5 were studied. The 3- and 5-substituents
had significant effects, shifting both the absorption and/or emission spectra, and
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changing the fluorescence quantum yields. For example, introduction of an amino-
or sulfur-centered nucleophiles results in a significant bathochromic shift (red
shift) of both the absorption and emission.117 Data were collected in methanol
(Figure 8); the absorption and emission maxima were red-shifted in cyclohexane
but otherwise it was quite similar to that for methanol (data not shown). The quan-
tum yields varied widely with the nature of the nucleophiles and the degree of sub-
stitution. In general, mono-substituted dyes tend to have lower quantum yields
than the bis-substituted ones. Interestingly, the water-soluble BODIPYs 73–75
have good to excellent quantum yields.

8-(ω-Haloalkyl)-BODIPY dyes 78 and 79 are useful starting materials. These
are easily synthesized by condensation of a ω-haloacyl chloride with 3-ethyl-2,4-
dimethyl pyrrole (Chart 11).122

Compounds 78 and 79 can be used as fluorescent electrophiles and can easily
be functionalized by nucleophilic substitution reactions, giving compounds B.49,122

Thus, cysteine-selective fluorescent label, fluorescent amino acids, chemosensors
for metal ions49 and fluorescent pH probes could be prepared.123
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Figure 8. (Continued )
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C. From Metal Mediated C-H Functionalization

Pyrroles can be functionalized via palladium-catalyzed activation reactions.124–126

Burgess and coworkers applied the same strategy to synthesize novel BODIPY
dyes via palladium-mediated C-H functionalization (Chart 12).127 This route pro-
vides a direct way to extend the conjugation of the BODIPY core, without a halo-
genated or metalated intermediate prior to the coupling reaction. Highly
fluorescent, mono- (80) or disubstituted (81) dyes can be obtained. A water-
soluble, sulfonated BODIPY dye 80d was also prepared via this route, but in low
yield (2%).
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The C-H functionalization process was also applied to α,β-unsaturated esters
to form compounds 82 and 83. Mono- and disubstituted products were obtained,
but these do not correspond exactly because the alkene double bond was shifted
out of conjugation with the BODIPY core.

Iridium-catalyzed direct borylation of aromatic compounds via C-H bond acti-
vation and the use of organoboranes with rhodium catalysis have been extensively
explored for new types of C-C bond formation. Recently, Osuka and coworkers
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Chart 12.
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Scheme 6. Borylation of (a) meso-mesityldipyrromethane, and (b), meso-mesitylBODIPY.

applied those novel metal-catalyzed methodologies to dipyrromethane and BOD-
IPY dyes.128 The BODIPY precursor was borylated regioselectively at the 3- and
5-positions (aka α positions), while the corresponding BODIPY reacted at the 2-
and 6-positions (aka β positions) (Scheme 6). Borylation of the BODIPY occurred
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NH HN
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(ii) BF3·OEt2, Et3N

PhMe

N N

Ar

CO2RRO2C

B
F2

90
CH2Cl2, Φ 0.92
λmax abs 593 nm

ε 9 270 000 M−1 cm−1

λmax emiss 601 nm

+

R = nHex

(a)

Scheme 7. Functionalization of: (a) the 3,5-borylated meso-mesityldipyrromethane 84; and,
(b) the 2,6-borylated meso-mesitylBODIPY 86; and (c), the extended conjugated systems 93
and 94 formed via this approach.

in low yield probably because of the instability of the dye under the reaction
conditions.

Rhodium-catalyzed Heck-type additions were used to prepare α- and β-
functionalized BODIPY dyes from 84 and 87 (Scheme 7). Treatment of 84 with
hexyl acrylate gave the desired 3,5-double addition products as a mixture of the
E,E- and E,Z- isomers, 88 and 89. Oxidation of 88 with DDQ, followed by com-
plexation with boron afforded the corresponding BODIPY 90 (Scheme 7a). Under
the same conditions, the BODIPY 86 gave the desired disubstituted product 91
along with some partially saturated compound 92 (Scheme 7b). α, β, γ, δ-Dienote
functions were also introduced, but the corresponding products 93 and 94 were
obtained in low yields. Photophysical properties of the new dyes were studied in
CH2Cl2. A substantial red shift for both the absorption and emission was observed
upon extending the conjugation of the system. The 3,5-substituted BODIPY dyes
exhibit sharp fluorescence peaks, higher extinction coefficients and fluorescence
quantum yields, relative to the 2,6- substituted BODIPY dyes 91.
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Scheme 7. (Continued )

D. From Nucleophilic Attack at the meso-Position

BODIPY systems with a meso-cyanide substituent are special insofar as they
fluoresce at significantly longer wavelengths than the unsubstituted systems.129

Further, they can be accessed by direct addition of cyanide anion to the
dipyrromethene core, followed by oxidation. The first synthetic route developed
gave poor overall yields, mainly due to loss of material in forming the
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dipyrromethene,89 but an improved one was published by Boyer and coworkers
(Scheme 8).130 In that work, Knorr condensation of 3-ethylhexan-2,4-dione with
diethyl aminomalonate give ethyl 3,4-diethyl-5-methylpyrrole-2-carboxylate.
This pyrrole is then converted to the dipyrromethene hydrobromide via the
presumed intermediacy of 2-methyl-3,4-diethylpyrrole and its condensation with
the α-formyl derivative that is formed in situ.

Comparison of compound 95 with other meso-cyano BODIPYs (e.g. 96–99)
shows their fluorescence and absorption are about 60 nm red-shifted relative to
simple alkyl-substituted BODIPYs. This large bathochromic shift seems attribut-
able to a net stabilization of the BODIPY LUMO via interaction with the cyano
group. The presence of the cyano group also significantly reduces the molecular
extinction coefficient. Only in the case of 99 where the core bears two ester groups
is this red-shift attenuated. Presumably in this case the esters reduce the electron
density on the BODIPY core available for delocalization into the nitrile, and this
affects the fluorescence emission wavelength.
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Scheme 8. Cyanopyrromethene-BF2 complexes via addition of cyanide.
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Red-shifted fluorescence associated with a cyano group is particular to the
meso-position. 2,6-Dicyano BODIPY 100 has two cyano groups, neither occupies
the meso-position, and fluorescence from this compound peaks at about the same
wavelength as similar BODIPYs without nitrile substituents, e.g. 101 and 8.130

Similarly, substitution at the 2- and 6-positions with carboethoxy, acetamido,
sulfonate anion, bromo or nitro groups do not produce any red shift.89,130,131

A synthesis of sulfur containing BODIPYs under mild conditions was recently
achieved via reaction of thiophosgene with substituted pyrroles to give the corre-
sponding thioketone 102.90 The latter can then react with various electrophiles to
form the dipyrromethene intermediates that were combined with boron trifluoride
in presence of base to afford the thio-BODIPY derivatives 27. These meso-
thioalkyl groups can be displaced by nucleophiles to give anilino-substituted
BODIPY derivative 103 (Scheme 9, see also Chart 2). Amine adduct 103 was not
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fluorescent, presumably because of electron transfer from the amine group to the
BODIPY core in the excited state.

V. Water-Soluble BODIPY Dyes

A. From Electrophilic Substitution Reactions

Despite the practical value of water-soluble BODIPY dyes, very few have been
reported. Up to 2008, only a few sulfonated BODIPY dyes had been reported. They
were obtained from tetra-, or penta-substituted BODIPYs via treatment with
chlorosulfonic acid, then subsequent neutralization with a base (e.g. Chart 13).
Monosulfonated systems could be obtained when only one equivalent of chloro-
sulfonic acid was used. Introduction of the sulfonate groups did not change the
absorption and emission spectra significantly relative to the unsulfonated dye. The
sulfonated BODIPY dyes 104–107 are strongly fluorescent in water and/or
methanol, and are claimed to have even better stability than the parent dyes.88,132–137

Burgess and coworkers recently developed sulfonation conditions to prepare
various functionalized, mono- and bis-sulfonated BODIPY systems, e.g. 108–110.138
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Scheme 9. Synthesis of sulfur- and anilino- BODIPY derivatives.
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BODIPY 108 is functionalized with an aryl iodide for elaboration via Pd-mediated
couplings. Compound 109 has two chlorine atoms that could be replaced by SNAr
reactions. Probe 110 was designed with an acid functional group to facilitate
activation and coupling to amines.

B. From Coupling or Substitution Reactions

So far, three different strategies have been explored to introduce water-soluble
groups onto the hydrophobic BODIPY core: (i) SNAr reaction at the 3-position of
3,5-dichloroBODIPY with 2-mercaptosulfonic acid (Section IV.B),119 (ii) Heck-
coupling in the 2- and 6-positions (Section IV.C)127 and, (iii) electrophilic sul-
fonation with chlorosulfonic acid.138 Only the last approach gives water-soluble
BODIPYs in good yields without requiring prior functionalization of the BODIPY
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core. Recently, Ziessel and coworkers reported two alternative strategies to intro-
duce (poly)sulfonated groups onto the BODIPY core.139 The first relies on a
peptide coupling between α-sulfo-β-alanine and BODIPY 111 (obtained in two
steps from the corresponding phenyliodo derivative via Pd-mediated carbo-
alkoxylation, followed by saponification; Chart 14). The mild conditions (NMP-
water, pH 8.5, 25 °C) involve in this amine/acid coupling allow the presence of
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additional sophisticated functional groups and provide hydrophilic fluorophores
with a handle for conjugation to biomolecules.

Ziessel’s second strategy to water-soluble BODIPYs is based on alkynylation
at the 2,6-positions (Chart 15) and/or at the boron center (Chart 16) with 1-
dimethylamino-2-propyne, followed by alkylation with propane sultone.
Introduction of the hydrophilic linker at the 2- and 6-positions (dye 95) resulted in
a bathochromic shift in the emission spectra relative to dye 116. BODIPY 116
shows two absorption maxima at 522 and 567 nm in PBS; the latter disappears in
EtOH indicating aggregation of the dye in aqueous medium.

VI. Aryl-, Alkenyl-, Alkynyl-Substituted BODIPYs

A. Meso Aryl-, Alkenyl- and Alkynyl-Substituted BODIPYs

Meso-substituted BODIPY are usually prepared via condensation of an aryl alde-
hyde with a large excess of pyrrole under acid catalysis, oxidation with DDQ,

42 Loudet and Burgess

N
B
F2

N

112 38%
PBS, Φ 0.62

λmax abs 523 nm
λmax emiss 539 nm

O
H
N

H
N OH

SO3H

O

SO3H

O

N
B
F2

N

CO2H

111

H2N
H
N OH

SO3H

O

SO3H

O

(i)                           

(ii)

H2O/NaHCO3, pH 8.5, 25 °C

N

O

O

O
N

N+

BF4
−

TSTU

, DIEA, NMP

Chart 14.

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 42



37/BODIPY® Dyes and Their Derivatives 43

N
B
F2

N

113 
CH2Cl2, Φ 0.54
λmax abs 543 nm

λmax emiss 565 nm

NN

1,3-propane sultone

PhMe, 60 °C

N
B
F2

N

114 58%
PBS, Φ 0.78

λmax abs 521 nm
λmax emiss 540 nm

N+N+

SO3
−−O3S

Chart 15.

N
B

N

I

115
CH2Cl2, Φ 0.52
λmax abs 521 nm

λmax emiss 532 nm

Me2N NMe2

1,3-propane sultone, PhMe, 60 °C

N
B

N

I

116 62%
PBS, Φ 0.61

λmax abs 522, 567 nm
λmax emiss 530 nm

N+ N+

−O3S SO3
−

Chart 16.

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 43



followed by complexation with BF3 etherate. Although commonly used, this method-
ology has several disadvantages; for instance, it includes tedious purifications,
synthesis of the aldehyde (if not commercially available), and some functional
groups on the aryl aldehyde might be incompatible with acid, and DDQ oxidation.

Inspired by the work of Liebeskind140 and Biellmann,90 Peña-Cabrera and
coworkers reported a novel, simple and efficient synthesis of meso-substituted
BODIPY via Pd-catalyzed, Cu(I)-mediated cross-coupling of the 8-
thiomethylBODIPY 117 with boronic acids under neutral conditions (Chart 17).141

Both electron-rich and -poor aryl and alkenyl boronic acids reacted smoothly
under the Liebeskind-Srogl coupling conditions. Bromo-aryl derivatives, e.g.
compound 118, could be prepared in good yield without further polymerization
(via Suzuki-type reactions) as the Liebeskind-Srogl works in the absence of base.
Bulky boronic acids did not compromise either the efficiency of the process as
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BODIPY 119 could be prepared in 67% yield in 15 minutes. Heteroaryl boronic
acids also showed excellent reactivity. This new route tolerates many functional
groups allowing preparation of products that can be further elaborated. Compound
118 containing an aryl bromide can undergo Pd mediated cross coupling.
BODIPY 122 was obtained from homometathesis of 121. No spectroscopic data
have been reported yet.

Until recently, there was only one meso-vinyl substituted BODIPY dye
(compound 26, Section II.D). Introduction of a vinyl unit at the meso position
of BODIPY led to a bathochromic shift of the emission maxima, while the
absorption did not change. Dyes 124–129, synthesized from BODIPY 123,
illustrate a new series of dyes combining polymethine and dipyrromethene
chromophoric fragments.142 The methyl group of 123 is not highly reactive, but
can undergo some condensation reactions. Thus, Vilsmeier-type formylation of
123 gave the disubstituted BODIPY 124. The hemicyanine dye 126 was
obtained by treating the monoformylated product 125 with aniline (Chart 18).
BODIPY 124 shows good fluorescent properties. However, the derivatives 125
and 126 are nonfluorescent, presumably due to PeT quenching. Acidification of
the solutions of 125 and 126 restores the fluorescence, but that of 125 disap-
pears quickly, and irreversibly.142
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BODIPY 123 reacts with more active phenyliminovinyl derivatives of hetero-
cycles of low and medium basicity (e.g. 4-pyran, indoline, benz[c,d]indole, and
benzothiazole) to form dyes such as 127–129 in good yields (Chart 19).
Combination of 123 with 2-(phenyliminovinyl)quinoline led to the formation
of 131 (Chart 20). The author postulates this may be due to the low electron-
withdrawing ability of the BODIPY nucleus, which makes the betaine mesomeric
form unfavorable. The contribution of the betaine mesomeric form increases with
increasing electron-donating effect of the second terminal nucleus, whereas the
stability of the boron complex decreases. Thus, the synthesis of symmetrical dyes
such as 132 is difficult due to the formation of the unfavorable anionic form of the
BODIPY nucleus.

The physical properties of new polymethine-substituted BODIPY dyes were
studied in CH2Cl2 and DMF. The merocyanine nature of these dyes manifests itself
in the existence of two absorption bands: a short-wavelength band characteristic
of the BODIPY core and a more intense, long-wavelength band typical of the
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polymethine fragment. Upon protonation, the long-wavelength absorption band
completely disappears while the one corresponding to the BODIPY nucleus
increases. Boradipyrromethenecyanines 127 and 128 are moderately fluorescent
in CH2Cl2 (Φ ∼ 0.5–0.6), and are weakly fluorescent, particularly in polar solvents
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(Φ < 0.1 in DMF). There is no fluorescence increase for these materials upon
protonation.

Very few meso-alkynyl BODIPYs are known. As far as we are aware, the 8-
ethynyl BODIPY 133 is the first one.143 It was prepared by a classical route,
involving condensation of 2,4-dimethyl-3-ethylpyrrole with triethylsilylacetylene
acid (generated in situ), followed by complexation with BF3 etherate, and depro-
tection of the silyl group with potassium fluoride (Chart 21). Compound 133
shows an intense absorption at 573 nm, red-shifted by 30 nm relative to the
8-methyl derivative due to extended conjugation.

B. 3,5-Aryl-Substituted BODIPYs from Aryl-Pyrroles

Aryl-substituted BODIPY dyes can be formed via condensation of the correspon-
ding pyrroles with acyl chlorides.144,145 The 2-aryl pyrroles used were prepared via
Suzuki couplings146 of N-tert-butoxycarbonyl-2-bromopyrrole (Chart 22); this was
more convenient than starting with less accessible materials like 4-aryl-
1-azidobutadienes147 or a N-tosylarylimine.148,149 Removal of the N-BOC protect-
ing group under basic conditions gave the desired aryl pyrroles. These products
were found to decompose on standing, rapidly under acidic conditions, and were
therefore best formed immediately before use.
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3,5-Diaryl BODIPY dyes were obtained from the pyrroles shown above, via a
one pot, two-step process featuring 4-iodobenzoyl chloride. The 3,5-aryl groups
extend the conjugation of the BODIPY systems. Compared to the alkyl-substituted
derivatives, e.g. 134 and 135 which have green, fluorescein-like emissions
(λmax emis = 510 nm), both the absorption and emission maxima of 3,5-diaryl
substituted BODIPYs 136–140 are shifted to longer wavelengths (λmax emis =
588–626 nm).144,145 The para-electron-donating group of 138 gives a larger
bathochromic shift and increased quantum yield, compared to the compound with
that same substituents in the ortho-position 140. Similarly, the extended aromatic
substituent naphthalene of 137 red-shifted the emission maximum for this com-
pound. However, the extinction coefficients for 136–140 were not markedly
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increased relative to the alkyl systems 134 and 135 and their fluorescence quan-
tum yields were significantly lower due to non-radiative loss of energy via rota-
tion around the C-Ar bonds.150

Similarly to above, the polyphenylated BODIPYs 141–143 were prepared
from the corresponding 2,4-diphenylpyrrole or 2,3,4-triphenylpyrrole prepared by
Suzuki-Miyaura coupling of 2,3,4-tribromopyrrole with PhB(OH)2 to study the
effect of the peripheral phenyl groups on photophysical properties.151 The periph-
eral phenyl groups of 141 and 143 are arranged in a propeller-like fashion in the
solid state, as shown by X-rays analyses. In THF, the new BODIPY derivatives
show strong absorption bands centered around 561–576 nm and fluorescence
emission between 597–613 nm. Although, the emissions maxima for the new
BODIPYs are close, significant differences were observed in their quantum yields.
BODIPYs 29 and 141 have extremely high quantum yields, while dyes 142 and
143 are only moderate (20 and 30%). This marked difference is due to the phenyl
ring at the meso position; the steric congestion around this group accelerates non-
radiative internal conversion. Intense emissions for 142 and 143 were observed
when the dyes (1%) were included in PMMA films. This is probably because rota-
tion of the meso-phenyl ring is restricted in the solid state.
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Fluorescence of some BODIPYs in solution can be reduced at elevated con-
centrations due to intermolecular π-stacking. BODIPY dyes can stack in two geo-
metrically distinct forms: H- and J-dimers (Figure 9). The former is most likely a
result of intramolecular dimerization, with the stacking of two BODIPY planes
with almost parallel S0 → S1 transition dipoles, and anti-parallel electric dipole
moments. This dimer is practically non-fluorescent, and exhibits blue-shifted
absorption relative to that of the monomer. The J-dimer, in which the S0 → S1 tran-
sition dipoles are oriented in planes at 55°, is fluorescent and shows a red-shifted
absorption relative to that of the monomer.152–154

Compound 144 was designed to sterically prevent dimers formation in solu-
tion.155 Further, the hindered internal rotation of the mesityl rings reduces nonra-
diative relaxation of excited states, enhancing fluorescence quantum yields. Dyes
such as 144 were prepared from mesityl aldehyde and the corresponding pyrrole
145156 (made via a Trofimov reaction).149
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C. Knoevenagel Reactions with Benzaldehyde Derivatives
to Give Alkenyl Systems

1. 3,5-Styryl-BODIPY Dyes

3- and 5-Methyl BODIPY substituents are acidic enough to participate in
Knoevenagel reactions. Thus, styryl-BODIPY derivatives can be obtained by con-
densation of 3,5-dimethyl-BODIPYs with aromatic aldehydes (Chart 23).157,158

With p-dialkylaminobenzaldehyde the reaction can be restricted to one condensa-
tion (di(dimethylamino)styryl-substituted BODIPY dyes can be obtained with
longer reaction time (7d)),159 but 4-alkoxybenzaldehydes tend to give mixtures
corresponding to one and two condensations.160

The condensation processes shown in Chart 23 provide BODIPY derivatives
that have red-shifted fluorescence, and functional groups that can be used in sen-
sors and molecular logic gates. UV-absorption spectra of compounds from one
condensation (e.g. 148 and 149) tend to reach maxima around 594 nm in MeOH,
and their fluorescence emissions are similarly red-shifted. Both the absorption
and, particularly, the fluorescence spectra are dependent upon solvent polar-
ity.161,162 The red shift is more pronounced in polar solvents indicating excitation
of the dyes leads to more polarized excited states.

Structures 147–149 illustrate some effects of amino substituents in these styryl
systems. When the amine is directly conjugated with the styryl group then a max-
imum red-shift is obtained, but when it is part of the meso-substituent then the
bathochromic shift is less because this meso substituent is nonplanar. Quantum
yields for these materials are only high when the amine is protonated disfavoring
Intramolecular Charge Transfer (ICT) in the excited state.157,162 Compound 149
is a metal sensor because complexation to ions alleviates ICT and increases its
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quantum yield. Introduction of a second styryl group at the 5-position (compound
not shown) red-shifts the UV and fluorescence maxima by almost 100 nm and
50 nm, respectively.159

BODIPYs 150 and 151 are ICT dyes; they display opposite spectral shifts
upon protonation.163 As expected, upon addition of acid (TFA), emission of 150 is
significantly blue-shifted (from 753 to 630 nm) as the ICT donor group dimethy-
lamino functionality is a considerably less effective electron donor when proto-
nated. Conversely, 151 with acid gives a red-shifted absorption spectrum (from
620 to 660 nm).

Compound 152 can be called a molecular and logic gate for generation of sin-
glet oxygen for photodynamic therapy.164 The chemical inputs of the logic system
are Na+ and H+ as the pH of tumor tissues is quite acidic, and the intracellular
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sodium ion concentration is also significantly higher than normal tissues. The
molecular system is an automaton which is to seek the higher concentration of
both hydrogen and sodium ions, and release the cytotoxic agent (singlet oxygen).

There is no marked pH dependence for the electronic spectra of the
alkoxy-substituted systems 153 and 154.160 However, the fluorescence of the
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amino-phenol 155 is quenched when the hydroxyl group is deprotonated, but the
UV absorbance and fluorescence maxima remain the same; fluorescence is
enhanced and there is a blue shift when the amine group is protonated. This
molecule has also been compared to a logic gate.66
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Although many new styryl BODIPYs have been synthesized, Invitrogen’s
BODIPY 630/650 and BODIPY 650/665 probes are the only two longest-
wavelength amine-reactive BODIPY fluorophores commercially available to date.

Biomolecules labeled at relatively large BODIPY:protein ratios can have
diminished fluorescence intensities due to interactions between the probes; the flu-
orescence can also be red-shifted for the same reason.165 Small molecules con-
taining two BODIPYs have been produced to test these types of effects. The first
prepared were somewhat flexible being based on cyclohexane.152,153 More
recently, rigid ones with cofacial BODIPY dyes have been made and studied. Only
one transition dipole moment is possible for these structures. The xanthane unit was
chosen as a scaffold since it can be easily functionalized on its 4- and 5-positions.
Aldehyde or bis-aldehyde functionalities on the xanthane (156 or 160, respec-
tively) were used to construct the BODIPY units by condensation with 2,4-
dimethylpyrrole. A 3-methyl substituent on the BODIPY was then reacted with
p-dimethylaminobenzaldehyde to extend the conjugation (Scheme 10).166

Compound 161 has two cofacial BODIPY groups, and the UV absorption
maximum of the BODIPY part is blue-shifted (to 478 nm, with a shoulder at 504
nm) relative to 1,3,5,7-tetramethyl-BODIPY 7 and the other control compound
157. Compound 162, which has one styryl-extended BODIPY and one tetramethyl-
BODIPY substituent, has UV absorption peaks corresponding to both these sub-
stituents (455 nm and 575 nm). Upon excitation at 480 nm, the monochromophoric
system 157 exhibits a very strong emission at 500 nm, while the fluorescence
emission of the di-BODIPY system 161 is significantly quenched; it shows two
peaks, one at 505 nm and a broader excimer-type emission at 590 nm. Efficient
energy transfer from the donor (tetra-methyl BODIPY) to the acceptor (extended
BODIPY) was observed for the system 162. The cofacial chromophores are sepa-
rated by approximately 4.5 Å, allowing both energy transfer and formation of an
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Scheme 10. Syntheses of BODIPY dyes anchored on xanthene units to test self-quenching:
(a) a system with one BODIPY dye; (b) a similar compound with two, where only one has
extended conjugation; and, (c) another where both have extended conjugation.
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excimer-like state. Incidentally, system 162 acts as an energy transfer cassette;
fluorescence emission could be observed at 650 nm from the extended BODIPY
(acceptor) upon excitation of the other BODIPY (donor) at 480 nm. More discus-
sion of energy transfer cassettes follows in Section 7.

2. 1,3,5,6-Tetrastyryl-BODIPY Dyes

Mulliken-charge analysis on the core carbon atoms of tetramethyl-BODIPY 7
revealed that the methyl groups in positions 1 and 7 could be almost as acidic as
the 3,5-methyls. Therefore BODIPY dye 164 carrying pyridinylethynyl sub-
stituents on the 2,6-positions could be condensed with p-anisaldehyde to form the
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corresponding tetrastyryl BODIPY derivative 165c (Chart 24). The styryl groups
introduced by the Knoevenagel reaction were exclusively in the trans (E) config-
uration. The 2,6-dibromo derivative 164b reacted as efficiently as the ethynyl-
substituted derivatives. As expected, the 2,6-H BODIPY 164a reacted slowly and,
by stopping the reaction at different times, the mono-, di-, tri- and tetra-styryl
derivatives could be obtained. The first methyls to react were exclusively the 3,5-
methyls, and tri- and tetra-substituted products were obtained when the concen-
tration of reactants was increased by removal of most of the solvent.167

With the exception of 165d, the new tetrastyryl dyes absorb between 690 and
720 nm, and emit between 710–750 nm. They have large extinction coefficients,
and their quantum yields are found to be moderate to high. Compound 165d is a
true near-IR dye, absorbing around 800 nm, and emiting near 837 nm; its quantum
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yield tends to be decreased by the strong charge transfer and highly polar excited
state.

D. From Palladium-Catalyzed Coupling Reactions
at the 3- and 5-Positions

3,5-Dichloro BODIPY derivatives such as 68 have similar reactivities to hetero-
cyclic imidoyl chlorides; this opens a new window for derivatization using transition-
metal-catalyzed reactions. Thus, new 3-, 5-aryl, ethenylaryl and ethynylaryl
compounds 166 and 167 were obtained via Stille, Suzuki, Heck and Sonogashira
couplings (Chart 25).168,169 The extended conjugation, and mono-/disubstitution
patterns, of these dyes give dispersed fluorescence emission maxima within the
series. Absorption maxima for the monosubstituted compounds 166 are blue-
shifted by 20 nm to 50 nm relative to the disubstituted ones 167. The largest red
shift for both absorption and emission was observed for the styryl substituted
derivatives. The dyes with ethenyl- or ethynyl-aryl substituents gave the highest
quantum yields (167c, 0.92; 166d, 0.98; and, 167d, 1.00).168 The mono-substituted
BODIPY dyes can further be derivatized by nucleophilic substitution (see section
above) or by another transition-metal-catalyzed coupling reaction to give unsym-
metrically substituted probes.

Selectivity for mono-substitution via Pd mediated cross coupling, i.e.,
Sonogashira and Suzuki on compounds such as 68 is low, and the resulting prod-
ucts are hard to isolate in a pure form. Those problems could be overcome if
mono-halogenated BODIPY dyes such as 168 were used. Such systems can be
prepared from the corresponding 2-acyl-4-halo- and/or 2-acyl-5-halopyrroles via
condensation with another pyrrole in presence of phosphorus oxychloride, fol-
lowed by complexation with boron (Chart 26).170 The meso-substituent of the
BODIPY is introduced during the acylation (via Vilsmeier-Haack reaction) reac-
tion of 2-halogenated pyrroles, allowing for a large number of substituents to be
introduced. Furthermore, the spectroscopic properties of the resulting BODIPY
can be easily tuned by careful selection of the pyrrole; the red-shifted BODIPY
169 was synthesized from the conformationally restricted 4,5-dihydro-1H-
benzo[g]indole.

The mono-halogenated system 168 can then be further functionalized via
Sonogashira or Suzuki cross coupling reactions to give BODIPY 170–172 (Chart 27).
The new dyes are strongly fluorescent. Interestingly, the fluorescence quantum
yield of the 2-alkynylated dye 170 decreases significantly with increasing solvent
polarity (data not shown), while small variations are observed for the correspon-
ding 3-alkynylated dye 171. Moreover, the absorption maxima of the 3-alkynylated
derivative is red-shifted relative to the 2-alkynyl isomer.
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As illustrated above, organometallic cross coupling reactions can extend the
conjugation of the BODIPY core. However, such transformations are usually done
in basic conditions and/or at high temperature that may cause partial decomposi-
tion of the BODIPY dyes. Furthermore, chemoselectivities are hard to control
when several halides are present on the same molecule. On the other hand,
Liebeskind-Srogl cross coupling is carried out under neutral conditions,140 and is
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chemoselective for thioalkyl groups over aryl bromides.171 Thus, Burgess and
coworkers recently reported the synthesis of 3,5-aryl BODIPYs 176a–c via
Liebeskind-Srogl cross coupling from the 3,5-thiobutylBODIPY derivative 174
(Chart 28).172 Electron-rich aryl-tin reagents cleanly gave the disubstituted prod-
ucts. Some monosubstituted product, i.e., 175 was isolated with electron-poor aryl
group, but in no case was the aryl-bromide affected.
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VII. Energy Transfer Cassettes

A. Through-Space Energy Transfer Cassettes

Two fluorescent entities may be joined in the same molecule to give a “cassette.”
One of these, the donor, may collect radiation efficiently at the excitation wave-
length and pass this energy to the second fluorescent moiety that emits it at a
longer wavelength. If the mechanism of energy transfer is through space then this
system might be called a through-space energy transfer cassette. Energy transfer
cassettes are typically used to artificially enhance the Stokes’ shift of a probe.
Ones featuring BODIPY dyes have been somewhat useful for DNA sequencing
on a genomic scale173 where four distinct fluorescent outputs are required, and
usually only one excitation wavelength is used.

Through-space energy transfer efficiencies depend on several factors,
including: (i) spectral overlap of the donor emission with the acceptor absorbance;
(ii) distance between the donor and the acceptor; (iii) the orientation factors; and,
(iv) the effectiveness of alternative de-excitation modes. Cassettes described in this
section have no obvious way to transfer energy from donors to acceptors via bonds.

The dendritic light harvesting system 177 with four BODIPY donors and a
perylenediimide (PDI) acceptor was constructed via click chemistry.174 Its UV
spectrum is equal to the sum of the donor and acceptor components indicating they
are not electronically perturbing each other.175 The extinction coefficients of 177
at 526 nm (BODIPY λmax) and 582 nm (PDI λmax) are 240 000 and 45 000 M−1cm−1,
respectively, hence the donor absorption is huge simply because four BODIPY
units are involved. No green fluorescence emission from BODIPY was observed
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upon excitation at 526 nm, indicating efficient energy transfer (99%). Based on the
energy transfer efficiency, the authors of this work calculated a Förster critical
radius of 47 Å. An “antenna effect” (emission intensity at 618 nm when excited at
526 nm (BODIPY core) divided by that from excitation at 588 nm (at the PDI
core)) gave approximately a 3.5-fold enhancement.

Most studies on energy transfer between porphyrins and other chromophores
have focused on electron and energy transfer in the plane of the porphyrin.
“Vertical” electron and energy transfer from axial ligands, on the other hand, have
not been studied extensively but systems 178–181 were synthesized to study this
phenomenon. An antimony porphyrin was chosen as the acceptor because this
central metal can coordinate to ligands with oxygen, nitrogen, or sulfur atoms.
Energy transfer from the excited singlet state of the BODIPY to the Sb(TPP) chro-
mophore occurs for 178, 179 and 181. This happens with efficiencies in the
13–40% range, decreasing as the length of the methylene bridge increases. Little
or no evidence was seen for quenching of the porphyrin excited singlet state by
the BODIPY. This was true even when polar solvents were used and the donor and
acceptor fragments would be expected to pack against each other. However, for
system 180, which differs from 178 only at the second axial ligand (phenoxy vs.
methoxy), the excited singlet state of the Sb(TPP)-acceptor was quenched by the
BODIPY and phenoxy ligands. The quenching by the phenoxy group occurs, at
least in part, via a nonradiative electron-transfer process.176

Systems 182 and 183 are two novel BODIPY-silicon(IV) phthalocyanines
(Pc) conjugates.177 These only differ in their axial substituents; system 182 bears
two BODIPY, while 183 has two mono-styryl BODIPY moieties. Upon excitation
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at 480 nm, efficient photoinduced energy-transfer (ΦENT 57%) from the excited
BODIPY units to the phthalocyanine (Pc) core was observed for 182. When the
triad 182 was excited directly at the Pc core (615 nm), a strong emission band at
686 nm was observed suggesting that electron-transfer was not taking place to
quench the excited Pc. The fluorescence quantum yield of the Pc emission was
however significantly lower upon excitation at 480 nm relative to direct excitation
of the Pc (Φ = 0.35 vs. 0.60). Surprisingly, upon excitation of the mono-styryl
BODIPY units (530 nm) in 183, a very weak emission band at 686 nm character-
istic of the Pc core was observed, and the emission at 580 nm from the BODIPY
moieties was also greatly reduced (Φ 0.003 vs. 0.78). This suggests that excitation
energy transfer occurred from the initially excited mono-styryl BODIPY units to
the Pc core, but, the fluorescence emission of the Pc is largely quenched, proba-
bly by an efficient electron-transfer process.

System 184 is another artificial light harvesting system with BODIPY dye
donors, but here the energy is transferred to a zinc porphyrin (ZnP), then electron
transfer occurs to a fullerene (C60-Im) unit; thus the molecule was called a
“supramolecular triad”. The Zn-porphyrin connects to the fullerene component via
metal to axial-ligand coordination. Both steps in the process were efficient.
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Overall, the system was said to mimic the “combined antenna-reaction center” in
natural photosynthesis.178

Like 178–184, complex 185 also features a donor and an acceptor system
linked via axial coordination to a zinc porphyrin.179 This self-assembling system is
based on the exceptional affinity of phenanthroline-strapped zinc porphyrins for
N-unsubstituted imidazoles.180,181 Efficient net energy transfer (80%) was observed
for excitation of the BODIPY at 495 nm and emission at the free porphyrin.
Energy transfer from the excited ZnP-Im complex to the free porphyrin was
calculated to be 85%.

Compound 186 was designed to be a molecular switch. It has two stable con-
formations governed by the bridged resorcin(4)arene scaffold.182 In the absence of
protons (or perhaps other guest cations) the molecule exists in a contracted geom-
etry maximizing FRET (fluorescence resonance energy transfer) between the two
BODIPY based probes. Decreased pH values switch the molecule to the expanded
conformation and this is evident by the reduced energy transfer. An advantage of
using BODIPY dyes in this study is their low sensitivity to pH changes.
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The UV spectrum of 186 displays three strong absorption bands assigned to the
spacer (λmax 332 nm), the donor (λmax 529 nm) and the acceptor dye (λmax 619 nm),
respectively. Upon excitation at 490 nm, two emission bands at 542 nm (donor
dye) and 630 nm (acceptor dye) are observed, in a ratio of the donor/acceptor flu-
orescence intensity of 45:55, indicating low FRET efficiency (possibly due to
unfavorable orientations of the transition dipole moments, and/or to the dynamic
behavior of the cavitand part). Upon addition of TFA, the emission from the
acceptor is nearly completely quenched, whereas the donor fluorescence intensity
doubles.

B. Through-Bond Energy Transfer Cassettes

1. Porphyrin-Based Systems as Models of Photosynthesis

The prevalent mechanism of through-space energy transfer in most cassettes is
likely to be via dipolar couplings, i.e. Förster energy transfer. The rate and effi-
ciency of this is governed by, among other things, the overlap integral between the
donor fluorescence and the acceptor absorbance.

If the donor and acceptor dyes are coupled to each other via a conjugated but
twisted π-system then the prevalent mechanism of energy transfer is likely to be
through bonds. Constraints on through-bond energy transfer are not well under-
stood, but it appears there is no requirement for a good overlap integral. This is
important in the design of fluorescent cassettes because, if this is true, there is no
obvious limitation on the energy gap between the donor fluorescence and the
acceptor absorbance, hence cassettes with huge “apparent Stokes’ shifts” could be
produced.
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A pioneer of energy transfer systems featuring BODIPY donors was Lindsey
who studied them in the context model porphyrin-based systems for photosynthe-
sis.183 He proposed that the rates and efficiencies of through-bond energy transfer
are influenced by:

• steric interactions between the donor/acceptor wherein increased torsional
constraints decrease rates and efficiencies of energy transfer;

• frontier orbital characteristics for the HOMO and LUMO; and, related to that,
• the site of attachment of the donor/acceptor to the linker and the nature of the

linker.

Lindsey has described the through-bond energy transfer cassette 187 as a
“linear molecular photonic wire”. It features a BODIPY donor and a free base
porphyrin acceptor. This donor-acceptor pair is separated by 90 Å. Efficient
energy transfer (76%) from the donor to the acceptor was observed upon excita-
tion at 485 nm (i.e., the donor λmax abs).

184

Systems 188 and 189 were described as “molecular optoelectronic linear- and
T-gates”, respectively. In these cassettes, the emission of the acceptor can be turned

72 Loudet and Burgess

contracted
(not protonated)

FRET

7 Å

expanded
(protonated)

70 Å

N
F2B

N

hυ IN

hυ OUT

N

N N

N
Zn

N

N N

N N

NH N

HN

187

Zn

2

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 72



190

N
F2B

N

N

NH N

HN

37/BODIPY® Dyes and Their Derivatives 73

N
F2B

N

hυ IN

hυ OUT

N

N N

N
Zn

N

NH N

HN N

N N

N

188

Mg

redox switch
because oxidation of the

Mg quenches the fluorescence

N
F2B

N

hυ IN

hυ OUT

N

N N

N
Zn

N

NH N

HN

N

N N

N
Mg

189

redox switch
because oxidation of the

Mg quenches the fluorescence

on or off via reduction or oxidation of the attached magnesioporphyrin; the latter in
its oxidized state quenches fluorescence via ICT. For each cassette more than 80%
of energy transfer was observed upon excitation of the BODIPY donor part.185

Compounds 190–193 are light-harvesting arrays featuring one, two, or eight
BODIPY donors and one porphyrin acceptor. Increasing the number of BODIPY
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donors from one to eight only increases the relative absorption at 516 nm from 68
to 94% (of a BODIPY standard) for the free base porphyrins 190–193, and from
91 to 99% for the Zn-porphyrin (not shown). Near quantitative energy transfer was
observed for the systems containing one or two BODIPY units, but 80–90%
energy transfer was observed for the system bearing eight BODIPY units.186
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Cassettes 194 and 195 were synthesized from the corresponding thia- and
oxo-porphyrins by Sonogashira couplings with 8-(4-iodophenyl)-BODIPY.
Excitation of the BODIPY part at 485 nm gave weak emission from the BODIPY
core and strong emissions from the porphyrin units, suggesting efficient energy
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transfer. Direct comparison of the efficiencies of energy transfer is difficult
because the separations and orientations of the donor and acceptor fragments are
different.187,188 Interestingly, the analogous system with two sulfurs, 196, gave
poor energy transfer (∼ 11%) upon excitation at 485 nm,189 whereas 197 which has
a normal porphyrin core gave 97% energy transfer.190
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2. Polypyridine Complexes Containing Accessory
BODIPY Chromophores

The dual-dye systems 198–205 featuring one or more BODIPY chromophores and
a Ru(II) polypyridine complex have been synthesized as models for solar energy
conversion and storage. The BODIPY chromophore was chosen for its strong flu-
orescence, whereas the Ru(II) polypyridine complex was chosen for its relatively
intense and long-lived triplet metal-to-ligand charge transfer (MLCT) emission.
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The pyridine based BODIPY dyes were synthesized by condensation of
formylpyridine with 3-ethyl-2,4-dimethylpyrrole.191–194 The new compounds
exhibit intense absorption in the visible region, with a major sharp band at 523 nm
(acetonitrile solution) assigned to the π–π* transition for the dipyrromethene dye
and a broader band of lower intensity between 450 and 500 nm. The free ligands
are strongly fluorescent both in solution at room temperature and at 77 K in a rigid
matrix, but no luminescence could be observed in solution for the Ru complexes,
independently of the excitation wavelength. Nanosecond transient absorption spec-
tra, however, revealed a relatively long-lived (ms time scale) excited state for all
metal complexes. The latter was identified as the BODIPY-based triplet state, and
is believed to be formed through a charge-separated level from the BODIPY-based
1π–π* state. At 77 K, all the complexes studied except for 198, exhibit the
BODIPY-based fluorescence, although with a slightly shortened lifetime compared
to the free ligands. However, the surprising finding was that 201–203 also exhibit
a phosphorescence signal assigned to the BODIPY subunits (emission at 774 nm of
50 ms lifetime). This is the first report of phosphorescence for BODIPY based
dyes. The authors propose that the phosphorescence is due to the presence of the
heavy ruthenium metal, which facilitated intensity to be diverted into the BODIPY
3π–π* state from the closely lying metal-based 3MLCT level (for which lumines-
cence decay is highly efficient at 77 K).192,195,196 Phosphorescence from BODIPY
units is certainly unusual. It only was observed here at 77 K for a system coupled
with a ruthenium complex, and the efficiency of the process was not determined.

Compounds 204 and 205 combine ruthenium polypyridine units with
BODIPY fragments. The BODIPY part ensures a high molar absorption coeffi-
cient of the system in the metal-to-ligand charge-transfer region (around 500 nm).
The singlet excited states of 204 and 205 are strongly quenched by the presence
of ruthenium: energy transfers to the Ru center with high efficiency (93% and 73%
for 204 and 205, respectively), where it is then dissipated via electron transfer
and/or singlet to triplet intersystem crossing. The net effect of this arrangement is
that these complexes are not fluorescent.197
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Loss of fluorescence when BODIPY dyes are conjugated with metal com-
plexes is common. For instance complexes 206 and 207 have greatly reduced
fluorescence relative to the free ligands,193,194 presumably due to intramolecular
electron transfer.193,198

Other complexes, e.g. of platinum,199 containing BODIPY-based ligands have
been prepared, but without comment on their fluorescent properties. It is unlikely
that such materials will be useful as probes.

3. Relatively Compact Systems as Potential Probes in Biotechnology

Porphyrin-based cassettes tend to be larger than is ideal for applications relating
to labeling of biomolecules, but the through-bond energy transfer aspect could be
useful for applications wherein one source is used and several different outputs
must be observed simultaneously. Thus, there has been interest in making smaller
through-bond energy transfer cassettes.

BODIPY-based cassettes featuring simple aromatic donors can be prepared from
halogenated BODIPYs, e.g. 208 via palladium-mediated cross-coupling reactions.200

Monoiodinated products can be quite useful for such syntheses. For instance,
Chart 29 shows a typical stepwise BODIPY synthesis that was used for this.200

Fluorescence quantum yields of compounds 209–212 excited at the donor λmax

range from 0.02 to 0.75 (in chloroform). S1 ↔ S0 Transition moments of the two
chromophores components for compound 213 are mutually perpendicular in all
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conformations. Fast energy transfer, of the order of 0.45 ± 0.08 ps, was observed for
this compound. For 209–212, the donor and acceptor S1 ↔ S0 transition moments
are mutually coaxial with the linker in all conformations. The transfer rate for this
set of compounds was even faster than for 213, ∼ 200 fs; in fact, this was too fast to
be measured accurately.201 Thus, it appears from this data that parallel and aligned
transition moments are ideal for extremely fast energy transfer. The length of the
linker in this series of compounds was also varied but not enough derivatives were
made to arrive at conclusions relating this parameter with energy-transfer rates.

More recently, energy transfer cassettes like 213 have been prepared; these are
similar except that the meso-donor group is one or two pyrene units linked with
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alkynes. It was shown that the energy transfer efficiency is reduced when alkyne
units are added. Of course, use of conjugated pyrenes as the donor increases the
UV absorption at shorter wavelengths and the λmax for that donor-based band; the
latter effect decreases the apparent Stokes’ shift observed.202

Energy transfer cassettes like 214–216, in which two BODIPY chromophores
are linked via an acetylenic linker, have been prepared.182 As the length of the
linker increases, energy transfer efficiency decreases from about 98% to ∼ 35%.
These were described as FRET cassettes, but there is a strong possibility that some
of the energy transfer takes place through bonds.

Compound 217 represents a novel star-shaped supramolecular multichro-
mophoric system containing three different BODIPY dyes triangularly arranged
around a truxene core.203 The three BODIPY subunits used absorb at different
wavelengths, allowing 217 to absorb a large fraction of UV and visible radiation.
System 217 was prepared via Sonogashira couplings between the tri-iodo truxene
and the corresponding ethynyl BODIPYs. At any excitation wavelength, the emis-
sion spectrum of 217 is dominated by a band at 767 nm, indicating that highly effi-
cient and fast energy transfer processes occur within 217. It is thought that both
Dexter-type (from the truxene core to the peripheral BODIPYs) and Förster-type
(between the peripheral BODIPYs subunits) mechanisms likely contribute to the
overall energy transfer process.
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The oligothiophene-BODIPY-based donor–acceptor system 218 represents the
first example of light-harvesting systems combining BODIPY and thiophenes.
Efficient energy transfer was observed from the quaterthiophene to the BODIPY.204

A restriction of FRET in observation of protein-protein interactions is that the
emission from the donor must overlap with the absorbance of the acceptor.
Compounds 209–218 are examples of “through-bond” energy transfer (TBET)
cassettes in which the donor relays energy to an acceptor (or more) via twisted π-
electron systems. However, these systems are very hydrophobic and have no han-
dle to allow conjugation to biomolecules. Water-soluble probes 219–222 were
recently reported by Burgess and coworkers.172,205,206 These TBET cassettes were
assembled via Pd-mediated cross coupling (220) or via copper-mediated
alkyne/azide cycloadditions (219 and 221–222). Energy transfer in 220 is highly
pH dependent. At pH < 6.0, energy transfer from the donor to the acceptor occurs
efficiently and emission at around 600 nm i.e. from the acceptor is observed. In
the phenolate form i.e. pH > 8.5, minimal energy transfer occurs and emission at
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Figure 10. Protein–protein interactions can be monitored with through-bond energy transfer
cassettes.

around 525 nm (from the donor) is observed. Thus, this probe is a potentially use-
ful ratiometric pH reporter. Indeed, 220-BSA conjugate was synthesized and
imported inside COS7 cells at 37 or 4 °C via Pep-1207,208 to measure the pH of the
endosomes and cytosol. The pH values of endosomes and cytosol, obtained from
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the red/green ratio, were 5.4 and 7.2, respectively; these data are consistent with
those expected for such intracellular regions.

Cassettes 221 and 222 possess the same donor and differ only from their
acceptor parts (221 emits at ∼ 600 nm, while 222 fluoresce at ∼ 645 nm). These
probes were used to monitor three-component interactions (via FRET and TBET)
as illustrated in Figure 10. A FRET donor (Atto425 attached to BSA-biotin) was
mixed with 221-streptavidin and 222-avidin conjugates, and the interactions
between (strept)avidin and biotin were monitored by observing emissions from
221 and 222 upon excitation at 458 nm.206 These cassettes allow increased disper-
sion of fluorescence emissions from a single excitation source.

VIII. BODIPY-Based Polymers

A. Poly(aryleneethynylene)s (PAEs) Co-Containing BODIPY (2,6-Positions) 

Organic materials with large and fast nonlinear optical responses are promising for
nonlinear devices. One parameter, two-photon absorption (TPA) is a very impor-
tant third-order nonlinear optic (NLO) effect. Materials with large TPA cross-
section are in great demand. In the last decade, many strategies have been
developed to design molecules with large TPA cross-section, and it has been
shown that conjugation length, molecular symmetry, strength of donor/acceptor
groups, and molecular planarity affect TPA cross-section.209,210

Polymers 223–226 were synthesized under standard Sonogashira cross coupling
conditions between the 2,6-diiodoBODIPY and the corresponding arylethynes, and
their third-order nonlinear optical properties were studied.211 The third-order nonlin-
ear properties of these polymers increased with increasing amounts of BODIPY
component, i.e. 223 exhibited the largest nonlinear absorption coefficient (β) and
effective nonlinear refractive index (η). This indicates that the enhancement of third-
order nonlinear optical response in the copolymers is not influenced by the conju-
gated phenylene motif, but is controlled mainly by the BODIPY component.

Akkaya and coworkers have reported the synthesis of the BODIPY oligomer
227 (via iterative Sonogashira coupling).212 Decyloxy chains were incorporated on
the meso-phenyl group of the parent BODIPY dye to keep the oligomer soluble as
the chain was extended. As the number, n, of repeating units increases, both the
absorption and emission maxima are red-shifted. These bright oligomers can be
further elaborated by electrophilic aromatic substitution of the pyrrole moieties of
the terminal BODIPYs.

The fluorescent conjugated copolymers 228a–c were prepared by Pd catalyzed
Suzuki polymerization of 9,9-dihexylfluorene-2,7-diboronic acid with each of three
different 2,6-diiodo-substituted BODIPY monomers.213 The copolymers absorb
between 547–557 nm, and emit brightly (with quantum yield up to 0.85) between
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585–588 nm. Furthermore, no fluorescence from the fluorene moiety was observed
in the copolymers, indicating efficient photoinduced energy transfer from the fluo-
rene to the BODIPY. In addition, the copolymers display sensitive (and selective)
fluorescent responses to fluoride and cyanide anions. Titration with chloride, bro-
mide and iodide anions did not result in significant quenching of the fluorescence.

Polymer 231 was synthesized by electropolymerization of the 2.6-bis(thienyl)
BODIPY 229 and compound 230 (3,4-ethyl-enedioxythiophene; EDOT) (Chart 30).214

Polymer 231 represents a highly stable, environmentally robust electroactive
material with well-defined quasi-reversible redox couple, and fast response time
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between redox states as well as high coloration efficiency. In addition, the copoly-
mer film exhibited different electrochromic behavior, which can be adjusted by
changing the polymerization potential.

B. BODIPY-Based Organoboron Polymer

Based on the work by Ziessel and coworkers, 215–217 Nagai and coworkers prepared
the polymers 233 a–c from monomer 232 via Sonogashira-Hagihara coupling.218

The latter was prepared from the corresponding BODIPY and Grignard derivative.
The Sonogashira-Hagihara coupling reaction of 232 with diynes proceeds via
p-phenylene-ethynylene formation under mild conditions (Chart 31).

These new BODIPY-based poly(p-phenylene-ethynylene)s are highly lumi-
nescent and they can form particular or fibrillar nanostructures due to their rod-
coil type structure; i.e. the rod and coil segments are a rigid π-conjugated polymer
main chain and decyl group, respectively. Scanning electron microscopy (SEM) of
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polymer 233a revealed nm-sized particles and µm-sized fiber like structures,
formed from aggregation of each particle. These fiber-like structures were less in
233b and not observed in 233c, suggesting that these architectures result from the
steric factor of the substituents in the comonomer units. All polymers showed
absorption maxima around 519 nm and emission brightly at around 532 nm.

IX. Substitution of Fluoride Atoms in the BF2-Group

A. With Alkyl Groups

Some dialkyl-B BODIPY compounds have been prepared via reactions of the cor-
responding dipyrromethenes with bromodimethylborane, dibutylboron triflate, or
9-BBN triflate. Increased steric bulk at the boron atom along this series correlated
with decreased fluorescence quantum yields. While the substituent at the meso
position has no effect on the UV absorption and emission spectra, the fluorescence
quantum yields strongly depend on the nature of the aryl group. Introduction of
steric constraints on the aryl ring increases the quantum yield (compare 234 and
237, 235 and 238).219
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B. With Aryl Groups

Aryl Grignards can displace fluoride from the boron difluoride entity of BODIPY
dyes. In Scheme 11a, at 0 °C, even with excess Grignard reagent, only the mono-
substituted products 239 and 240 were obtained, but the disubstituted product 241
was formed by adding the Grignard reagent at room temperature. Reaction of aryl
lithium reagents was much faster; these gave only the disubstituted products
242–244, even when just one equivalent of anion was added (Scheme 11b).

The new dyes 239–244 are highly fluorescent in solution. While the absorp-
tion maximum of the BF2 parent dye is relatively insensitive to the solvent polar-
ity, the B-Ar BODIPYs tend to undergo small red-shifts in more polar solvents.
The fluorescence emission maxima of 239–244 are also red-shifted relative to the
parent BF2 structures. Compared to the BF2 parent dye, the Stokes’ shift for the B-
Ar derivatives 239–244 is also larger, and sensitive to the size of the aryl sub-
stituent. While the fluorescence quantum yield of the BF2 parent dye is insensitive
to the solvent polarity, a modest decrease is observed for 239–244 in more polar
solvents like ethanol or acetonitrile. In these latter solvents, an increase in the rate
of nonradiative decay for the B-Ar derivatives is observed. The origin of this
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Scheme 11. Synthesis of C-BODIPYs using (a) aryl Grignard reagents; and, (b) aryl lithium
reagents.
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Scheme 11. (Continued )

solvent dependence is thought to be a solvophobic effect in which the aryl
substituents seek to minimize surface contact with more polar media.

UV absorbance by the aromatic substituents means that these compounds can
be regarded as energy transfer cassettes, and when the B-Ar groups have good
extinction coefficients then there may be some value in this aspect of their prop-
erties. The dipyrene system 244 absorbs in the range 230–317 nm corresponding
to the π ↔ π* transition of the pyrene units, and emits exclusively (100% energy
transfer) from the BODIPY part.220 However, there is no immediate application of
this effect.

C. With Alkyne Groups

Acetylide anions are also good nucleophiles for the displacement of fluoride from
the borondifluoride entity of BODIPY dyes. The pyrromethene dialkynyl borane
complexes 245 and 246, for instance, were synthesized from 4-lithioethynyltoluene
and 1-lithioethynylpyrene, respectively.215–217

Adding groups to the boron atoms does not bring them into conjugation with
the BODIPY core. Consistent with this, the absorption spectra of 245 and 246
have distinct BODIPY and ethynylaryl components. Upon excitation at 516 nm,

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 92



both 245 and 246 emit strongly, with high fluorescence quantum yield, in the
region 535–540 nm. For 246, excitation at 371 nm (pyrene absorption band) did
not lead to emission from the pyrene but instead to emission characteristic of the
indacene core, indicating an efficient energy transfer from the pyrene to the
indacene moiety.215,216,221

It is possible to add trimethylsilylacetylide to displace fluoride from
BODIPYs, then desilylate under basic conditions and Sonogashira couple to the
terminal alkyne, e.g. 248 (Scheme 12). Whereas use of excess sodium hydroxide
in the desilylation reaction affords the bis(ethynyl)BODIPY 248, the monopro-
tected derivative 249 can be obtained using limited amounts of NaOH and shorter
reaction times.222,223 Access to the monoprotected derivative facilitates introduc-
tion of different B-alkynes substituents.216

Compounds 250–251 can act as energy transfer cassettes, just like the B-aryl
systems mentioned above. Irradiation of the donor (pyrene or anthracene) was
observed to give only BODIPY emission, indicative of a near quantitative energy
transfer. BODIPY 253 in which four different chromophores have been covalently
linked together represents a more sophiscated cascade-type system.224 Upon exci-
tation in the pyrene and/or perylene region, efficient energy transfer occurs and
emission from the BODIPY is observed. 

Terminal alkynes like 249 and 256 can be oxidatively dimerized (PdII and CuI
under aerobic conditions) to give butadiynes 254 and 257 (Scheme 13).222

Deprotection of the product butadiyne 254 was very slow; for instance, only a
mixture of monodeprotected 255a and bisdeprotected 255b was isolated after
6 days.222

Substitution of the fluoride ligands on boron by polyaryl-alkynide ligands was
also performed on the near-IR dye 258.225,226 This allows the production of dyes
with large virtual Stokes’ shift by virtue of intramolecular energy transfer.227
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Scheme 12. (a) Two-step synthesis of bis(ethynyl)BODIPY 248, and the monoprotected
analog 249; and, (b) some examples of compounds that have been prepared via Sonogashira
coupling of 213.
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Thus, the dialkyne intermediate 259 was obtained by reaction of 258 with the
appropriate alkynyl-Grignard reagent. Subsequently, Sonogashira coupling with
various ethynylarene derivatives afforded the systems 260–264. All the new dyes
exhibit UV absorption maxima at ca. 708 nm with a molar absorptivity of
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Scheme 13. Synthesis of homocoupled products.
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∼80 000 M−1 cm−1. Higher energy absorption bands assigned to the pyrene, pery-
lene, bis- and tri-pyridine were also observed near 350 and 450 nm. Upon excita-
tion at 708 nm, a broad emission band at 750 nm, with quantum yields between
0.19 and 0.45 was observed in all cases. Fast energy transfer to the central
dipyrromethene core was observed upon irradiation of the pyrene and perylene
units in 263 and 264, giving large virtual Stokes’shifts. The efficiency of the
energy transfer for compounds 263 and 264 was estimated to 58% and 38%,
respectively. Formation of aggregates was observed when the dyes were dissolved
at concentrations higher than 10−7 M.

The same strategy, i.e. substitution of the fluoride with aryl-alkynides was
applied to establish a tetrachromophoric cascade in dye 265.226 System 265
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contains three alkynylaryl energy donors, such as pyrene (D1), perylene (D2) and
fluorene (D3). As for 253, selective irradiation in each absorbing subunit (D1, D2

or D3) resulted in a single emission at ca. 750 nm, indicating efficient energy
transfer over 25 Å to the BODIPY acceptor emitting.

D. With Alkoxide Groups

The first two B-methoxy BODIPYs prepared were 266–267. These were made by
reacting the corresponding BF2 compound with sodium methoxide in methanol
(Chart 32). The shape of the absorption and emission spectra were the same for the
starting material 12 and the two products, suggesting the change in B-substituents
had little effect on the electronic states of the boroindacene core. Interestingly, the
monomethoxy- and dimethoxy-products were more water-soluble than the corre-
sponding BF2 compounds.74

The only other report of B-OR BODIPYs describes syntheses of systems C
via treatment of the corresponding BODIPY with various alcohols in the presence
of aluminum trichloride (Chart 33).92 This study was more expansive than the first
insofar as a more diverse set of alcohols were studied. Thus the alcohols used
included simple alkoxy 268–270, aryloxy 271–274, and several diol-derived sys-
tems 275–278. Across this series there were only minor changes in the absorbance
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Chart 33. (Continued )

and emission spectra. The dialkoxy-BODIPYs 268–270 appear to have higher
fluorescence quantum yields than the diaryloxy-ones 271–274, and the systems
binaphthol- and catechol-derived systems 275 and 276 have extremely poor
quantum yields.

E. Boronium and Borenium BODIPY Cations

Due to their inherent fluorophilicity, organoboron compounds have often been
used as fluoride sensors. However, in most cases, binding of fluoride anions with
a neutral and/or cationic triarylborane to form the corresponding fluoroborate
species results in a turn-off response both in the absorption and emission spectra
of the borane; this limits the potential applications of the sensors. Therefore,
boron-based fluoride sensors that give a turn-on response are becoming attracting.
The BODIPY boronium cation [280-DMAP]+, recently reported by Gabbai,228 can
be selectively and rapidly converted to the neutral BODIPY 280-F in the presence
of fluoride anions (Chart 34). Upon binding of the fluoride anion, the fluorescence
intensity of the BODIPY increases by a factor of five, giving a response that can
be easily detected with the naked eye. A 48% and 6% increase was observed upon
addition of chloride and bromide anions to [280-DMAP]+, respectively.

In similar work, Piers and coworkers reported the synthesis of the tricoordi-
nate borenium cation 281-F (Chart 35).229 This compound is stable in a crystalline
form, but decomposes readily (within 20–30 min) in a CD2Cl2 solution. Treatment
of 281-F with DIBAL-H gave the unprecedented borenium hydride cation, 282-H,
that was then easily converted to the corresponding boronium 283-H by treatment
with DMAP. Interestingly, compound 282-H does not appear to promote hydrob-
oration, as no reaction was observed upon treatment with phenylacetylene.
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X. Use of Metals Other Than Boron

The BODIPY core features a boroindacene unit, so compounds where the boron
has been substituted with other metals are, strictly speaking, beyond the scope of
this review. However, there are a few dipyrromethene anion complexes of other
metals that have highly fluorescent spectroscopic characteristics. These are
covered here because they are clearly relevant as probes.

Free base dipyrrins react readily with a variety of metals salts to form the cor-
responding bis(dipyrrinato)-metal(II) or tris(dipyrrinato)-metal(III) complexes,
but their fluorescence properties have rarely been studied and they have generally
been regarded as non-fluorescent.230–253 The first discussion of fluorescent proper-
ties for zinc complexes of the boraindacene fragment was in 2003.254,255 The com-
plexes were prepared either from treatment of a purified dipyrrin with zinc acetate,
or, a two-step, one-flask approach involving oxidation of a dipyrromethane and
complexation of the resulting crude dipyrrin with a Zn(OAc)2 in presence of tri-
ethylamine. Complexes 284 and 285 are weakly fluorescent but 286 is a stronger
emitter (it has a multinanosecond excited-state lifetime); thus free rotation of the
meso-phenyl is again implicated as a major pathway for nonradiative relaxation to
the ground state for 284 and 285.
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Porphyrin or phthalocyanine complexes of group 13 metals can be fluores-
cent; this inspired syntheses of two new dipyrromethenes 287 and 288 from gal-
lium(III) and indium(III), respectively (Chart 36). In hexanes, the new compounds
fluoresce green light, with quantum yields of 0.024 and 0.074 for the gallium(III)
and indium(III) complexes, respectively.256

“Nanoarchitectures” 289a–d have been fabricated from Zn, Co, Ni, and Cu with
dipyrromethene-based ligands, but are only strongly fluorescent with zinc.257 The
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fluorescence emission maxima of the zinc complexes in THF and in the solid state
are around 510–515 nm and 532–543 nm, respectively. In acetonitrile, no emission
was observed possibly because of aggregation of the particles. Fluorescence emis-
sion could be observed on a submicron scale for particles derived from Zn-bridged
dipyrromethene oligomers; this is significant because quantum dots formed from
clusters of inorganic compounds are considerably larger.

XI. BODIPY-Analogs with Extended Aromatic Conjugation

A. Restricted Systems

As mentioned previously, aryl-substituents on a BODIPY chromophore, e.g. in
136 and 137, red-shift its absorption and emission spectra, but decrease its
fluorescence intensity, presumably because of the free rotation of the aryl
groups.144,145 Consequently, more rigid systems like 290 and 291 where the aryl
groups at position 3- and 5- are not freely rotating, were prepared and studied.258
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These absorb and fluoresce more intensely at longer wavelengths, and their quan-
tum yields are generally higher, with the exception of 291b.

Derivatives 291 and 292 were obtained by condensation of 4-iodobenzoyl
chloride with the corresponding pyrrole-based starting materials, which were
prepared in several steps as described in Scheme 14. Most of the effort here is in
the preparation of the pyrrole based starting materials. Part a of Scheme 14 shows
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Scheme 14. Syntheses of the pyrrole-based starting materials.
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a route that featured intramolecular C-H activation by a nitrene, b involves a
Trofimov reaction,149 and c shows a classical condensation route.259

Oxidation of 291a was attempted, but only the half-oxidized product 292 could
be obtained; further treatment with excess DDQ at room temperature overnight gave
no reaction (Scheme 15). Semi-empirical calculations showed that the activation
energy required to form 293 was excessive compared with the half oxidized form
292 due to steric reasons. The physical properties of the mono-oxidized product
were somewhat surprising. First, the maximum absorbance was not shifted to the red
relative to 291a, only the fluorescence emission was shifted to the red by 21 nm.
Second, although the conjugation of the system was extended, the extinction coeffi-
cient was three times smaller than the reduced form of the dye 291a (41000 vs.
126250 respectively); the quantum yield was also less than half that of 291a.

2′-Methoxy substituents on α-aryl groups provide a special opportunity for
syntheses of constrained BODIPY dyes. Thus 294, wherein rotation around a
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Scheme 15. Synthesis of more conjugated BODIPY derivatives.
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C-Ar bond was prevented by B-O bond formation, was conveniently obtained by
demethylation and intramolecular cyclization of 140 (Scheme 16).260 Dye 294
has a red-shifted, sharper fluorescence emission than the BF2 parent dye and its
quantum yield is 5.5–6.0 times larger. This same approach has also been applied
to aza-BODIPYs, e.g., Section XII.C.

Compound 296 could also be obtained directly from the dipyrrin ligand 295
by reaction with B(OMe)3. Thus, a series of chiral Ar-BODIPY derivatives 297
was synthesized from reactions of 295 with arylboronic acids (Scheme 17).261 The
chiral boron center in these Ar-BODIPYs could be used for chiral recognition or
for circularly polarized luminescence. The new BODIPYs derivatives 297a–c
show a strong absorption band at around 590 nm and an intense fluorescence cen-
tered around 615 nm with quantum yield of 0.63–0.68. As for compound 294, the
B-O linkage caused a red shift of both the absorption and emission.

Bright and long-wavelength emitting fluorophores, named Keio Fluors (KFL),
301 and 302, based on BODIPY have recently been synthesized by Suzuki and
coworkers.262,263 These new probes were obtained from α-carboxylated furopyr-
role 298 and α-formylated furopyrrole 299 in the presence of trifluoroactetic acid
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Scheme 16. Synthesis of a new NIR BODIPY dye.
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and trichlorophosphate (Scheme 19a). Preparation of the furopyrroles is described
in Scheme 18. Briefly, furopyrrole 5-carboxylic acid 298 was synthesized by a
Hemetsberger-Knittel reaction264,265 on furan-2-carbaldehyde, and the furopyrrole
299 was obtained by α-formylation of the corresponding furopyrrole 5-carboxylic
acid 298 (Scheme 18). Symmetrical and asymmetric KFLs can easily be synthe-
sized (Scheme 19).

These new probes cover a wide spectral range from 542 nm to 738 nm. They
exhibit high extinction coefficients (118 000–316 000 M−1cm−1), sharp emission
spectra (∆λ1/2 16–30 nm) and high quantum yields, even in polar solvents (Φ
0.90–0.97 in EtOH). In addition, their absorption and emission profiles can be
finely tuned through synthetic modifications. For example, both absorption and
emission can be red-shifted by ca. + 40 nm via fusion of one furan ring gives
(5 vs. 301a), fusion of two furan rings leads to ca. + 80 nm (5 vs. 300a), intro-
duction of a phenyl ring gives ca. + 40 nm (300a vs. 304), introduction of two
phenyl rings gives ca. + 70 nm (300a vs. 300c), attachment of one methoxy group in
ortho or para-position of a phenyl ring leads to ca. + 20 nm (300c vs. 300b, 300d),
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Scheme 17. Synthesis of chiral Ar-BODIPY dyes.
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Scheme 19. Synthesis of (a) symmetrical and (b) unsymmetrical new NIR BODIPY dyes.
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and introduction of an electron accepting group at the meso position gives ca. + 50 nm
(303 vs. 300b).

B. Extended Aromatic Systems

1. Di(iso)indomethene Dyes

Aromatic ring-fused BODIPY derivatives, boron-di(iso)indomethene dyes 307
have been prepared via retro Diels-Alder reactions266,267 featuring a norbornane-
derived pyrrole (Scheme 20).268 The spectroscopic data for the di(iso)indo-
methene derivatives 307 are shown below. The nature of the substituents at
the meso position has no influence on the absorption and emission properties
of the new dyes. The new di(iso)indomethene dyes display a red-shifted
absorption compared to the bicyclic-BODIPY precursors 306. The more
expanded, conjugated, and rigid di(iso)indomethene BODIPY dyes 307 are also
characterized by a significantly higher extinction coefficient relative to the
bicyclic-BODIPY dyes 306. Due to their rigid-fused system, which prevents a
nonradiative deactivation of the excited state, bicyclic-BODIPY 306 and
di(iso)indomethene BODIPY dyes 307 have small Stokes’ shifts. The Stokes’
shifts are, however, generally larger for bicyclic-BODIPY dyes 306 than for the
di(iso)indomethene derivatives 307. The absorption and emission spectra of
bicyclic-BODIPY 306 and di(iso)indomethene BODIPY dyes 307 are inde-
pendent of the solvent polarity. The fluorescence quantum yields of the
bicyclic-BODIPY dyes 306 are much higher than the corresponding
di(iso)indomethene BODIPY dyes 307.

Other indomethene dyes including 258225 and 309–312225,269 have been prepared
via a different route illustrated in Scheme 21. Substituted 2-acylacetophenones
308, obtained by oxidation with lead(IV) acetate of the corresponding N-
aroylhydrazones270 formed by condensation of 2-hydroxyacetophenones and hydra-
zines, were condensed with ammonia to give the dibenzopyrromethene. These were
treated with boron trifluoride to give the 3,4:3′,4′-dibenzopyrrometheneboron
difluoride core (Scheme 21).

The new dyes 258 and 309–312225,269 exhibit very long wavelength absorption
and emission bands, and are relatively stable to photobleaching.

2. Dyes Based on Benz[c,d]indole

Benz[c,d]indole and its derivatives have been used to form deeply colored
dyes. Compound 313, for instance, was obtained by condensation of
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Scheme 20. Extended aromatic dyes from retro-Diels Alder reactions.
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2-methylthiobenz[c,d]indolium iodide and 2-methylbenz[c,d]indolium iodide,
followed by complexation with boron trifluoride etherate (Chart 37). Its fixed
planar structure exhibits a sharp absorption band at 618 nm, and fluoresces at
625 nm.271,272

3. Phenanthrene-Fused BODIPY Systems

2H-Dibenzo[e,g]isoindole (or β-phenanthropyrrole) have also been used to pre-
pare bright, near-IR dyes.273 Compounds 316 for instance were prepared from
ethylphenantro[9,10-c]-pyrrole-1-carboxylate 314 via 1-methylphenanthro
[9,10-c]-pyrrole 315, then condensation with aromatic aldehydes, oxidation with
DDQ and complexation with boron (Chart 38). These new dyes display
distorted, “propeller-like” conformations due to the steric hindrance between the
meso substituent and the large phenanthrene groups. They absorb maximally
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Scheme 21. Synthesis of di(iso)indomethene dyes from 2-acylacetophenone deriva-
tives 308.
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around 620 nm, and like for pyrrole or isoindole-BODIPY systems, they
are insensitive to the solvent polarity, with the exception of 316d, where the
fluorescence is quenched due to fast charge transfer process from the meso-
dialkylanilino substituent. Unlike BODIPYs, and because of their crowded
structure, the nature of the substituent at the meso position can influence the
electronic properties of dyes 316: 316c with the strongest acceptor (CN) shows
the longest wavelength absorption and emission, while 316d with the strongest
donor (NMe2) displays the shortest ones. Furthermore, despite their distorted,
“propeller-like” conformations, these new dyes emit brightly (Φ > 0.9). Finally,
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these new phenanthro-BODIPYs dyes are a promising platform to design more
elaborated near-IR probes as their electronic properties can be finely tuned by
changing the nature of the substituent at the meso position. Probe 316d was used
as a pH indicator for the acidic range.
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4. Porphyrin-Fused Systems

Systems 318–320 have edge-shared porphyrin and BODIPY parts. They were syn-
thesized from the formylated pyrroloporphyrin 317 via acid-catalyzed condensa-
tion with 2,4-dimethylpyrrole. Their UV spectra contain four quite intense bands
in the 300–750 nm region, and do not resemble the sum of the spectra of
tetraphenylporphyrin (TPP) and of BODIPY. Systems 318 and 320 emit respec-
tively at 693 and 714 nm upon excitation over all the 240–700 nm region with low
quantum yields, and 319 did not show any significant fluorescence.3
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5. Bis-BODIPYs Systems

Meso-unsubstituted and meso-aryl-substituted bis-BODIPYs systems 323 and
325, respectively, were prepared from their corresponding free-base ligands, i.e.
322 (Scheme 22).274–276 Water-saturated diethyl ether was a preferred solvent

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 117



118 Loudet and Burgess

N
H

N
HOHC CHO

NH

(i) HBr, MeOH, then HClO4

(ii) NEt3, MeOH

321

+

(a)

N
H

N
H

N N

N

N

N

N

BF3·OEt2

2,6-lutidine
Et2O

BF2

F2B

323 44%
CH2Cl2, Φ 0.71

λmax abs 492, 565 nm
ε 76 200 M−1 cm−1

λmax emiss 648 nm

322

N
H

N
H

N
O

O
POCl3

1,2-Dichloroethane
+

(b)

N
H

N
H

O O

HN , POCl3, ∆
(i)

(ii) BF3·OEt2, 2,6-lutidine
Et2O

324

N

N

N

N

BF2

F2B

325
PhMe, Φ 0.67

λmax abs  489, 558 nm
log ε 7.71 M−1 cm−1

λmax emiss 638 nm
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system for BF2-coordination on dipyrrin ligands as it reduced the basicity of
the fluoride anions and therefore limits side-reaction/decomposition processes,
e.g., attack at the meso-position of both free ligands and bis-BODIPYs by basic
fluoride anions formed insitu when the reaction was performed in CH2Cl2.

Unlike most classical BODIPYs, which are characterized by a single, strong
absorption band at ca. 530 nm, an intense, narrow emission around 540 nm and a
small Stokes’ shift (200–400 cm−1), these new dimeric chromophores display two
major absorption bands with maxima at around 490 and 560 nm, an unstructured,
broad emission and a remarkable large Stokes’ shift (2200 cm−1). Splitting of the
absorption bands was assigned to exciton coupling; this was confirmed by the
ratio between the integrated absorption spectra of the dimers and monomers being
equal to 2. This exciton splitting had an intramolecular origin as no concentration
effect (no aggregation) could be detected on the absorption parameters in the
range 10−6–10−4 M. No concentration effects could be observed on the lumines-
cence either. Solvent polarity, however, had a significant effect on the lumines-
cence quantum yield and the Stokes’ shift. Increasing solvent polarity strongly
reduced the luminescent quantum yield, especially on dimers without substituent
at the meso position. Thus, bis-BODIPYs such as 323 could be used as polarity
probes.

When compared to other dimeric BODIPY species, H-type nonluminescent
dimers or J-type luminescent dimers, the data obtained for the bis-BODIPYs 323
or 325 were very similar to the one for J dimer, with the exception of the exciton
splitting.

Furthermore, unlike BODIPYs, these new dyes exhibit a significant amount of
singlet and triplet excited state with a fair ability to sensitize singlet oxygen.274–276

XII. Aza-BODIPY Dyes

A. Tetra-Aryl Systems

Synthesis of the azadipyrromethene chromophore 326 (without boron, but with
aryl substituents) was first described in the 1940s.277–279 This, as described below,
is the framework for a very interesting set of dyes called the aza-BODIPYs. Two
general methods to prepare these compounds were developed. In one, 2,4-
diarylpyrroles were converted into their 5-nitroso derivatives, then condensed
with a second molecule of pyrrole (Scheme 23a). Scheme 23b shows the second
method, in which Michael addition products D from chalcones and
nitromethane,277 or cyanide E,278,279 were reacted with formamide (or other
ammonia-sources) to give the core 326. In the first instance, these reactions were
performed neat, i.e. without solvent. Soon after, it was realized that use of alcohol
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Scheme 23. Formation of azapyrromethene from (a) nitroso pyrrole; and (b) nitrobutyrophe-
nones D and keto-nitrile E; (c) postulated mechanism for the formation of azapyrromethene
from nitrobutyrophenones D and, (d) from keto-nitrile E.
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solvents usually causes the azadipyrromethenes to precipitate from the reaction
mixture, thus enhancing the ease of isolation and yields. The postulated mecha-
nism for formation of the azadipyrromethene core from the nitromethane adducts
is shown in Scheme 23c. It proceeds via pyrrole 328, which is nitrosylated in situ
to give 329 that then condenses with another molecule of the pyrrole.

It is also possible to prepare the azadipyrromethene chromophore from
cyanide Michael addition products E as described in Scheme 23d. Ammonium
formate serves as a source of ammonia in the pyrrole-forming condensation step.
The 2-amino pyrrole intermediates 330 readily convert to the azadipyrromethene
core on heating in the air. Switching from acetate to formate in the dry melt
process for the synthesis of 326 nearly doubled the yield to give approximately
50%.279 Formation of this chromophore seems to be most facile when there are
four phenyl substituents, but it is possible to obtain the diphenyl products 333
(below) by slight modification of the reaction conditions.279

The first reactions of azadipyrromethenes with boron electrophiles were
reported in the early 90s (Scheme 24).131,280 The aza-BODIPY 332 was made from
the 3,5-tetraphenyl azapyrromethene 331 in that way. The less substituted aza-
BODIPY 334 could not be obtained after treatment of the corresponding aza-
dipyrromethene 333 with boron trifluoride280; however, this might have been an
artifact of the particular conditions screened.

Beginning with research largely from O’Shea’s group from 2002 onwards, there
has been a resurgence of interest in aza-BODIPY dyes, resulting in syntheses of
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Scheme 24. First syntheses of aza-BODIPY dyes.

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 122



dyes like 335–338.281–284 In this latest era of the field, the azadipyrromethene
skeletons are still prepared from nitromethane adducts to the corresponding chal-
cone according to the route described in Scheme 23c but butanol, rather than
methanol or solvent-free conditions, was the preferred medium.282 The syntheses

37/BODIPY® Dyes and Their Derivatives 123

N
B
F2

N

N

332
CHCl3, Φ 0.34

λmax abs 650 nm
λmax emiss 672 nm

N
B
F2

N

N

MeO OMe

335
CHCl3, Φ 0.36

λmax abs 688 nm
λmax emiss 715 nm

N
B
F2

N

N

336
CHCl3, Φ 0.23

λmax abs 664 nm
λmax emiss 695 nm

N
B
F2

N

N

337
CHCl3, Φ 0.34

λmax abs 658 nm
λmax emiss 680 nm

MeO OMe Br Br

N
B
F2

N

N

338
CHCl3, Φ na

λmax abs 799 nm
λmax emiss 823 nm

Me2N NMe2

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 123



were completed by adding BF3
.OEt2 at room temperature; the intermediate

azadipyrromethanes precipitated out in high purities and were not purified beyond
washing with ethanol.281,282

UV absorption maxima of the tetraarylazadipyrromethene-BF2 chelates
strongly depend on the Ar-substituents. para-Electron donating groups on the 5-
Ar substituents gives increased extinction coefficients and significant red-shifts in
the λmax abs (149 nm for dimethylamino vs. H, cf 338 vs. 332).283 para-Substitution
with an electron donating group on the 3-aryl ring has less impact, but still gives
a bathochromic shift (cf 335 vs. 336).282

The UV absorption maxima of the aza-BODIPY dyes are relatively insensi-
tive to solvent polarity; only small blue-shifts tend to be observed (6–9 nm) when
switching from toluene to ethanol. Their absorptions are sharp, with a full width
at half-maximum height (fwhm) varying from 51 to 67 nm in aqueous solution
with an emulsifier called Cremophor EL, and 47 to 57 nm in chloroform indicat-
ing that the dyes do not aggregate under those conditions. The extinction coeffi-
cients range from 75,000 to 85,000 M−1 cm−1, which is much greater than
substituted porphyrins (3000–5000 M−1 cm−1) for instance. This strong absorbance
is one of the factors that facilitate efficient singlet-oxygen generation, hence these
molecules are potentially useful photosensitizers for photodynamic therapy.285–288

Fluorescence emission spectra of the aza-BODIPY dyes reported to date are
also relatively insensitive to the solvent polarity. Compounds 332 and 335 to 337
have high fluorescence quantum yields. In the case of 337, there is a bromine atom
attached to the phenyl substituent, but no significant decrease in the quantum yield
was observed.282 On the other hand, introduction of bromine directly into the core
of the dye, e.g. compounds 339 to 341 results in a significant decrease of the flu-
orescence quantum yields, indicating a larger heavy-atom effect and an increased
singlet oxygen production.282 A quantum yield was not reported for 338, but the
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compound became much more fluorescent under acidic conditions due to varia-
tion in the internal charge transfer.283 Upon addition of acid, the absorption band
at 799 nm disappears and a new band at 738 nm appears indicating the mono-
protonated form. The later disappears with addition of more acid, and a new band
characteristic of the bis-protonated species appears at 643 nm.

Aza-BODIPY dyes mostly have been studied in the context of photodynamic
therapy agents, but chemosensors have also been made from these compounds.
Compound 342 is highly selective for mercuric ions that become chelated between
the 2′-pyridyl groups.289 Mercuric ion complexation red-shifts both the UV-
absorption and fluorescence emission maxima. The dissociation constant was
determined to be 5.4 × 10−6 M, with a 1:1 binding stoichiometry.

Compound 343 and 344 are photoinduced electron transfer crown ether
chemosensors featuring aza-BODIPY chromophore290; they are used as visible
sensors for the paralytic shellfish toxin Saxitoxin. Saxitoxin contains guanidine
groups, and it is these functional groups that interact with the crown ether part of
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these molecules. In the absence of Saxitoxin, PET from the crown ether to the
fluorophore quenches the fluorescence. Upon complexation of the toxin, PET can
no longer happen and fluorescence is turned on. At 1:1 toxin/crown stoichiometry,
the fluorescence enhancement was over 100% for compound 343. The average
binding constant for 343 to Saxitoxin, 6.2 × 105 M−1, was among the highest
observed for any chemosensor of that toxin. Compound 344, which has a larger
crown ether bound the toxin less strongly (1.4 × 104 M−1) and gave insignificant
fluorescence enhancement. The putative PET mechanism in these systems
involves π-stacking of one of the Saxitoxin’s guanidiniums to the fluorophore.

B. Extended Aza-BODIPY Systems

1. Restricted Systems

Strongly electron-donating groups, rigidifying structural modifications, and
embellishments to extend the conjugation of the BODIPY dyes tend to red-shift
their fluorescence emissions. Predictably then, similar modifications can be used
to push the emission spectra of aza-BODIPY systems into the near-IR.

The “extended” aza-BODIPY systems 345–357 were synthesized from 2,4-
diarylpyrroles. These starting materials were obtained in good overall yield over
four steps from an alkene via (i) addition of iodo azide, (ii) dehydro-halogenation,
(iii) pyrrolysis (azirine formation) and (iv) carbanion induced pyrrole formation as
shown in Scheme 25.291,292

The conformationally restricted aza-BODIPY dyes were then prepared as
shown in Scheme 26 via condensation of the pyrrole generated in Scheme 25 with
a nitrosopyrrole generated in situ, followed by complexation with boron tri-
fluoride. Attempts to condense 2,4-dimethylpyrrole with a nitrosated restricted
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2,4-diarylpyrrole failed to give any product, suggesting that the 2-aryl substituent
in the pyrrole is essential for the formation of these restricted aza-BODIPY dyes.

All the conformationally restricted systems 345–357 absorb over 650 nm.
Dyes 345–347 with both sides incorporated in carbocyclic rings have narrow,
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intense (high ε) absorption bands at long wavelengths. In comparison to the “non-
constrained” tetraaryl-azaBODIPY 335, there is a bathochromic shift of up to
52 nm and a concomitant halving of the fwhm (27 nm for 347 vs. 52 nm for 335).
The novel dyes were reported to possess excellent chemical and photostability.
Furthermore, the fluorescence is insensitive to solvent polarity.291,292
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There are also several details regarding the spectral properties of the dyes in
this series. Substitution at the 3-position of the core does not affect the ε-value of
the dyes (compare 345–347). Introduction of electron-donating groups results in a
small blue-shift and a slightly higher fluorescence quantum yield (345 vs. 346).
Shorter λabs, lower ε, broader absorption band, and lower fluorescence quantum
yield were associated with the sulfur-containing dye 348. The dehydrogenated car-
bocyclic restricted ring in system 350 decreases its quantum yield relative to 345.
Aza-BODIPYs with only one side restricted have much lower extinction coeffi-
cients (351–357 vs. 345). The quantum yields of non-symmetric aza-BODIPY
dyes are highly dependent on the substituents on the aromatic ring. Electron
donating para-substituents give higher quantum yields (351 and 352), with shorter
λabs indicating that the phenyl rings are twisted. ortho-Electron donating groups
(e.g. in 353) result in short λabs, low ε, and broad absorption bands, indicating that
the phenyl rings in 353 are twisted. Unexpectedly shorter λabs, low ε, broader
absorption bands and lower quantum yields were observed when two methoxy
groups were present (354 and 355). The sharp and intense absorption, high quan-
tum yield obtained in the special case of 356 wherein a 2-methoxy-1-naphthyl
substituent is present indicates that the naphthyl ring is distorted so that electron
transfer is suppressed.

2. Dyes Based on Benz[c,d]indole

Synthesis of compound 359 involves refluxing 2-benz[c,d]indolamine hydroio-
dide with 2-(methylthio)benz[c,d]indole-hydroiodide in 1,2-dichlorobenzene in
presence of triethylamine gives the amine 358. Subsequent treatment with boron
trifluoride etherate affords the desired product 359 (Chart 39).293
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While the benz[c,d]indole based BODIPY dye 313 displays a red-shifted
absorption and fluorescence, the aza-BODIPY analog 359 shows a blue-shifted
absorption at 540 nm. Unfortunately, no fluorescence properties have been
reported.

C. Cyclized Aza-BODIPY Systems

As for BODIPYs, near-IR derivatives of aza-BODIPYs could be obtained via
intramolecular B-O ring formation. Thus, systems like 361 were obtained via two
complementary routes (Scheme 27).294 Scheme 27a outlines the route developed
for BODIPY by Burgess where upon treatment with boron tribromide, demethy-
lation of the methoxy groups to the corresponding bisphenols occurs followed by
spontaneous cyclization. Surprisingly, bromination of the pyrrole ring was also
observed for 361b leading to the products 361e and f. When strong electron-donating
groups were used in the para-position of the 3- and 5-aryl ring, e.g. 360c and d,
the desired product could be formed (as evidenced by UV) but not isolated, as they
decomposed rapidly upon exposure to air. Thus, a complementary route (Scheme
27b) was developed by O’Shea and coworkers294 to allow inclusion of strong elec-
tron donating substituent. Fluorophores 361g–h were obtained in a one-pot BF2

chelation and intramolecular phenolic oxygen-fluorine displacement from dipy-
romethene ligands 362g–h.

As for BODIPY, restriction caused by the B-O bonds in 361 lead to bathochromic
shifts for both the absorption (86 nm) and emission (56 nm) maxima and over a 7-
fold increase in the quantum yield from 0.07 to 0.51 (332 to 361a). Interestingly,
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the tetrabromo derivative 361f also has red-shifted absorption and emission max-
ima and introduction of bromines onto the pyrrole did not result in a significant
quenching of fluorescence.

D. Other Metals

Tricoordinate Cu(I), Ag(I), and Au(I) complexes of the tetraphenylazadipyrro-
methene 363 have recently been described (Chart 40).295 All complexes exhibit an
intense absorption band centered around 600 nm. In the case of the silver based
complex, the extinction coefficient is twice that of the copper ones. All complexes
are weakly luminescent at room temperature (Φ = 0.0024–0.0039 compared to
0.0014 for 363).

Aza-BODIPY complexes 365a–d of Co(II), Ni(II), Cu(II) and Zn(II) were
easily prepared from the aza-dipyrrin 332 by heating with the corresponding metal
acetate salt in butanol (Chart 41). They all have 1:2 metal:ligand stoichiometries.
The complexes absorb around 600 nm, with the exception of the Cu(II) one which
shows a splitting with λ values of 566–640 nm, similar to the free ligand 332
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(λabs 593 nm), suggesting that the absorption is primarily ligand centered with
band broadening upon metal chelation. In contrast to the BF2 chelates, these
complexes were non-fluorescent.296

XIII. Other Analogs of the BODIPYs

A. GFP-Chromophore Analogs

Compounds 371 were synthesized as mimics of the green fluorescent protein
(GFP) fluorophore.297 Synthetic analogues H–K of the GFP chromophore (G)
have been prepared and studied, 298,299 but they fluoresce at shorter wavelengths
and are not fluorescent primarily because of free rotation about the aryl-alkene
bond (Figure 11). Steric and electronic factors prevent free rotation of the aryl sub-
stituents and isomerization of the alkene when the chromophore is encapsulated
within the β-barrel protein structure; hence, the molecule is strongly fluorescent.
To block free rotation around the aryl-alkene bond, inclusion of boron into
compounds 370 to give compounds 371 was performed.

Synthesis of compounds 370 was first attempted following the known
method, e.g. condensation of hippuric or aceturic acid derivatives with aldehydes
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(Scheme 28a), but these conditions did not work well for pyrrole-2-carbaldehyde.
Consequently, the targets compounds 370 were prepared via the route described in
Scheme 28b. This new route involves preparation of an imidazolinone 367, con-
densation of this with pyrrole-2-carbaldehyde to give compounds 368, followed
by addition of boron. In the last step, compound 368 isomerizes to form 369 and
370. E,Z-Isomerization of compounds 368 did not significantly impact the syn-
theses of products 370 since the isomers interconvert in the chelation step. When
E-368c (prepared via condensation mediated by HBr/TFA (condition ii in Scheme
28b)) was converted to the boron-containing products, both compounds 369c and
370c were formed, in a ca. 2:1 ratio, respectively. Similarly, when a 1:1 mixture
of E-368c and Z-368c were treated with BF3

.OEt2, 369c and 370c were formed in
a ratio of approximately 2:1. Therefore, it appears that formation of 370c from
368c is a stereorandom process.

Compounds 371 are neutral, uncharged, highly fluorescent molecules that
absorb and emit around 520–530 nm. Addition of BF2 to the open-chain interme-
diates 369 greatly increased the quantum yields of compounds 370 providing more
evidence that GFP chromophores within the protein are highly fluorescent due to
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Figure 11. The GFP chromophore (F) and some synthetic analogues (G–K).
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Scheme 28. Synthesis of compounds 370 from (a), hippuric acid and pyrrole-2-carbaldehyde;
(b) imidazolinone 367 and pyrrole-2-carbaldehydes.
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the conformational locking within the β-barrel cocoon. The absorption and fluo-
rescence maxima of 370a–e are red-shifted by up to 20 nm in less polar media
like CH2Cl2 (data not shown). Among the series, 370f has the lowest fluorescence
quantum yield, probably due to d-PeT. Compounds 370 can easily be sulfonated
and modified to include a point of attachment to biomolecules while maintaining
their strong fluorescence.
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B. Fused Perylene Tetracarboxylic Diimide and BODIPY Analog

Perylene tetracarboxylic diimides (PDIs) are commonly modified by introducing
side groups either to the imide nitrogen atoms or at the bay positions. Substitution
at the imide nitrogen can improve their solubilities in organic solvents, while sub-
stituents at the bay positions can change their photophysical properties depending
on their withdrawing or donating abilities and their steric hindrance. Electron
donating groups can red-shift both the absorption and emission maxima, but
induce a significant loss of fluorescence. To change the absorption and emission
of PDIs without loss of fluorescence, compounds 374 an 375 were designed.300

They combine PDI and BODIPY units. Compounds 374 and 375 were prepared
from the corresponding PDIs 371 and 372 by condensation with 2-methylquinoline,
followed by complexation with boron (Scheme 29).

The photophysical properties of the PDIs derivatives 373–375 were studied
and compared to 376. The new probes have good solubility in conventional
organic solvents. Introduction of the quinoline unit resulted in a 6 and 11 nm red
shift for the absorption maxima of 373a and b, respectively, compared to 376. The
absorption maxima for 374 and 375 were further shifted to the red to 616 and
650 nm, respectively, upon complexation with boron. This is because coordination
with boron has driven the quinoline to take a precisely coplanar conformation with
PDI, therefore extending the conjugation of the aromatic system. Similarly, the
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Scheme 29. Synthesis of compounds 374 and 375.
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Scheme 29. (Continued )
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emission of 373a–b, 374 and 375 were red-shifted relative to 376. The fluores-
cence quantum yields and fluorescence lifetimes of 373a–b, 374 and 375 are
almost half of that of 376. This might be caused by the increased flexibility of the
molecule upon introduction of the quinoline, which induces mass nonradioactive
decay.
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C. Biimidazol-2-yl-BF2 Complexes

Biimidazol-2-yls difluoroborate complexes 377 have been obtained by: (i) reacting
glyoxal bisulfite, 2,3-butanedione and concentrated aqueous NH3 (Scheme 30a)301,302;
(ii) condensation of 1,2-cyclohexanedione with 40% aqueous glyoxal in ethanol
saturated with dry ammonia gas302; and, (iii) condensation of oxamide with
o-phenylenediamine in refluxing ethylene glycol (Scheme 30c).303,304 It would
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Scheme 30. Synthesis of biimidazol-2-yls BF2 complexes.
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seem logical that similar dyes of the type 378 and 379 could be prepared, but
attempts to do so have been reported as unsuccessful.305

The parent, non-B-coordinated heterocyclic systems for molecules 377 are not
significantly fluorescent, but the BF2 complexes display strong fluorescence.
Predictably, red shifts for both the absorption and emission maxima, and increased
extinction coefficients are observed with increased conjugation and rigidity.

D. Pyridine-Based Systems

The dipyridyl-2-yl-boron complexes 380–384 have been prepared from reactions
of bipyridines with boron electrophiles.306 They absorb between 302–322 nm, with
the exception of the complex 383, which absorbs at 371 nm. No fluorescence was
detected for these complexes.
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The pyridomethene-BF2 complex 385 was synthesized as shown in Chart 42
from the 2,2′-dipyridylmethane by fusion with sodium borohydride.307 The
product shows a strong absorption at 468 nm, with a extinction coefficient of
17,783 M−1cm−1 in chloroform, but does not fluoresce.
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The 10-azapyridomethene-BF2 complex 386a was obtained via condensation
between dipyrid-2-ylamine and boron trifluoride.280 Similarly, 10-azapyridomethene-
B(Et)2 386b was obtained by condensation with triethylboron (Chart 43). Complex
386a absorbs at 382 nm (log ε = 4.47) in ethanol, and strongly fluoresces at
422 nm (Φ = 0.81).

Treatment of dipyrid-2-ylamine with methyl iodide gives the methyldipyrid-
2-ylamine, which can be converted to the 10-methyl-10-azapyridomethene-BF2

complex 387 by treatment with boron trifluoride. The homologous complex 388
was obtained by condensation between 2-amino-6-methylpyridine and 2-chloro-6-
methylpyridine, and subsequent treatment with boron trifluoride. Both these com-
plexes are fluorescent, but the neutral one, 388, fluoresces at longer wavelength.

E. 2-Ketopyrrole Complexes

The 2-ketopyrrole complexes 389–393 were isolated as minor byproducts (less
than 5%) in the synthesis of the corresponding BODIPY analogs.308 The yield of
389–393 could be improved by increasing the amount of acid chloride used in the
synthesis. 2-Ketopyrrole complexes are less conjugated than BODIPY dyes, hence
their absorption, extinction coefficients and emission wavelengths are
shorter/smaller. The Stokes’ shifts for these compounds, however, are greater than
for BODIPY systems (48 nm to 154 nm, cf approximately 10–15 nm for BODIPY
dyes).

37/BODIPY® Dyes and Their Derivatives 143

N N

H
N

N
B
Et2

N

N

386b
no UV/Flu data

386a
EtOH, Φ 0.81

λmax abs 382 nm
λmax emiss 422 nm

N
B
F2

N

NBF3·OEt2
or

BEt3

Chart 43.

N
B
F2

N

N+

387
EtOH, Φ 0.36

λmax abs 325 nm
λmax emiss 362 nm

N
B
F2

N

N

388
EtOH, Φ 0.40

λmax abs 396 nm
λmax emiss 416 nm

b867_Vol-08_Ch-37.qxd  6/11/2010  3:10 PM  Page 143



F. Azobenzene Derivatives

Azobenzenes are the most common chromophores in commercial dyes and, because
of photoinduced isomerization, they are used as photoresponsive molecular switches.
A consequence of facile photoisomerization is that quantum yields for these com-
pounds are so low that fluorescence tends only to be observed in a rigid matrix at low
temperature. A recent innovation in this field is fixation of the π-conjugate systems
using boryl-entities to give the fluorescent compounds 394–396 (Chart 44).309

Azobenzene dyes 394 and 395 display a remarkable red shifted absorbance
(386 nm and 439 nm, respectively) relative to unsubstituted (E)-azobenzene (λ =
315 nm). Irradiation of 394 and 395 with a super-high-pressure mercury lamp
did not cause photoisomerization. The azobenzene derivative 396, bearing a
fluorinated substituent on the boron atom, showed almost no fluorescence. We
speculate that this could be due to intramolecular charge transfer from the least elec-
tron rich aryl substituent into the excited state of the complexed azobenzene system.
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G. Miscellaneous N,N-Bidentate Diphenyl Boron Chelates

Luminescent N,N-bidentate diphenylboron chelates 397–409310,311 have emission max-
ima that vary with the nature of the parent organic system. Limited information was
provided regarding the spectroscopic properties of these molecules, but the data pre-
sented are interesting because some of the dyes have high quantum yields and/or fluo-
rescence emissions around 600 nm. These systems perhaps warrant further attention.

A variety of methods were used to produce the parent heterocycles for the dyes
shown above (Scheme 31). The 2-(2′-pyridyl)indole and 2-(2′-thiazolyl)indole
based ligands were synthesized by a two-step Fischer synthesis (Scheme 31a
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Scheme 31. Two-step Fischer synthesis of (a) 2-(2′-pyridyl)indole; (b) 2-(2′-thiazolyl)indole;
(c) synthesis of 2-(8′-quinolyl)indole or aza-indole via Negishi coupling.
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and b, respectively). Scheme 31c illustrates how a Negishi coupling312 was used
for the synthesis of the 2-(8′-quinolyl)indole or -azaindole. Treatment of the prod-
uct heterocycles shown in Scheme 30 with triphenylboron (1:1 ratio) in toluene
afforded the boron complexes 397–409 in good yields.

H. Boryl-Substituted Thienylthiazoles

Finally, there are compounds that are even less closely related to the BODIPY
core, formed by intramolecular B-N coordination in N-heteroaromatic systems.
This new concept is illustrated for the development of new electronic materials.
The interaction between the Lewis acid (boron) and Lewis base (nitrogen) not
only constrain the π-conjugated framework in a coplanar fashion, but also lower
the LUMO level (Figure 12). Thus, (3-boryl-2-thienyl)-2-thiazole 410 was
synthesized from (3-bromo-2-thienyl)-2-thiazole as shown in Scheme 32.313
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Scheme 32. Synthesis of the dimesityl-boryl substituted thienylthiazole 410.
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Compound 410 can easily be functionalized to the tin 411 or iodo 412 derivatives
via the lithiated intermediates. Lithiation occurs regioselectively at the 5-position
of the thiazole ring.

The corresponding tin and iodo derivatives can be used as building blocks in
metal-catalyzed coupling reactions to prepare extended π-electron systems such as
the head-to-head (H-H), head-to-tail (H-T), and tail-to-tail (T-T) dimers 413–415
(Scheme 33). The dimers display red-shifted absorption and emission relative to
the monomer. The boryl-substituted thienylthiazoles 410 and 413–415 show weak
fluorescence emission in the range 452–492 nm.313
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XIV. Conclusion

Modifications of the BODIPY core have reached an advanced stage of develop-
ment, and there has been tremendous activity in the area even since our 2007
review.77 The area of BODIPY-syntheses now resembles a jig-saw puzzle that is
perhaps 95% complete, but with a few important pieces that have yet to be added.
For instance, synthetic methods for BODIPY syntheses were previously domi-
nated by condensation reactions of pyrroles with carboxylic acid or aldehyde
derivatives. This situation has shifted markedly due to the emergence of some use-
ful BODIPY synthons that can be elaborated to give dyes that would not be con-
veniently accessible via condensation processes. These key synthons include
derivatives that have: meso-S-alkyl substituents G; 3,5-S-alkyl groups H; boronate
esters I and J; and, 2,6- and 3,5-halogenated systems K and L, respectively; 3,5-
dichloro substituents M. The halogenated systems, for instance, may be function-
alized via SNAr reactions, transition-metal mediated couplings, or directly
attached to proteins.

Recent insights into the ways in which BODIPY dyes can react have also
broadened the range of speciality dyes that can be prepared. Notable examples of
this include modification of the BF2 substituents, particularly by Ziessel and
coworkers who have added many different C-substituents,216,217,314 and cyclic sys-
tems incorporating the boron atom as illustrated by work from our laboratories.315

Similarly, Akkaya’s group160,167 and others157 have shown the value of
Knoevanagel condensations of Me-substituted BODIPY dyes, particularly for
syntheses of lipophilic probes that fluoresce in the near-IR region.

Access to near-IR fluorophores has been a long-standing objective in the field,
particularly for applications in biotechnology. Significant contributions in this
area come from incorporation of extended heterocyclic systems, one excellent
example being the “Keio” fluors, e.g. 300h262,263 and another is the isoindole-based
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systems 258. O’Shea and coworkers have rejuvenated interest in the aza-BODIPY
dyes, which are extremely interesting for the near-IR emission properties.

So, what are the remaining synthetic challenges in the area? Even though there
have been some significant breakthroughs in syntheses of water-soluble BODIPY
dyes (e.g. 104, 110, 112 and 114) all the one prepared so far tend to emit well
below 600 nm. There is a significant demand in biotechnology for water-soluble
dyes that fluoresce brilliantly in the near-IR region, and the BODIPY community
had not yet addressed this issue directly. Similarly, there is an unmet need for con-
veniently accessible, water-soluble cassettes for multiplexing, i.e. that can be
excited at one wavelength but fluoresce at conspicuously different wavelengths.

Short wavelength light has poor tissue permeability, may cause photodamage,
and is easily swamped by background fluorescence. Conversely, two-photon
methods enable of deeper imaging in tissue with minimal photodamage and
induction of peripheral cell autofluorescence. However, only a few conventional
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fluorescent dyes, such as rhodamines and fluorescein,316 exhibit satisfactory two-
photon cross-sections (TPAs) for practical applications. Efforts to design fluo-
rophores with higher TPAs have not embraced BODIPYs systems as a means to
generate probes with higher TPAs than endogenous compounds in cells.317–323 A
recent article by Qian324 reports the novel long-wavelength BODIPY derivatives
416 and 417 which have considerable TPA cross-sections and strong red emis-
sions. Efficient internal charge transfer processes and donor–acceptor arrange-
ments are important in designing two-photon absorbing molecules. We envisage
this could be an area of some interest in the next decade.
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Compounds 418–419 are two more examples of BODIPY based systems in
which the TPA properties have been studied. The TPA (σ) for these were found to
be 48 and 75 GM at 990 nm, corresponding to about 2.4 and 3.7 times that of a
reference compound 104 (σ = 20 GM at 920 nm).318

Materials research and some aspects of in vivo imaging might also motivate
more interest in polymer systems based on, or incorporating BODIPY dyes.
Several inroads into this type of research have already been made, but the contri-
butions so far lack direct illustration of potential applications of these substances.
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This could be another area of interest. Similarly, dendritic systems such as 419,
seems to be at an early stage of development.

Finally, we envisage that research on BODIPY dyes is set to move into a sec-
ond era. This will feature syntheses of tailor-made probes to explore issues in
biotechnology and materials research that are more sophisticated than simple sens-
ing applications. For instance, we can imagine specialized applications in genomics,
directed in vivo diagnostics, and synthetic biology that may come to the fore.
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I. Introduction

Dimension-controlled organized structures consisting of organic molecules1–7

have attracted considerable attention, due to their ability to act as potential soft
materials8 such as supramolecular gels9–12 and liquid crystals.13–15 Among a variety
of noncovalent interactions to form supramolecular assemblies,16 the electrostatic
interaction is a fundamental interaction to form ionic pairs and salts of inorganic
and organic species in solution as well as in the bulk (solid and liquid) states. Salts
are used as utility materials in biotic systems and in industry. For example, some
minerals are essential for life, whereas ionic liquids are used as nonvolatile utility
solvents for various reactions. One of the advantages afforded by salts is the com-
bination of numerous positive- and negative-charged species; this is a crucial fac-
tor for controlling their properties, such as stability, solubility, and conductivity.
Furthermore, the structures and constituents of ionic species also play an impor-
tant role in determining the properties of ion pairs. In the case of inorganic salts,
the number of possible combinations is fairly large, but it is limited because there
is less diversity in inorganic species. However, organic ionic species can afford
various ion pairs and salts because of the varieties of organic molecules. One of
the significant challenges to obtain utility salts consisting of organic ions is in the
preparation of fairly stable charged organic species. The charge in organic mole-
cules is usually delocalized and dispersed to several appropriate sites. Charged
sites often behave as nucleophilic and electrophilic reaction sites for the corre-
sponding cation and anion species. Based on this background, one of the most
efficient strategies to prepare “organic ions” is to combine appropriate receptor
molecules with inorganic ions such as spherical metal cations to halide anions.
The combination of receptors and inorganic ions can afford a variety of fairly
stable organic charged species as receptor–ion complexes.

Of the distinct charged species, cations and anions, the latter negative-charged
ions are less “available” than cations. Metal coordination and electrostatic hydro-
gen bonding are efficient means by which organic molecules and related species
can “capture” anions. Metal coordination, however, is often used to compensate
for the positive charge(s) of metal cations so as to prevent them from yielding
organic anionic species; in addition, the coordinated products are fairly stable
because of the characteristic nature of the covalent bond. On the other hand, elec-
trostatic hydrogen-bonding interactions that occur between anions and polarized
hydrogen-bonding donor sites are useful for forming various receptor–anion
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complexes that exhibit an anion exchange process in equilibrium. For example, in
biotic systems, the ClC chloride channels catalyze the selective flow of Cl− ions
across cell membranes, thereby regulating electrical excitation in skeletal muscle
and the flow of salt and water across epithelial barriers.17,18 In 2002, MacKinnon
and coworkers presented X-ray structures of two prokaryotic ClC Cl− channels,
wherein the antiparallel subunit defines a selectivity filter in which a Cl− ion is
stabilized by electrostatic interactions with α-helix dipoles and by chemical
interaction with NH and OH sites.19 The antibiotic ristocetin has been known to
efficiently and selectively bind amino acid carboxylates.20,21 At the same time,
considerable efforts have been devoted to the development of artificial anion
receptors and carriers, and various binding motifs have been synthesized in recent
years.22–37 Among the various artificial host molecules reported thus far, electron-
ically neutral π-conjugated planar receptors form “planar anions” with spherical
halide anions; negative-charged planar units are essential building units for
supramolecular assemblies and functional materials by combination with appro-
priate countercations.

Among the building subunits of planar anion receptors, pyrrole is well-known
as a π-conjugated aromatic heterocyclic molecule38 present not only in biotic dyes
such as heme and chlorophyll but also in artificial porphyrin derivatives.39 In con-
trast to the relatively “inert” benzene, pyrrole has an excess of electrons (six) as
compared to the number of atoms (five) in the framework. Therefore, pyrrole moi-
eties are reactive and are stabilized by, for example, incorporation into aromatic
macrocycles such as porphyrins or substitution by electron-withdrawing moieties.
Pyrrole exhibits “duality” from its nitrogen moiety, which behaves both as a
hydrogen-bonding acceptor or a metal coordination ligand due to the N site
(Figure 1a) and as a hydrogen-bonding donor due to the NH site (Figure 1b). As
the π-planes of the pyrrole unit also enable effective interactions that yield
stacking assemblies and metal complexes as π-ligands (Figure 1c), pyrrole rings
can act as potential building subunits forming supramolecular nanoscale struc-
tures. However, pyrrole rings are often observed as components of the preorga-
nized macrocycles, porphyrins, and their analogs, wherein pyrrole N sites are
located on the inside of fairly rigid closed rings and consequently cannot exhibit
their potential as interaction sites. Therefore, new aspects of pyrrole rings can be
revealed by the synthesis of new acyclic oligopyrrolic systems which form func-
tional supramolecular materials and realize new properties and phenomena.

The pyrrole NH site acts as an efficient hydrogen-bonding donor. In fact, thus
far, macrocycles consisting of pyrroles have been particularly attractive because
they behave as essential binding units due to the presence of polarized NH sites,
as seen in calixpyrroles (e.g. calix[4]pyrrole 1)40–43 and expanded porphyrins44–47

including diprotonated sapphyrins (e.g. β-alkyl-substituted sapphyrin 2)48–50 and
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cyclooligopyrroles (e.g. cyclooctapyrrole 3)51 (Figure 2). Multiple NH sites in the
macrocycles cooperatively and efficiently bind a desired anion to form receptor–
anion complexes. Although less extensively studied, acyclic pyrrole derivatives
have potentially even greater advantages.28,32,52,53 This is because they can form
complexes with anions via the synthetic attachment of additional recognition
units for hydrogen bonding, metal coordination, and van der Waals interaction, or
simply because they easily form various macrocyclic systems. The receptors with
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linear geometries are often required to change their conformation and to fit the
volume and shape of the negatively charged species. Therefore, in the case of lin-
ear receptors, the essential factors that determine the binding affinities for guest
species would be the existence of temporal preorganization along with other fac-
tors such as the strength of the induced effect required to polarize the association
site(s) and the steric and electrostatic repulsions by the peripheral substituents.
The balance between flexibility and rigidity is a key issue for controlling the
anion-binding behavior of acyclic oligopyrroles — essentially, to form supramol-
ecular structures with and without associated anions. The variety of linear oligopy-
rroles available may provide potential materials in the realm of supramolecular
chemistry.

On the basis of the above chemistry, this chapter describes the behavior and
properties of linear oligopyrrole systems as anion-binding receptors and the study
of their supramolecular and materials chemistry which has recently been initi-
ated. In sharp contrast to closed systems such as regular porphyrins, the charac-
teristics of open-chain oligopyrroles that constitute the building subunits of
supramolecular assemblies are significantly correlated with the nature of the
pyrrole ring itself. As a postscript to this introductory section, acyclic receptors
comprising indole moieties, which are “analogs” of pyrrole rings, are also fasci-
nating and are being actively investigated; however, this chapter does not discuss
the chemistry of indole-based anion receptors, because they were recently reviewed
by Gale.54

II. Guanidinocarbonyl- and Amidopyrrole-Based
Anion Receptors

The pyrrole ring itself acts as an anion receptor because of its polarized NH site
(Figure 3). Obviously, it is not an efficient anion receptor in solution, wherein the
binding constant (Ka) of 2,5-dimethylpyrrole for F− in CD2Cl2 was estimated to be
ca. 9 M−1,40 due to the absence of supplementary interaction sites and cooperative
binding sites of multiple pyrrole rings. However, pyrrole can form an anion com-
plex in the crystal state; Gale and coworkers reported the first single-crystal X-ray
structure of a pyrrole–anion complex, based on single crystals fabricated by the
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addition of a tetramethylammonium salt of Cl− to pyrrole as a solvent.55 Although
anion-responsive monomeric pyrrole derivatives are interesting, this chapter
focuses on the details of oligopyrrolic systems.

A. Guanidinocarbonylpyrrole-Based Anion Receptors

The representatives of “supplementary” interaction sites for pyrrole rings are
guanidine and amide NH moieties; guanidine has positively charged and polarized
NH sites,35,56,57 whereas the amide NH is well-known as a polarized hydrogen-
bonding donor site due to the neighboring carbonyl unit.32,34 In 1999, Schmuck
reported 2-(guanidinocarbonyl)pyrrole 4, which shows the selective binding of N-
acetyl-α-amino acid carboxylates in aqueous media (Figure 4a).58 In DMSO-d6, 4
associates with acetate (CH3CO2

−) with a binding constant (Ka) > 106 M−1. Even in
40% water/DMSO-d6, 4 binds CH3CO2

− and N-acetyl-L-alanine carboxylate at
2790 and 770 M−1, respectively. The corresponding phenylalanine carboxylate is
bound much stronger (1700 M−1) than the carboxylates including alanine, trypto-
phan (810 M−1), and lysine (360 M−1) because of effective π-stacking between the
phenyl group of phenylalanine and the acylguanidinium unit of 4.58 On the basis
of the carboxylate binding of guanidinocarbonylpyrrole derivatives, the receptors
bearing a carboxylate unit would self-assemble to form dimer and oligomer struc-
tures. In fact, 5-(guanidinocarbonyl)-1H-pyrrole-2-carboxylate 5 (Figure 4b) is
converted to an intermolecular self-assembled dimer, without the formation of
dispersed oligomers, in DMSO. The dimer is very stable, as it shows the expected
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dimerization constant of ca. 1012 M−1.59 Schmuck summarized the various deriva-
tives composed of the guanidinocarbonylpyrrole moiety in a review in 2006,60 and
therefore this section covers only oligopyrrolic systems bearing the guanidinocar-
bonyl moiety.

Schmuck et al. reported that self-assembled molecules formed with bispyrrole
zwitterions bearing both carboxylate and guanidinium moieties (6–8, Figure 5a).61,62

In DMSO, the zwitterion 6 forms a specifically folding monomer in which the
carboxylate group on one end of the molecule interacts with the guanidinocar-
bonylpyrrole moiety on the other end (Figure 5b). In sharp contrast, the zwitterion
7, which has a shorter spacer than 6, cannot form such a folding structure. The
concentration-independent behavior of 6 excludes the possibility of dimerization
and higher oligomerization by self-assembly.61 Another zwitterion, 8, also forms a
self-folding structure in methanol.62

Apart from zwitterions such as 6–8, in DMSO-d6 and DMSO-d6/D2O mixtures
(0.5–50 mM), bis-zwitterion 9 (Figure 6a), which has a long oxyethylene spacer,
exhibits the formation of a self-folding monomer and a self-assembled dimer in
concentration-dependent equilibrium (Figure 6b). This is the first example of a
homodimerization based solely on a hydrogen-bond-enforced ion pair formation,
which leads to stable nanometer-sized discrete particles in DMSO–water mixtures
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even without any structural bias within the molecule. The formation of nanometer-
sized discrete particles by self-assembly was confirmed by DOSY NMR, FAB-
MS, dynamic light scattering (DLS), and small-angle neutron scattering (SANS)
studies.63 Furthermore, in DMSO (0.5–50 mM), bis-zwitterion 10 (Figure 6a),
wherein two charged binding sites are bridged by a bisamide lipophilic spacer,
forms larger vesicular structures of ca. 150 nm under concentrated conditions
(Figure 6c) along with a monomer and a dimer. The formation of larger aggregates
is verified by atomic force microscopy (AFM) as well as DLS and SANS.64

One of the efficient binding motifs for guest species, especially trianions, is a
tripodal host molecule based on 1,3,5-trisubstituted benzene.65 Schmuck and
Schwegmann also prepared a tripodal guanidinocarbonylpyrrole receptor 11
(Figure 7a), which binds trianionic species such as trimesic acid tricarboxylate and
citrate with unprecedented high association constants of >105 M−1 in pure aqueous
solutions.66 This result suggests that the receptor 11 is one of the most efficient
tricarboxylate receptors in aqueous media (Ka = 3.4 × 105 and 1.6 × 105 M−1 for
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trimesic acid tricarboxylate and citrate, respectively, as indicated by UV-visible
spectral changes), because of the formation of an anion-binding complex like a
“molecular flytrap,” as elucidated from 1H NMR and theoretical studies
(Figure 7b).66 Furthermore, Schmuck and Schwegmann used the tripodal receptor
11 as a “naked eye” sensor assembly for an indicator displacement assay with
carboxyfluorescein for the selective detection of citrate.67

Zwitterionic guanidinocarbonylpyrrole can form supramolecular polymers2,5

using additional metal coordination interactions.68–70 Schmuck and coworkers
reported the assembly behavior of terpyridyl-appended zwitterion 12 (Figure 8a)71;
12 dimerizes into hydrogen-bonding ion pairs in aqueous solution and, upon the
addition of Fe(II), forms single-stranded supramolecular polymers in DMSO
(Figure 8b). Polymerization by Fe(II) complexation was initially detected from
DOSY NMR spectral changes and also from AFM; on a highly oriented pyrolytic
graphite (HOPG) substrate, highly ordered molecular adlayers of individual poly-
mer strands with a length of several hundred nanometers were observed.71
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B. Amidopyrrole-Based Anion Receptors

In 2001, Gale et al. reported 2,5-diamidopyrroles and 2-amidopyrroles (13–16,
Figure 9a) as simple anion-binding receptors.72,73 Amidopyrroles provide conver-
gent binding sites (Figure 9b), which enable them to efficiently bind anions, espe-
cially oxoanions, in CD3CN and 0.5% H2O/DMSO. For example, 13 shows a Ka

value of 2500 M−1 for benzoate in CD3CN (Table 1).72,73 Because Gale has
summarized the various derivatives composed of the amidopyrrole moiety,74 this
section focuses mainly on the amidopyrrole-based oligopyrroles.

Gale et al. prepared phenylene-bridged amidopyrrole dimers 17 and 18
(Figure 10a), which have chlorine moieties at β positions to enhance the polarity
of the pyrrole NH.75 Crystals of 17 and 18, which were obtained by slow evapo-
ration of CH3CN solutions in the presence of excess tetrabutylammonium fluoride
(TBAF), exhibit the formation of interlocked chains of deprotonated 17 and 18
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Figure 9. (a) Amidopyrroles 13–1672,73; (b) anion-binding mode of amidopyrroles 13 and 14.72,73

Table 1. Anion-binding constants (Ka, M−1) of 13–15 upon the
addition of anions as TBA salts in CD3CN (13 and 15) and
0.5% H2O/DMSO (14). Data taken from Refs. 72 and 73.

Anion 13 14 15

F− 85 74 134
Cl− 138 11 28
Br− <10 <10 <10
H2PO4

− 357 1450 89
C6H5CO2

− 2500 560 202
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anions via N–H···N hydrogen bonds (Figure 10b). In the solid state, the two half
molecules are essentially planar, while the complete molecule is twisted such that
the angle between the pyrrole rings is 61.79(5)°.75 Furthermore, single-crystal X-
ray analysis of the Cl− complex of p-phenylene-bridged 18 as a TBA salt shows a
[1 + 2]-type binding mode.76 The molecular structures of protonated and Cl− com-
plexes were also supported by theoretical studies by Navakuhn and
Ruangpornvisuti.77,78

Incorporation of additional pyrrole NH units to the monomeric amidopy-
rroles 13 and 14 would enhance the affinity of anion binding and modify the bind-
ing selectivity. Sessler et al. prepared amide-bridged tripyrrolyl derivative 19
(Figure 11a).79 In the solid state, tripyrrolyl 19 forms intermolecular hydrogen
bonds as elucidated from single-crystal X-ray analysis. In DMSO-d6, 19 shows
anion binding for H2PO4

− and C6H5CO2
− with Ka values of 5500 and 10 300 M−1,

which are augmented compared to those of 14 (1450 and 560 M−1, respectively),
whereas 19 shows no binding behavior for Cl−, Br−, and HSO4

−.79 Sessler et al. also
replaced the core pyrrole ring of 19 with pyridyl and phenyl moieties to afford
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Figure 10. (a) Phenylene-bridged amidopyrrole dimers 17 and 1875; (b) schematic represen-
tation of hydrogen-bonding chain structures of deprotonated 17 and 18.75
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bispyrrole derivatives 20–22 (Figure 11b).80 The solid-state structure of 20 shows
a slightly distorted conformation with intramolecular hydrogen bonding, for
example between the pyrrole-NH and amide-C=O. The bispyrroles 20–22 exhibit
anion binding in nonpolar solvents such as CH2ClCH2Cl (Table 2), wherein 20
binds CH3CO2

− (Ka = 19 000 M−1), while these receptors show no interactions with
Cl− and Br−. On the other hand, 23, an isomeric form of 20 by changing the amide
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Figure 11. (a–c) Bisamidopyrrole-based anion receptors 19–27.79–81
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linkages, binds Cl− (Ka = 805 M−1) under similar conditions (Table 2).80 Furthermore,
Cheng and coworkers reported the similar receptors 24 and 25 as reference mole-
cules of 26 and 27 (Figure 11c), which have sp3 CH2 moieties between pyrrole
rings.81 Among 24–27, 26 binds anions more efficiently in DMSO-d6, wherein Ka

values for F− are 102 (24), 73 (25), 1266 (26), and 138 (27) M−1. In the cases of
24 and 25, bulky Boc groups at the terminal positions inhibit the formation of U-
type structures, which are appropriate for efficient anion binding (Table 3).81

In 2004, Cheng and coworkers prepared 1,2-pheylene-bridged bisamidopyr-
role 28 (Figure 12), which, using intermolecular hydrogen bonding, forms a
CH3OH-assisted helical assembly in the crystal from CH3OH/EtOAc and a knot-
like dimer structure in the crystal from CHCl3/DMSO or H2O/DMSO.82 In
DMSO-d6, 28 binds anions with Ka values of 320, <10, and 100 M−1 for F−, Cl−,
and H2PO4

−, respectively.82 Sun and coworkers modified the skeleton structure of
28 to provide the derivatives 29–33 from pyrrole-2-carbonyl chloride and various
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Table 2. Anion-binding constants (Ka, M
−1) of 20–23 upon the addi-

tion of anions as TBA salts in CH2ClCH2Cl. Data taken from Ref. 80.

Anion 20 21 22 23

C6H5CO2
− 43 000 NBa WBb NBa

CH3CO2
− 19 000 13 900 WBb NBa

NO2
− 13000 WBb WBb NBa

CN− 5600 WBb WBb WBb

NO3
− NB a NBa NBa WBb

Cl− NB a NBa NBa 805
Br− NB a NBa NBa WBb

HSO4
− NB a NBa NBa NBa

aNB = No binding interaction observed. bWB = Evidence consistent
with weak binding was observed; however, it was not possible to fit
the data adequately to a 1:1, 1:2, or 2:1 binding profile.

Table 3. Anion-binding constants (Ka, M−1) of 24–27 upon the
addition of anions as TBA salts in DMSO-d6. Data taken from Ref. 81.

Anion 24 25 26 27

F− 102 73 1266 138
H2PO4

− 147 129 448 459
CH3CO2

− 74 75 380 262
Cl− 65 52 75 75
HSO4

− <10 a 21 <10

aNo significant shift in NMR.
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diamino-substituted aryl units.83 In CH3CN/H2O (9:1, v/v), both 29 and 30 respond
to only CN− among the 12 anions, including F−, Cl−, Br−, I−, NO3

−, CH3CO2
−,

C6H5CO2
−, HP2O7

3−, H2PO4
−, HSO4

−, and ClO4
−. Upon addition of CN−, the absorp-

tion bands of 29 at 291 and 378 nm decrease while three new bands at 299, 372,
and 428 nm appear. Concomitantly, the fluorescence maximum at 425 nm is
shifted to 554 nm. The binding constant for [1 + 2]-type stoichiometry was esti-
mated as log K = 5.91.83 Similarly, 30 shows absorption spectral changes with log
K = 9.20. The colorimetric response of 30 to CN− persists up to 50% water con-
tent. As seen in the 1H NMR spectral changes of 30 in DMSO-d6, formation of a
CN− adduct, a cyanohydrin, enables it to exhibit the sensing behavior to this anion.
On the other hand, 29 shows an interaction between pyrrole moieties and CN−.83

A detailed examination of the receptors 29–33 for interaction with anions in
CH3CN or DMSO suggests efficient sensing behaviors for anions due to associa-
tion, deprotonation, and cyanohydrin formation (Table 4).84

In 2007, Anzenbacher and coworkers demonstrated that the tripodal sensor
molecules 34–37, based on 1,3,5-triaminomethylbenzene (Figure 13), can bind and
sense anions in hydrophilic polymer matrices, despite their inability to bind anions
in water.85 1H NMR titration suggests the formation of [1 + 1] complexes with
C3 symmetry. The anion-binding affinities of 35–37 follow the order of H2PO4

− >
HP2O7

3− > CH3CO2
− >> Cl− > Br− due to the Ka (M−1) range of 3.8–5.0 × 106 for

F−, 10–100 for Cl−, 1.0–5.0 × 106 for CH3CO2
−, 2.3–5.0 × 106 for H2PO4

−, and
1.0–5.0 × 106 for HP2O7

3− in DMSO. Less selectivity of these receptors 35–37 for
anions compelled an examination of the possibility of sensor arrays including
other anion receptors; the arrays detect the changes in the fluorescence intensity
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Figure 12. Bisamidopyrrole-based anion receptors 28–33.82–84
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Table 4. Equilibrium constants (Ka, Kd, and Kc,a M−1) of 29–33 upon the addition of anions
as TBA salts in CH3CN (29, 30, and 33) or DMSO (31 and 32). Data taken from Ref. 84.

Anion 29 30 31 32 33

F− Ka = 1.2 × 104 Ka = 6.4 × 104 c Ka = 4.7 × 103 Ka = 5.8 × 103

Kd = 4.5 × 107 Kd = 1.2 × 107 Kd = 6.4 × 104

Cl− Ka = 100 Ka = 60 Ka = 20 Ka = 110 Ka = 90
CH3CO2

− Kd = 8.2 × 105 Ka = 1.7 × 103 Ka = 4.4 × 104 Ka = 4.7 × 104 Ka = 190
Kd = 1.1 × 106

H2PO4
− Ka = 2.3 × 104 Ka = 7.7 × 103 Ka = 3.3 × 103 Ka = 250 Ka = 270

CN− Kc > 1.0 × 108b Kc > 1.0 × 108b Kd = 1.8 × 106 Kd = 4.8 × 104 Kd = 1.9 × 104

OH− Kd = 7.2 × 105 Kd = 1.1 × 106 Kd = 4.8 × 104 Kd = 1.2 × 104 Ka = 9.9 × 104

Kd = 3.2 × 105

aKa, Kd, and Kc represent the association constant of the anion-receptor hydrogen-bonded
complex, the proton dissociation constant for the receptor molecule, and the formation
constant of the cyanohydrin complex, respectively.
bA 1:2 receptor-CN− binding stoichiometry was found.
cThe equilibrium constants did not satisfactorily fit the simple hydrogen-bonding or deproto-
nation process.
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Figure 13. Amidopyrrole-based tripodal receptors 34–37.85
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of the sensor-polyurethane films upon the addition of aqueous solutions of
anions.85

III. Dipyrrins and Their Analogs as Anion Receptors

A. Dipyrrin- and Dipyrromethane-Based Anion Receptors

Dipyrrins (dipyrromethenes) 38, which are half-structures of porphyrins, are well-
known as partial structures of bile pigments consisting of two pyrroles with an sp2-
meso position; they are essential π-conjugated bidentate monoanionic ligands for
metal ions in natural and artificial systems.86,87 Dipyrrins have only one pyrrole
NH; therefore, the protonated form of dipyrrins can act as an anion receptor
(Figure 14a). As observed in the pioneering work by Fischer and Orth, β-alkyl-
substituted dipyrrins were prepared and were “stored” as hydrohalogenated salts38;
however, there have been few examples of protonated dipyrrins as anion recep-
tors, whose anion complexes are usually observed in solid-state structures. In
1978, Sheldrick and coworkers reported the first crystal structure of a protonated
dipyrrin, which was characterized as a Br− salt 39 (Figure 14b).88 Sessler et al.
demonstrated a similar anion complex as a Cl− salt of protonated 4089; in CH3CN,
the Ka values of 40 and 41, which are protonated by HI, for Cl− as a TBA salt are
8.8 × 105 and 3.0 × 105 M−1, respectively, as determined from isothermal titration
calorimetry (ITC) titrations (Figure 14c).89 Dolphin and coworkers reported anion
complexes of meso-aryl-substituted dipyrrin as protonated forms 42 and 43.90

Based on the conformation with two pyrrole rings facing the “outside,” perfluo-
rophenyl dipyrrin forms [2 + 1 (= receptors + anion)] complexes with dianion
ZnBr4

2− and ZnCl4
2− (42) in the solid state, whereas the dipyrrin forms 1D

supramolecular chain structure with Br− (43) (Figure 14d). This is in sharp con-
trast to the cases of 39 and 40, where two pyrrole NHs in the corresponding
dipyrrin molecule cooperatively bind an anion.90

The flexibility observed in the pyrrole inversion upon protonation might be
one of the reasons that the anion-binding chemistry of dipyrrins has not been well
investigated. In contrast to dipyrrins, dipyrrinones such as 44, where one of the
pyrrole α positions is oxidized (Figure 15), can behave as neutral bidentate anion
receptors. The dipyrrinone 44 binds anions with the binding constants (Ka) of 122,
<10, 94, and 1680 M−1 for Cl−, Br−, NO3

−, and HSO4
−, respectively, in CDCl3.

91 The
preference for HSO4

−, as compared to other anions, is due to the additional inter-
action of the amide-oxygen of 44 and protonic OH of the anion; this is also
revealed by single-crystal X-ray analysis of 44·HSO4

−.91

Dipyrromethanes comprising two pyrrole rings bridged by an sp3-meso carbon
can be used as building units for π-conjugated porphyrin-related macrocycles
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Figure 14. (a) Skeleton structure of dipyrrin (dipyrromethene) 38; (b) first structure-solved 
Br− complex of protonated dipyrrin 3988; (c) protonated dipyrrins 40 and 4189; (d) anion
complexes of meso-perfluorophenyl dipyrrin in a protonated form (42 and 43).90
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as well as dipyrrins, as discussed above. Dipyrromethanes can also be considered
as half-structures of calix[4]pyrroles; from the weak cooperative interactions of
pyrrole NH, due to the open-chain structures, the anion-binding properties of
dipyrromethane seem fairly less significant. However, supplementary interaction
sites would enhance the binding affinities for anions, as observed in the monopy-
rrolic anion receptor systems. Gale and coworkers reported the synthesis of 2,2-
bisamidodipyrrolylmethanes: less stable 45 and 46 and relatively stable 47–49 and
hemiamide derivative 50 (Figure 16).92,93 Single-crystal X-ray analysis of 45–49
and hemiamide 50 reveals the formation of various hydrogen-bonding assemblies
using pyrrole- and amide-NH sites and amide-CO moieties. Compounds 45–50
can bind, for example, F– with Ka values of 8990, 7560, 124, 89, and 429 M−1,
respectively, in 5% H2O/DMSO-d6 and 1450 M−1 in 0.5% H2O/DMSO-d6 (Table 5).
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Figure 16. Amide-substituted dipyrromethanes 45–50.92,93

Table 5. Anion-binding constants (Ka, M−1) of 45–50 upon the addition of anions as TBA
salts in 5% water/DMSO-d6 (45–49) and 0.5% water/DMSO-d6 (50). Data taken from Refs. 92
and 93.

Anion 45 46 47 48 49 50

F− 8990 7560 124 89 429 1450
Cl− 43 23 <15 a a <15
Br− 10 13 — — — —
H2PO4

− b b 1092 81 307 83
HSO4

− 128 44 — — — —
C6H5CO2

− 424 354 41 20 33 41
F−c 114 11 — — — —
H2PO4

−c 234 20 — — — —

aNo significant shift.
bAn adequate fit could not be obtained.
cMeasured in 25% water/DMSO-d6.
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Significantly, 45 shows F− and H2PO4
− binding (114 and 234 M−1) even in the

extremely competitive solvent mixture 25% H2O/DMSO-d6.
92,93 Efficient binding

for H2PO4
− is also supported by DFT geometry optimization to show that the

receptor adopts a cleft conformation wherein the receptor binds to two oxygen
atoms in H2PO4

−, each by hydrogen-bonding with the pyrrole- and amide-NH
sites.92,93

Another strategy to enhance the binding affinities of dipyrromethanes is
formation of charge transfer (CT) complexes. Jiang and coworkers examined the
complexation between dipyrromethanes 51–55 (Figure 17a) and TCNQ in
CH3CN/H2O (1:1, v/v)94; TCNQ complexes of 52–55 do not show any changes
in color and absorption spectra from the addition of anions, whereas 51·TCNQ
can serve as a highly selective colorimetric sensor, from blue to pale purple, for
anions, especially PO4

3− and CO3
2−. In this case, anion-binding and sensing

motifs are quite different — presumably meso-hydroxymethyl units for binding
and electron-rich properties, essential to formation of CT complexes, for sens-
ing.94 On the other hand, Sessler et al. examined the anion-binding properties of
52 in a nonpolar solvent without electron-deficient components95; the Ka values
in CD2Cl2 are 2100, 110, 19, <10, <10, 310, 11, and <10 M−1 for F−, Cl−, Br−, I−,
HSO4

−, H2PO4
−, NO3

−, and ClO4
−.95 Furthermore, the incorporation of bulky

units at the meso position would hinder the rotational mobility of the pyrrole
moieties and thus increase the stability of anion complexes. In fact, Mlinarić-
Majerski and coworkers prepared adamantane-based dipyrromethanes 56–59
(Figure 17b), which show greater Ka values for anions (e.g. 80 M−1 for Cl− with 56)
than meso-phenyldipyrromethane 60 (e.g. 22 M−1 for Cl−) in CDCl3.

96 F− binding
of, especially, “dimers” 57 and 59 includes slightly complicated [2 + 1], [1 + 1],
and [1 + 2] modes (Table 6).96 Attachment of a chromogenic moiety to
dipyrromethane is another method for exhibiting anion sensing. Chauhan et al.
prepared 1-arylazo-substituted dipyrromethanes (61–64, Figure 17c), which
bind anions with Ka values of, for example, >106 M−1 for F− with 64 in DMSO
(Table 7).97 Compound 64 shows a dramatic color change from orange to blue
by F– binding corresponding to the absorption changes from λmax = 438 nm to
λmax = 575 nm.97

Denekamp, Suwinska, Eichen, and coworkers reported anion-binding behavior
of simple tripyrrole molecule 65 (Figure 18).98 Tripyrrolemethane 65 shows efficient
[1 + 1] and [1 + 2] F− binding in CD3CN (K1 = 41 000 M−1 and K2 = 17 000 M−1)
and wet DMSO-d6 (K1 = 5000 M−1 and K2 = 2000 M−1 in 0.25% D2O/DMSO-d6;
K1 = 1400 M−1 and K2 = 1000 M−1 in 1% D2O/DMSO-d6; K1 = 220 M−1 and K2 =
200 M−1 in 5% D2O/DMSO-d6). Compound 65 exhibits [1 + 1] binding for H2PO4

−

with Ka values of 300, 60, <50, and <50 M−1 in CD3CN, 0.25%, 1%, and 5%
D2O/DMSO-d6. The addition of halide anions as TBA salts to 65 result in
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significantly smaller guest-induced shifts in the 1H NMR spectra. Furthermore,
single-crystal X-ray analysis of the Br− complex of 65 reveals the formation of six
crystallographically independent structures, some of which use the pyrrole β-CH
site for Br− binding.98
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Figure 17. (a) Meso-disubstituted dipyrromethanes 51–5594,95; (b) adamantane-based
dipyrromethanes 56–59 and meso-phenyldipyrromethane 60 as a reference96; (c) 1-arylazo-
substituted dipyrromethanes 61–64.97
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B. Dipyrrin- and Bipyrrole-Based ππ-Conjugated Systems

The anion-binding properties of a directly bridged bispyrrole, bipyrrole 66
(Figure 19a), were also examined by Sessler et al.99 Bipyrrole 66 shows Ka values
of 246, 4090, and 3650 M−1 for Cl−, C6H5CO2

−, and CH3CO2
− by ITC (30 °C) and

53 and 35 M−1 for Br− and HSO4
− by 1H NMR titrations (25 °C) in CH3CN.99 Also,
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Table 6. Anion-binding constants (Ka, M
−2, M−1, and M−2, for 2:1, 1:1, and 1:2 binding) of

56–60 upon the addition of anions as TBA salts in CDCl3 (F−, Cl−, Br−, and H2PO4
−) and

CD3CN (HSO4
−). Data taken from Ref. 96.

Anion 56 57 58 59 60

F− 1 × 104 (2:1) 4.4 × 103 (2:1) 4.8 × 105 (2:1) 150 (1:1) 170 (1:1)
or 3.3 × 103 (1:2) 2.3 × 104 (2:1)

1 × 104 (2:1)
1 × 103 (1:1)

Cl− 80 (1:1) 68 (1:1) NBa NBa 22 (1:1)
Br− 22 (1:1) 38 (1:1) NBa NBa 4.8 (1:1)
HSO4

− 65 (1:1) 22 (1:1) 1.4 × 103 (1:1) NBa 6 (1:1)
H2PO4

− 150 (1:1) 182 (1:1) NBa 74 (1:1) 32 (1:1)

aNo binding was observed.

Table 7. Anion-binding constants (Ka, M−1) of 61–64 upon the
addition of anions as TBA salts in DMSO. Data taken from Ref. 97.

Anion 61 62 63 64

F− 1235 1934 >105 >106

Cl− <50 121 185 209
Br− NDa NDa 219 386
I− NDa NDa NDa NDa

HSO4
− NDa NDa NDa 1730

H2PO4
− NDa NDa 2420 82400

CH3CO2
−c NDa NDa 9825 96600

aNot determined.
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Figure 18. Tripyrrolemethane 65.98
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bis(pyreno[2,1-b]pyrrole) (67, Figure 19b), as one of the derivatives including π-
fused “pyrrole” rings, displays excellent selectivity and sensitivity for detection of
F− in comparison with other anions such as Cl−.100 Excess F− as a TBA salt depro-
tonates one of the pyrrole NH of 67 in DMSO, resulting in remarkable colorimet-
ric and fluorescent changes in the visible region. 1H NMR spectral changes using
2,2′-bisindole instead of 67 suggest that the anti form twisted conformation with
and without the presence of 1 equivalent of F− is transformed into syn conforma-
tion with presumably planar structure by deprotonation.100

One of the naturally occurring oligopyrroles is prodigiosin 68 (Figure 20a),
which was first isolated from Serratia marcescens in 1929 and is characterized
by a common pyrrolylpyrromethene skeleton consisting of dipyrrin and bipyr-
role.101 The prodigiosins and their analogs exhibit several biological activities.
Kataoka and coworkers reported that prodigiosin acidified cellular organelles and
vesicles by transporting HCl across membranes.102,103 On the other hand, Sessler,
Magda, and coworkers examined anion-binding properties of prodigiosin analogs
69–71 (Figure 20b)89; Cl− binding constants (Ka) in CH3CN using a TBA salt for
69–71 protonated by HI are 5.9 × 105, 1.1 × 105, and 1.1 × 105 M−1, respectively,
determined by ITC. The efficiency of Cl− transport was determined by monitoring
their efflux across a 200 nm liposome membrane as a function of time; the order
of transport efficiency of prodigiosin analogs was found to be 69 > 70 > 71. The
order of anticancer activity in vitro was found to be similar: 69 > 70 > 71.89
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Seganish and Davis showed that prodigiosin 68 acts as a Cl− carrier (H+/Cl− sym-
porter) in phospholipid vesicles and demonstrated that 68 is able to exchange Cl−

for NO3
− as an antiporter.104 Furthermore, Thompson and coworkers prepared

a series of prodigiosin derivatives 72–80 (Figure 20c) and demonstrated Cl−

transport through liposomal membranes.105 The order of transport efficiency
was found to be 72 ≥ 78~74 > 80∼75∼79 > 77 > 73 > 76, with all prodigiosin
analogs exhibiting significant Cl− transport ability at relatively low ligand-to-lipid
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Figure 20. (a) Prodigiosin 68 and anion-binding mode101,104; (b, c) artificial prodigiosin
derivatives 69–80 [protonated form in (c)].89,105
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concentrations (0.1 mol % relative to lipid). Essentially, this result suggests that
the prodigiosin core can be functionally altered without losing the ability to trans-
port Cl− across phospholipid membranes.105

As a π-conjugated pyrrole oligomer that has methine bridges and direct α–α
linkages, hexapyrrolic “prodigiosin dimer” 81, which is protonated by HCl, was
reported by Sessler et al. (Figure 21a).106 Single-crystal X-ray analysis of a Cl−

complex of the hexapyrrin 81 in protonated form reveals the formation of a fairly
planar [1 + 2]-type complex with an S-shaped conformation. NOE experiments
support the S-shaped conformation in the solution state.106 Sessler and coworkers
also prepared higher linear oligopyrroles 82–84 (Figure 21b), which show absorp-
tion maxima in the visible region like that of 81.107 The oligopyrroles 82–84
exhibit absorption spectral changes in the adduct forms with acetic acid.107
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IV. Dipyrrolylquinoxalines and Related Aryl-Bridged
Bispyrroles

A. Dipyrrolylquinoxalines

Among the open-chain pyrrole derivatives, 2,3-dipyrrol-2-ylquinoxaline (85,
Figure 22a), a fluorescent dye directly connected to the pyrrole ring, was first syn-
thesized by Oddo and Dainotti in 1911 by the acid-catalyzed condensation of 1,2-
dipyrrol-2-ylethanedione (86, Figure 22b) and o-phenylenediamine,108 and the
process was much later refined by Behr et al.109 Since the first synthesis, the anion-
binding properties of dipyrrolylquinoxaline (DPQ) have not been investigated for
a long time. In 1999, Sessler and coworkers found that DPQ 85 undergoes a
change of color and quenching of emission in the presence of certain anions.110 It
contains two pyrrole NH groups that can function as anion-binding moieties and
a built-in quinoxaline ring that might serve as a colorimetric receptor of anions.
As illustrated in Figure 22a, this putative sensing system is expected to operate
through a combination of electronic and conformational effects. DPQ 85 shows
binding affinities (Ka), estimated from UV-visible absorption spectral changes
upon the addition of anions, at 18 200, 50, and 60 M−1 for F−, Cl−, and H2PO4

− as
TBA salts in CH2Cl2, respectively, which are comparable to those of 86 at 23 000,
170, and <50 M−1, respectively.110 Even though DPQ is an electronically neutral
acyclic oligopyrrole system, attachment of the electron-withdrawing quinoxaline
moiety enhances the polarity of the pyrrole NH to efficiently bind anions.110,111

Replacement of the building blocks of DPQ 85 by other pyrrole and
quinoxaline moieties affords the derivatives 87–93, which possess various
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mode110; (b) 1,2-dipyrrol-2-ylethanedione 86.110
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electron-withdrawing or electron-donating groups (Figure 23a).110,112–114 For exam-
ple, mono-N-substituted 87 shows smaller Ka values of 120, <50, and <50 M−1 for
F−, Cl−, and H2PO4

−. 6-Nitroquinoxaline-containing 88 exhibits a higher Ka value
(118 000 M−1 in CH2Cl2) for F− and comparable values (50 and 65 M−1) for Cl− and
H2PO4

−,110 whereas 3,4-difluoropyrrole-substituted 89 shows higher anion binding
(61 600, 180, and 17 300 M−1 for F−, Cl−, and H2PO4

− in CH2Cl2) than 85.112

Diamino-substituted 91, prepared from dinitro 90, can be transformed into
phenanthroline derivative 94 by condensation with 1,10-phenanthroline-5,6-
diketone. Ru(II) and Co(III) complexes (94-Ru, 94-Co) as ClO4

− salts (Figure 23b)
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show the higher Ka values for F− (12 000 and 54 000 M−1 in DMSO) than 85
(<100 M−1) and 94 (440 M−1). The trend for the Ka values observed in 94, 94-Ru,
and 94-Co correlates with the increasing total charge of the receptor (Table 8). The
redox properties of the metal complex can be used to detect the anion-binding
behavior of 94-Co113; differential pulse voltammetry (DPV) of 94-Co in DMSO
shows the reversible redox signal at 160 mV (vs. SHE) assignable to CoIII/CoII,
which disappears (or significantly shifts) by the addition of F−. Addition of Cl− and
H2PO4

− also shifts the higher reduction signals because of the “electron-donating”
properties of bound anions.113 As extended derivatives of dialkoxy-substituted 92
and 93, “crowned” DPQs 95–98 (Figure 23c) were also reported.114 Single-crystal
X-ray structures of 92, 95, and 96 show the hydrogen-bonding molecular assem-
blies; in particular, the pyrrole NH sites of 92 and 96 form hydrogen bonds with
methoxy- and crown-oxygen moieties. The cation-binding properties of 95–98 were
examined, and a K+-bridged dimer structure was also observed in the solid state of
96. At present, although it has not yet been successful, the crown-substituted anion
receptors are potential motifs for cooperatively binding cations and anions.114

The modification of pyrrole α positions also provides utility anion receptor
molecules. Several α-formyl-substituted derivatives 99–101 (Figure 24a), pre-
pared from 85, 92, and 93, were converted to [2 + 2]-type Schiff base macrocy-
cles 102–104 (Figure 24b) by condensation with 1,8-diaminoanthracene.115 These
macrocycles have two “pseudo” cavities; 102 exhibits homotropic positive
allosteric effects for F− and H2PO4

− binding in CH2Cl2. The binding constants
log K and the Hill coefficients are estimated to be 11.0 and 2.2 for F– and 3.8 and
1.9 for H2PO4

−. This is the first example of an artificial allosteric system for
H2PO4

−; once an anion is captured in one cavity, the other cavity “shrinks” to the
point where its size is better-optimized for anion binding.115 Furthermore, tetrapyr-
role and hexapyrrole derivatives 105 and 106 (Figure 24c) were obtained by acid-
catalyzed condensation of the biscarbinol form of 99 and 99 itself with excess
pyrrole.116 The receptors 105 and 106 have claw-like multiple binding NH sites;
they show higher Ka values, 32 000, 550, and 4300 M−1 (105) and >1 000 000, 5800,
and 300 000 M−1 (106) in CH2Cl2, for F−, Cl−, and H2PO4

−.116
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Table 8. Anion-binding constants (Ka, M−1) of 85, 89, 94, 94-Ru, and 94-Co upon the
addition of anions as TBA salts in DMSO. Data taken from Ref. 113.

Anion 85 89 94 94-Ru 94-Co

F− <100 59 000 440 12 000 54 000
Cl− NDa NDa NDa , 10 , 20
H2PO4

− NDa 5000 NDa , 40 , 50

aNot determined.
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Pyrazine analogs 107–112 (Figure 25a) were also prepared from dipyrrolyldike-
tone and diaminomalonitrile and subsequent formylation of 108 and 109.117 A similar
synthetic protocol for 105 and 106 affords oligopyrrolic 110–112; 112 shows higher
Ka values for Cl−, 48 000 M−1, than 106. The hexapyrrolic analogous receptors 106
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and 112 also efficiently bind dicarboxylates such as oxalate, malonate, and succi-
nate as TBA salts in CH2Cl2 [e.g. 30 000 (106) and 24 000 (112) M−1 for oxalate]
(Table 9).117 In addition, Smanta and coworkers reported dipyrrolyl-substituted
pyrido[2,3-b]pyrazine 113 (Figure 25b); the receptor 113, which has both anion-
binding and metal coordination sites, is responsive to F− (4900 M−1 in CH3CN) in
the metal-free form.118

Formation of utility materials based on a DPQ structure has also been exam-
ined. In order to enhance and tune the fluorescence output, Anzenbacher and
coworkers introduced aryl moieties at the 5- and 8-positions of the DPQ skele-
ton.119,120 5,8-Diaryl-substituted receptors 115–120 were prepared by Stille cou-
pling or Suzuki coupling from dibromo derivative 114 (Figure 26a). The presence
of 5,8-diaryl substituents results in both a dramatic increase in emission intensity
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Figure 25. (a) Dipyrrolylpyrazine derivatives 107–112117; (b) dipyrrolyl-substituted
pyrido[2,3-b]pyrazine 113.118

Table 9. Anion-binding constants (Ka, M
−1) of 106 and

112 upon the addition of anions as TBA salts in CH2Cl2.
Data taken from Ref. 117.

Anion 106 112

Cl− 5800 48 000
H2PO4

− 300 000 30 000
CH3CO2

− 46 000 175 000
oxalate 30 000 24 000
malonate 21 000 2100
succinate 53 000 2000a

aThe equilibrium constant for the second binding for the
[2 + 1] complex is 1.4 M−1.
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and a shifted emission maximum compared to parent 85 (λem = 490 nm, ΦF = 0.15
in CH2Cl2). That is to say, λem = 500 nm, ΦF = 0.25 for 115; λem = 506 nm, ΦF =
0.38 for 116; λem = 514 nm, ΦF = 0.24 for 117; λem = 520 nm, ΦF = 0.13 for 118;
λem = 595 nm, ΦF = 0.22 for 119; and λem = 610 nm, ΦF = 0.26 for 120. The Ka

values of 115–120 in CH2Cl2 are in the range of 10 200 (118) to 51 300 (115) M−1

for F− and 24 300 (118) to 93 700 (115) M−1 for HP2O7
3− (14 300 M−1 for 85)

(Table 10).119,120 Significant changes in color and fluorescence emission are
observed by the addition of F− and HP2O7

3−. Therefore, polyurethane-embedded
sensors exhibit color response in the presence of aqueous solutions of specific
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Figure 26. (a) 5,8-Dibromo- and 5,8-diaryl-substituted dipyrrolylquinoxalines 114–120119,120;
(b) thienyl-substituted dipyrrolylquinoxalines 119 and 121 and their polymers.121

Table 10. Anion-binding constants (Ka, M
−1) of 85 and 115–120 upon the addition of anions

as TBA salts in CH2Cl2. Data taken from Refs. 119 and 120.

Anion 85 115 116 117 118 119 120

F− 18 200 51 300 ∼12 200 24 700 10 200 25 600 27 500
Cl− <50 <100 <100 <100 <100 <100 <50
HP2O7

3− 14 300 93 700 ∼30 000 58 900 24 300 57 300 39 000
H2PO4

− <100 <200 <100 <100 <100 <100 <50
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anions.119,120 Furthermore, thienyl-substituted 119 and α-chloro 121 yielded con-
ductive materials poly-119 and poly-121, whose band gaps were estimated at 1.39
and 1.36 eV, respectively (Figure 26b).121,122 Upon treatment with aqueous solu-
tions of anions as TBA salts (the corresponding binding constants are summarized
in Table 11), the sensor films resulted in gradual changes in the vis-NIR absorp-
tion spectra from HP2O7

3− due to anion binding, which was also supported by the
electrochemical quartz crystal microbalance (EQCM) method. Using sensing
devices of poly-121 with an interdigitated ITO electrode, the addition of anion
(HP2O7

3−) results in dramatic changes in both visible-NIR spectra and drain current.
The low level p-doping and a corresponding positive charge in the polymer results
in a dramatic increase in the anion affinity.121,122

Pyrene-attached 122 and 123 (Figure 27a) exhibit fluorescence quenching
through efficient binding for F− and HP2O7

3−, 17 300 and 18 000 M−1 (122) and
19 600 and 29 500 M−1 (123), respectively, comparable to parent 85.123 The sensor
123 achieves signal amplification through effective excited state localization,
whereas 122 shows Förster resonance energy transfer (FRET)–based light har-
vesting from the pyrene moieties to the DPQ moiety. Excitation of 122 at 320 nm,
i.e. absorption of pyrene moieties, results in a ten-fold amplification of fluores-
cence compared to 85. This means that 122 can be easily used for anion sensing
for amounts that are ten times lower than 85.123 Anzenbacher et al. also reported
that sensors 124 and 125 constitute a chromophore capable of undergoing an
intensive change in color and a redox-active quinone moiety to generate strong
colorimetric and electrochemical signals (Figure 27b).124 According to UV-visible
absorption spectral changes, 124 and 125 show efficient binding for F− and
HP2O7

3−, 482 200 and 316 000 M−1 (124) and 150 700 and 626 000 M−1 (125),
respectively, in 0.5% H2O/CH3CN (Table 12). Electrochemical reduction waves of
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Table 11. Anion-binding constants (Ka, M
−1) for 119 and 121

and apparent anion-binding constants (M−1) for poly-119 and
poly-121 upon the addition of anions as TBA salts in 0.1%
H2O/DMSO. Data taken from Ref. 121.

Anion 119 Poly-119 a 121 Poly-121a

F− >106 48 000 >106 24 000
Cl− <100 <100 2000 <100
HP2O7

3− >106 61 100 >106 11 000
H2PO4

− <100 3800 >106 90 000

aApparent binding constants were calculated with unknown
concentration of the receptor in the material surface using the
equation for 1:1 stoichiometry.
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124 and 125 in square wave voltammetry (SWV) show cathodic shifts because
the electron-rich sensor–anion complex is difficult to reduce. Binding constants
estimated from SWV show considerable agreement with those from UV-visible
absorption spectral changes.124 In addition, Anzenbacher and coworkers used
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Figure 27. (a) Pyrene-substituted dipyrrolylquinoxalines 122 and 123123; (b) quinone-substituted
dipyrrolylquinoxalines 124 and 125.124

Table 12. Anion-binding constants (Ka, M−1) of 124
and 125 upon the addition of anions as TBA salts in
0.5% water/CH3CN. Data taken from Ref. 124.

Anion 124 125

F− 482 200 150 700
CN− 6630 16 800
HP2O7

3− 316 000 626 000
CH3CO2

− 1200 3800
H2PO4

− <100 525
C6H5CO2

− 100 400
Cl− <50 <50
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receptor 124 as one of the sensor molecules of the arrays detectable for anions in
aqueous solutions.125 Wong and coworkers also examined optical and electrochem-
ical sensing for anion binding and conducted a theoretical study of 107 and 124.126

Other extended and polymeric systems, 126–128 (Figure 28), have been
reported by Sun and coworkers.127 Monomer 126 exhibits F− and HP2O7

3− “bind-
ing” (2520 and 1440 M−1), which are larger than those for CN− (310 M−1),
CH3CO2

− (50 M−1), and other anions such as Cl− and H2PO4
− (<10 M−1), in CH2Cl2;

here, F− and HP2O7
3− are associated with a pyrrole NH while the other pyrrole NH

is deprotonated under ambient conditions. The sensitivity of the DPQ-based
chemosensor can be easily enhanced by incorporation into conjugated polymers
127 and 128. The quenching constants derived from the Stern–Volmer plots,
16 800 (126), 70 200 (127), and 52 000 (128) M−1 for F− and 11 200 (126), 49 300
(127), and 38 000 (128) M−1 for HP2O7

3−, respectively, demonstrated that the con-
jugated polymer with about ten repeating recognition sites is able to induce a sub-
stantial quenching effect with a 34-fold increase in the sensitivity as compared to
the corresponding monomeric sensor.127

Other oligomer systems are achieved by incorporation into macrocycles such
as 102–104. Andrioletti and coworkers synthesized peralkyl-substituted DPQs
129–131, which, however, cannot be converted to further modified derivatives.128

Therefore, from the precursory diketone of 129, tetrapyrrole derivatives 132 and
133, similar to 104, were obtained; 133 is a good starting material for macrocy-
cles such as 134 and 135 (Figure 29). π-Conjugated 135 can be considered as a
quinoxaline-bridged dipyrrin cyclic oligomer; single-crystal X-ray analysis of 135
shows a boat-like conformation with quinoxaline moieties almost facing each
other, providing a rigid-wall cavity.128

On the other hand, Lee, Sessler, and coworkers reported DPQ-strapped
calix[4]pyrrole 134, which is prepared from 136 via dipyrromethane derivative
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Figure 28. Monomeric and polymeric forms of phenylethynyl-substituted dipyrrolylquinox-
alines 126–128.127
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137 (Figure 30).129 As seen from the 1H NMR spectra (CD3CN/DMSO-d6 9:1,
v/v) of 138, with added TBAF, NH protons of the pyrroles on the strap, shifted
from 5.99–5.96 to 5.57–5.54 ppm, do not interact with the added anions via sim-
ple NH–anion hydrogen bonds. This is derived from an anion–π interaction,130,131

also supported by the downfield shifts of β-pyrrole CH from 6.54–6.49 and
5.80–5.74 to 6.85–6.80 and 5.92–5.90 ppm. ITC measurements (CD3CN/DMSO-
d6 97:3, v/v) suggest multiple binding modes, [1 + 1] and [1 + 2], for F– with Ka
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values of 3.72 × 108 and 5.0 × 105 M−1, and regular [1 + 1] binding for Cl−,
CH3CO2

−, and H2PO4
− with Ka values of 1.94 × 104, 1.89 × 104, and 1.33 × 103 M−1,

respectively.129

B. Anion-Responsive Aryl-Bridged Bispyrroles

In addition to quinoxaline-bridged bispyrroles, there are several reports on aryl-
bridged oligopyrroles that show anion binding. For example, 1,3-bis(pyrrol-2-yl)-
benzenes 139–141 (Figure 31), which are an essential building unit of
macrocycles, exhibit anion-binding behavior95; 139 shows Ka values at, for exam-
ple, 2300, 4300, 1100, 190, 290, 1300, 280, and 32 M−1 for F−, Cl−, Br−, I−, HSO4

−,
H2PO4

−, NO3
−, and ClO4

−, respectively, estimated from 1H NMR spectral changes
in CD2Cl2. The Ka values are larger than those of dimethyldipyrromethane 52,
possibly because the bite angle present in 139 provides a better structural match
to Cl− (and likely most other anions).95 Eichen and coworkers reported 1,3-
dipyrrol-2-ylazulene 142 (Figure 31), which exhibits anion-binding properties
for F− (11 000 M−1), Cl− (110 M−1), Br− (100 M−1), and I− (50 M−1) in CH2Cl2 and
F− (>1000 M−1) in DMSO.132 F− enhances the fluorescence more than ten-fold in
DMSO; this result presumably originates from the conformational changes from
the fairly coplanar structure of core azulene and two pyrrole rings, elucidated by
single-crystal X-ray analysis, to that with the partially disrupted π-conjugation
between azulene and pyrroles.132

Sun, Hsu, Chow, and coworkers reported maleimide-bridged bispyrrole 143
(Figure 32a), which shows interaction with anions with Ka values of 18 500 and
36 300 M−1 for F− and CN− in CH2Cl2.

133 The significant fluorescence quenching
and red-shift caused by F− and CN− are derived from deprotonation of a pyrrole
NH.133 Terpyrrole isomer 144 (Figure 32b), an analog of 143 and DPQs, was
reported by Sessler and coworkers134; it shows color changes upon addition of
anions such as F− and H2PO4

− in CH2Cl2. The Ka values of 144 are estimated as
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182 000, 160, 60, and 17 500 M−1 for F−, Cl−, Br−, and H2PO4
−, respectively, which

are augmented compared to DPQ 85.134

Metal-mediated changes to the preorganized conformation are observed in the
metal complexes of bipyridine-bridged bispyrrole 145.135 Ru(II) and Rh(III) com-
plexes 145-Ru and 145-Rh (Figure 33a) prepared by Sessler and coworkers,
exhibit anion binding in DMSO, e.g. 7000, 370, and 104 000 M−1 for F−, Cl−, and
H2PO4

−, respectively, in the case of 145-Ru (Table 13). In particular, the Ka value
for H2PO4

− is ca. 2600-fold greater than for the DPQ-Ru(II) complex 94-Ru.
Higher affinities of triply charged 145-Rh (870 M−1 for Cl−) compared to 145-Ru
lead to precipitates upon H2PO4

− binding. Single-crystal X-ray structures of Cl−

complexes of 145-Ru and 145-Rh elucidate C–H···Cl interactions (C···Cl: 3.65
and 3.59 Å on average for 145-Ru and 145-Rh) along with N–H···Cl interac-
tions.135 On the other hand, monomeric pyrrole building subunits can be incorpo-
rated into metal complexes by substitution of the metal ligand moiety. Gale and
coworkers prepared Pt(II) complexes 146 and 147 (Figure 33b) from 3- and 4-
(pyrrol-2-yl)pyridines.136 The single-crystal X-ray structure of 146 as a BF4

− salt
elucidates the 1,2-alternate conformation and binding of two BF4

– anions via
N–H···F and C–H···F hydrogen bonds. The anion-binding behavior of 146 and 147
upon the addition of TBA salts in DMSO-d6 reflects 1:1 stoichiometry except for
CH3CO2

− binding of 146 with K2 (2400 M−1) > K1 (216 M−1) (Table 14).136 This
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suggests that an allosteric effect is operating that preorganizes the second binding
site upon complexation of the first equivalent of CH3CO2

−. In DMSO, compared
to 147, which binds anions using pyridyl o-CH sites and not pyrrole NH, 146 uses
pyrrole β-CH and not NH to show large Ka values, e.g. 960 (146) and 216 (147)
M−1 for Cl− and 1115 (146) and <10 (147) M−1 for CH3SO3

−. In contrast to the bind-
ing mode in solution, 146 forms the CH3SO3

− complex via an N–H···O hydrogen
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Figure 33. (a) Bipyridine-bridged bispyrrole 145 and metal complexes135; (b) Pt(II)-bridged
pyrrole-based anion receptors 146 and 147.136

Table 13. Anion-binding constants (Ka, M−1) of
145-Ru and 145-Rh upon the addition of anions
as TBA salts in DMSO. Data taken from Ref. 135.

Anion 145-Ru 145-Rh

F− 7000 a
Cl− 370 870
Br− 70 100
CN− 500 a
C6H5CO2− 2140 5090
H2PO4− 104 000 b

aNonspecific binding profile.
bPrecipitation occurred during 1H NMR titration.
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bond; this result suggests that the hydrogen-bonding acceptor DMSO molecules
drive the pyrrole rings to invert and face the “outside.”136

C. Dipyrrolylpyrazoles Derived from Dipyrrolyldiketones

In 2005, Maeda and Kusunose found that the key starting molecule to afford utility
acyclic oligopyrrole derivatives was 1,3-dipyrrolyl-1,3-propanedione (dipyrrolyl-
diketone) 148 (Figure 34),137 which was first reported by Oddo and Dainotti in
1912138 and was refined by Battersby and coworkers in 1984.139 This diketone is
an analog of the precursory diketone of DPQ. Dipyrrolyldiketone 148 can be
obtained from pyrrole by treatment with malonyl chloride. Therefore,
dipyrrolyldiketone derivatives can be prepared from the corresponding substituted
pyrroles. On the basis of the “pyrrole library,” thus far, Maeda and coworkers have
synthesized various dipyrrolyldiketone derivatives.137,140–148

One type of molecule derived from dipyrrolyldiketones is the pyrazole-
bridged bispyrrole; pyrazoles can interact electrostatically or via hydrogen bonds
with anionic or polar substrates as partially or fully protonated forms. In accor-
dance with the first example reported by Oddo and Dainotti,138 dipyrrolylpyrazoles
(DPPs, 149–153, Figure 35a) were synthesized by Maeda et al. by the condensa-
tion of excess hydrazine monohydrate with the corresponding dipyrrolyldiketones
in refluxing acetic acid for 3–4 days.149 N-Methyl-substituted 154–156 were
obtained similarly from diketones or from the methylation of the corresponding
DPPs. Based on the anion-binding ability of the pyrrole NH sites as observed in
155 and 156 (Ka = 1600 and 28 000 M−1 for CH3CO2

− in CH2Cl2, respectively), the
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Table 14. Anion-binding constants (Ka, M−1) of 146
and 147 upon the addition of anions as TBA salts in
DMSO-d6. Data taken from Ref. 136.

Anion 146 147

Cl− 960 216
Br− 796 211
I− 462 113
CH3CO2

− K1 = 216 117
K2 = 2400

C6H5CO2
− a 111

CH3SO3
− 1115 <10

NO3
− 29 <10

HSO4
− 837 <10

aPrecipitation during the titration; however, shifts of pro-
tons suggest a strong interaction of 146 with C6H5CO2

−.
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planar [2 + 2]-binding structures150 with TFA were elucidated by single-crystal X-
ray analyses of 1492·TFA2, 1502·TFA2, and 1532·TFA2 complexes (Figure 35b).149

Complexation with an acid provides the planar geometry of DPP, which is
required for the formation of micrometer- and nanometer-scale morphologies
using intermolecular interactions such as π–π stacking. In fact, by casting the TFA
complexes of DPP in CH2Cl2 on a silicon substrate, organized structures have been
observed by SEM analysis. In sharp contrast to unsubstituted 1492·TFA2 and α-
methyl 1502·TFA2, which yield crystalline objects, TFA complexes 1502·TFA2 and
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Figure 35. (a) Dipyrrolylpyrazoles 149–156149; (b) solid-state [2 + 2] assemblies of
(i) 1492·TFA2, (ii) 1502·TFA2, and (iii) 1532·TFA2.149
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1512·TFA2 with neopentyl and hexadecyl chains provide petal-like objects with
widths of ca. 500 nm and assembled sheet structures with thicknesses <100 nm.
Furthermore, β-fluorinated 1532·TFA2 exhibits rod-like morphologies with widths
of ca. 100–200 nm and small amounts of microcrystals.149

V. Boron Complexes of Dipyrrolyldiketones as Acyclic
Anion Receptors with Planar Geometries

A. Synthesis and Properties of Boron Complexes of Dipyrrolyldiketones

Assemblies of π-conjugated molecules, mainly because of stacking interactions,
are the basis of the dimension-controlled organized structures,1–7 including soft
materials. As π-conjugated molecules often have an optical absorption in the vis-
ible region, their assemblies behave as utility photonic and electronic materials. In
addition, supramolecular assemblies comprising planar pyrrole-based anion recep-
tors exhibit potential anion-responsive behavior and, under the appropriate condi-
tions, form the functional organized structures comprising cations and anions, as
described in the introduction. Therefore, initially, it is essential to design and syn-
thesize promising fairly planar π-conjugated systems comprising pyrrole rings to
efficiently bind anions.

As a candidate for a π-conjugated acyclic anion receptor to fabricate stacking
structures, in 2005 Maeda and Kusunose reported the BF2 complex 157 of
dipyrrolyldiketone 148 (Figure 36).137 Molecule 157 consists of two pyrrole rings
and a boron-bridged 1,3-propanedione moiety. The pyrrole rings, which exist even
in the acyclic structure, are stabilized by the neighboring electron-withdrawing
carbonyl unit; therefore, the skeletal structure could be appropriate for various
uses, such as sensors and materials. The absorption and emission maxima of
receptor 157 are observed at 432 and 451 nm in CH2Cl2, respectively; these elec-
tronic properties of a single molecule could be applied to potential photonic and
electronic materials such as supramolecular assemblies. The solid-state assembly
of 157 is revealed by single-crystal X-ray analyses; planar 157, wherein the pyr-
role nitrogens are on opposite sides of the molecule as observed in solution, forms
stacking structures with offset arrangement (Figure 37).137,151 Observation of this
stacking structure of parent 157 in the solid state is an impetus for supramolecu-
lar chemistry based on small molecules (vide infra).

The BF2 complex 157 does not form a preorganized conformation, because the
two pyrrole NH groups are not located at the appropriate positions for anion bind-
ing.137 Upon the addition of anions, receptor 157 exhibits an inversion of the two
pyrrole rings and binds anions using the pyrrole NH and bridging CH to form a
planar receptor–anion complex (Figure 38). The BF2 complex 157 can be considered

38/Supramolecular Chemistry of Pyrrole-Based Acyclic Anion Receptors 205

b867_Vol-08_Ch-38.qxd  6/10/2010  4:48 PM  Page 205



as a “molecular flipper” that enables space control between two planar states (free
receptor and receptor–anion complex) by external chemical stimuli (anion).
N–H···X− and bridging C–H···X− interactions are suggested from the 1H NMR
chemical shifts of other molecular flippers (instead of 157, vide infra) upon the
addition of anions as TBA salts. Furthermore, the discrete resonances of the two
species — free receptor and anion complex — suggest that the equilibrium
between these forms is too slow to be detected on the NMR time scale, possibly
because of the requirement for pyrrole inversions to allow binding of the anion.
The absorption and emission of 157 are adjusted by the addition of anions as TBA
salts, suggesting its potential as a colorimetric anion sensor. UV-visible absorption
spectral changes of 157 in CH2Cl2 by anion binding afford Ka values of 15 000,

206 Maeda

H
N

O
H
N

O
B

F F

157
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Figure 37. Solid-state molecular assembly of acyclic anion receptor 157.
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Figure 38. Anion-binding mode of BF2 complex of dipyrrolyldiketone 157.137
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2100, 930 000, and 270 000 M−1 for Cl−, Br−, CH3CO2
−, and H2PO4

−, respec-
tively.137,144 Receptor 157 exhibits an efficient anion-binding property compared to
DPQ 85110 and 1,3-bis(pyrrol-2-yl)benzene 139 (in CH2ClCH2Cl).135

On the basis of the library of pyrrole derivatives reported to date, the intro-
duction of substituents to the receptor framework of 157 has yielded a variety of
molecular flippers, 158–165 (Figure 39). Maeda et al. reported the α-alkyl-
substituted receptors 158-n and 159 from α-alkylpyrroles.137,144 They also prepared
β-alkyl- and β-fluorine-substituted receptors 160–162, which can be considered as
building blocks to form covalently linked oligomers due to the free α posi-
tions.140,142,146 In addition, receptor molecules 163–165, whose binding sites are
(partially) protected, were also synthesized.141 Furthermore, single-crystal X-ray
analysis of some receptors revealed stacking structures similar to 157 (Figure 40).
α-alkyl-substituted 158-1,4,144 159,141 β-methyl-substituted 161,146 and β-fluorinated
162140 form 1D stacking structures, wherein core π-planes are partially over-
lapped, whereas α-ethyl-substituted 158-2 forms a dimer structure.144 In contrast
to these receptors, β-ethyl-substituted 160 shows no stacking structures and
only N–H···F–B hydrogen-bonding interaction.146 In the solid state, the interac-
tion between NH and BF, which is essential for forming specific assembling
modes such as the hydrogen-bonding dimer, is observed in other receptors, includ-
ing parent 157.

The anion-binding properties of the BF2 complexes were examined from the
UV-visible absorption spectral changes upon the addition of anions (Cl−, Br−,
CH3CO2

−, H2PO4
−, and HSO4

−) as TBA salts in CH2Cl2. The binding constants (Ka)
of 157, 158-16, and 159–162 are summarized in Table 15137,140,142,144,146; enhanced
values are obtained for unsubstituted 157 because of less sterical hindrance at the
pyrrole α-positions and for β-fluorinated derivative 162 because of the polarized
NH and CH binding sites. The Ka values of α-alkyl-substituted receptors 158-n are
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smaller in receptors with longer alkyl chains and their binding kinetics are also
dependent on the alkyl chain lengths. All of the receptors 157–162 shown here
except for 161 bind CH3CO2

− more efficiently than the other anions. Upon the
addition of CH3CO2

− to 162 (2 × 10−3 M) in CD2Cl2 at −50 °C, both the NH and
CH peaks (at 9.02 and 6.65 ppm, respectively) in 1H NMR spectra disappear and
new signals appear in the downfield region at 12.09 and 8.23 ppm, respectively.
Similar downfield shifts are observed upon the addition of other anions to these
acyclic receptors. The anion-binding behaviors of the “blocked” derivatives
163–165 suggest the essential role of the bridging CH site for anion binding.

The above observations, in which the anion-binding behavior of these acyclic
receptors can be correlated with the effects of the peripheral substituents, can be
explained from DFT calculations at the B3LYP/6-31G(d,p) level.137,140,142,144,146

Consistent with experimental results such as from NMR analysis, molecular
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Figure 40. Selected solid-state molecular assemblies of acyclic anion receptors 158-1,2,4
and 159–162.137,140,142,144,146
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simulations for the receptors 157–162 have suggested that the most stable confor-
mations of the free receptors with intramolecular interactions between pyrrole NH
and oxygen (the left side structure for 157 in Figure 38) are unsuitable for anion
recognition, and therefore pyrrole inversions are required to bind anions. The rel-
ative energies of the “preorganized” structures (the right side structure for 157 in
Figure 38) of 157–162 compared to each stable conformation are estimated at
9.08, 9.10 (158-8 as an example), 8.96, 4.98, 6.94, and 15.04 kcal/mol, respec-
tively, suggesting that the β-alkyl-substituted receptors 160 and 161 show stronger
preferred preorganized geometries than those of 157–159 and 162. From the
experimental and theoretical data, the affinities for anions can be determined from
the following factors: (i) electronic effects of the peripheral substituents, (ii) steric
effects of the α substituents, and (iii) relative stabilities of the preorganized
conformation.

The solid-state structures of the receptor–anion complexes have also been
revealed by single-crystal X-ray analyses (Figure 41).137,140,144 The receptor–anion
complexes are dispersed in good solvents and, in some cases, are crystallized in
poor solvents such as hydrocarbons to give single crystals obtained by using TBA
salts of anions. In the case of the Cl− complex of unsubstituted 157, for a 1:1 mix-
ture of the receptor and TBACl, the CH proton and one of the two pyrrole NH pro-
tons are associated with the Cl− anion. The other NH proton turns to the opposite
side and binds to another Cl− anion to form an anion-bridged 1D hydrogen-
bonding infinite chain (Figure 41a).137 The β-fluorinated 162 utilizes only the NH
interaction site to form the supramolecular 1D chains bridged by Cl–, possibly
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Table 15. Anion-binding constants (Ka, M
−1) of 157, 158-16, and 159–162 upon the addition

of anions as TBA salts in CH2Cl2. The values in the parentheses are the ratios to the Ka values
of 157. Data taken from Refs. 137, 140, 142, 144, and 146.

Anion 157 158-16 159 160 161 162

Cl− 15 000 4000 2000 6800 4900 26 000
(0.27) (0.13) (0.45) (0.33) (1.7)

Br− 2100 680 330 1200 680 1700
(0.32) (0.16) (0.57) (0.32) (0.81)

CH3CO2
− 930 000 110 000 110 000 210 000 61 000 960 000

(0.12) (0.12) (0.23) (0.066) (1.0)

H2PO4
− 270 000 20 000 13 000 91 000 87 000 190 000

(0.07) (0.048) (0.34) (0.32) (0.70)

HSO4
− NDa NDa 80 1200 NDa 1100

(— b) (— b) (— b) (— b) (— b)

aNot determined yet.
bNot given due to the absence of the Ka value of 157 for HSO4

−.
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Figure 41. Solid-state chain structures or single-molecule and packing diagrams of receptor–
anion complexes: (a) 157·Cl−, (b) 162·Cl−, (c) 158-2·Cl−. TBA cations are omitted for clarity in
the top views.137,140,144
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because of the more polarized NH as compared to NH sites of the β-H derivative
(Figure 41b).140 In both cases, countercations (TBA) are located between the 1D
receptor–anion chains, quite different from the binding modes in the solution state,
to form alternatively stacked structures. In contrast to the α-unsubstituted 157 and
162, α-ethyl 158-2 has shown a similar binding mode, as observed in the solution
state with the inversion of two pyrrole rings (Figure 41c).144

B. Aryl-Substituted Anion Receptors

In order to extend the π-conjugation of the molecular flippers for tunable elec-
tronic properties and stacking abilities, Maeda et al. attempted to synthesize α-
aryl-substituted derivatives of dipyrrolyldiketone BF2 complexes.143 Initially,
α-aryl-substituted 166–169 (Figure 42) were obtained from the α-aryl-substituted
pyrroles, which were synthesized by cross-coupling reactions, via the corre-
sponding α-aryl-substituted dipyrrolyldiketones. The absorption maxima (λmax)
of 166, 167, and 169 in CH2Cl2 appear at 500, 480, and 516 nm in CH2Cl2,
respectively, which are red-shifted as compared to 157 (432 nm), 158-16 (457 nm),
159 (457 nm), 160 (452 nm), 161 (449 nm), and 162 (421 nm). Conversely, λmax

for 168 appears at 456 nm, which is blue-shifted by 46, 24, and 60 nm as
compared to 166, 167, and 169, respectively, as a result of the distortion of the
aryl rings.143

Maeda and Eifuku also prepared the receptors bearing mono-alkoxy-substituted
phenyl moieties 170–175 (Figure 43).147 The UV-visible absorption maxima (λmax)
of 170, 171, and 172 in CH2Cl2 were observed at 513, 501, and 518 nm, respec-
tively, suggesting that alkoxy substitution at the ortho and para positions affords
a red-shift and that at the meta position has almost no effect in comparison with
the λmax value of α-phenyl 166 (500 nm), while the length of the alkoxy chains has
almost no effect on the electronic state.147
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Single-crystal X-ray analysis of α-aryl-substituted receptors also demonstrates
the stacking structures (Figure 44).143,147 Phenyl- 166 and o-tolyl-substituted 167
form stacking assemblies, wherein the slightly distorted aryl rings in 167 produce
less effective stacking, whereas 2,6-dimethylphenyl-substituted 168 has shown no
stacking structures because of steric hindrance. X-ray analysis of 169 shows one
trimeric and two tetrameric stacking structures as the various slipped assemblies
in the solid state.143 Like 166 and 167, methoxy-substituted 170–172 also form
stacking structures: compared with 171 and 172, o-methoxy 170 has edge-to-
edge–like stacking assemblies. α-Aryl-substituted receptors 166, 167, 171, and
172 form hydrogen-bonding dimers using N–H···F–B interactions. On the other
hand, o-methoxy 170 shows intramolecular N–H···O hydrogen bonds as observed
in solution, whereas 2,6-dimethyl 168 is not incorporated in the assemblies using
hydrogen-bonding interactions.147

The synthetic route for 166–175 based on aryl-substituted pyrroles is useful
but is applied to a limited number of the derivatives. Therefore, the design of more
efficient routes is required in order to introduce various aryl rings to the molecu-
lar flippers. In fact, selective iodination at the α-pyrrole positions of β-ethyl-
substituted 160 by treatment with 2.7 and 1.1 equivalents of N-iodosuccinimide
(NIS) in CH2Cl2 has been found to be a key step toward affording mono- 176 and
bis-iodinated derivative 177 as essential starting materials of the coupling reac-
tions for various utility molecules and covalently linked oligomer systems.152

Bromination by N-bromosuccinimide (NBS) gives complicated mixtures contain-
ing species with a bromo-substituent at the fairly reactive bridging carbon. Suzuki
cross-coupling reaction of 176 and phenylboronic acid (1.2 equivalents) affords
monophenyl-substituted 178, while a similar procedure using bis-iodinated deriv-
ative 177 and phenylboronic acid (2.2 equivalents) affords bisphenyl derivative
179.152 Under similar conditions using the corresponding aryl boronic acids, the
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bis-iodinated derivative 177 can be transformed into pyrrolyl-, furyl-, and thienyl-
substituted derivatives 180–182 (Figure 45a).153 Mono-iodinated 176 and bis-
iodinated 177 are also converted to receptors 183–186 possessing a formyl
functionality.154 The covalently linked dimer 187 (Figure 45b) was synthesized by
the coupling reaction of mono-iodinated 176 with 1,3-benzenediboronic acid
bis(pinacol)ester (0.5 equivalents). Further iodination of phenylene-bridged dimer
187 affords bis-iodinated and mono-iodinated dimers (188 and 189).152 The
UV-visible absorption bands of 179–182 in CH2Cl2 are observed at 499, 551, 538,
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Figure 44. Solid-state molecular assemblies of acyclic anion receptors 168–172. In the case
of 169, one of the three stacking modes is represented.143,147
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and 527 nm, respectively, suggesting red-shifts that are comparable to that of α-
unsubstituted 160 (451 nm).152,153 Those of formyl-substituted 183–186 in CH2Cl2

are observed at 474, 495, 482, and 510 nm, respectively.154 Dimer 187, whose λmax

value is 489 nm due to the incomplete π-conjugation at the meta-phenylene link-
age, and its iodinated derivatives can be potential subunits for forming anion-
responsive oligomers.152 

In the solid state, receptors 177 and 179–186 form stacked dimers or higher-
stacked structures (Figure 46).152–154 Compounds 177, 179–182, and 185 form the
stacking dimers because of sterical β-ethyl-substituents, whereas formyl 183 and
184 exhibit a more tightly stacked structure comprising more than two units in
these derivatives because of supporting van der Waals interactions between ethyl
moieties and between ethyl units and the π-plane. In contrast, there are no stacked
structures in 186. In most structures, through intermolecular N–H···F–B hydrogen
bonds, complicated 3D networks are formed along with stacking interactions. For
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178–186152–154; (b) phenylene-bridged dimers 187–189.152

b867_Vol-08_Ch-38.qxd  6/10/2010  4:48 PM  Page 214



38/Supramolecular Chemistry of Pyrrole-Based Acyclic Anion Receptors 215

Figure 46. Solid-state molecular assemblies of acyclic anion receptors 177 and 179–186.152–154
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example, receptors 177 and 179–182 form dimeric structures using N–H···F and
aryl-C(N)–H···F interactions,152,153 while 183–186 fabricate more complicated
hydrogen-bonding assemblies using the CHO moiety, along with pyrrole NH and
BF units.154 In these solid-state structures along with those of other receptors
(Figures 40 and 44), the acyclic anion receptors exist as dispersed monomer forms
in good solvents, while they form ordered 3D organized structures, i.e. crystals, in
poor solvents.

The anion affinities of the β-unsubstituted α-aryl-substituted receptors and β-
ethyl 179 were estimated from changes in the UV-visible absorption spectra in the
presence of increasing concentrations of the respective anions (Table 16).143,147,152

Compared to unsubstituted 157,142 α-phenyl 166 shows augmented Ka values,
especially for halides (ca. 2.0- and 1.3-fold enhancement for Cl− and Br−, respec-
tively), possibly due to pentacoordination (Figure 47), in contrast to oxoanion
binding.143 In contrast, doubly and totally o-C-blocked 167 and 168 exhibit Ka val-
ues less than those of 166 (ca. 1/10 and 1/30 for Cl− binding), possibly due to ster-
ical hindrance and electrostatic repulsion of the anions by the π-plane.143 The Ka

values of meta-substituted 171 and 172 and para-substituted 174 and 175 are
almost comparable to those of 166. There are no significant differences between
methoxy- and octyloxy-substituted receptors. In contrast, the intramolecular
hydrogen bonding in ortho-substituted 170 and 173 affords complicated binding
modes with low affinities for anions; this result suggests that ortho-substituents
can interfere with anion binding.147 Furthermore, compared to 166, β-ethyl 179
shows similar and smaller Ka values for oxoanions and halides, respectively.152

1H NMR spectral changes of α-aryl-substituted receptors upon anion binding
provide valuable insights into the binding behaviors of aryl-o-CH along with those
of core pyrrole NH and bridging CH. For example, upon the addition of 1.5 equiv-
alents of Cl− as a TBA salt to a CD2Cl2 solution of 166 (1 × 10−3 M) at 20 °C, the
signals due to 166 at 7.68 (o-CH), 9.73 (pyrrole NH), and 6.23 (bridging CH) ppm
decreased in intensity with the concurrent appearance of new signals at 8.19,
12.27, and 9.04 ppm, respectively.143 Furthermore, at lower temperatures with a
small amount of Cl−, a new NH signal between that of the free receptor and the
[1 + 1] complex is attributed to the [2 + 1] binding complex 1662·Cl−. Formation of
the [2 + 1] complex is also supported by DOSY NMR and electrospray ionization
time-of-flight mass spectrometry (ESI-TOF-MS).143 Furthermore, the signals of
the aryl-substituted receptors and the pentacoordinated receptor–anion complexes
can be observed independently, suggesting that a slow exchange takes place
between these species on the NMR time scale. Rate constants k for the F−, Cl−, and
Br− binding of, for example, 166 using TBA salts in CH2Cl2 at 25 °C are estimated
to be 7.2 × 104, 13.0 × 104, and 6.0 × 104 M−1s−1, respectively, by stopped-flow
measurements. While the order of k (Cl− > Br−) is consistent with that of the binding
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Table 16. Anion-binding constants (Ka, M
−1) of 166–168, 171, 172, 174, 175, and 178 upon the addition of anions as TBA salts in CH2Cl2. The

values in the parentheses are the ratios to the Ka value of unsubstituted 157. Data taken from Refs. 143, 147, and 152.

Anion 166 167 168 171 172 174 175 179 157

Cl− 30 000 2500 1000 57 000 25 000 26 000 24 000 6800 15 000
(2.0) (0.17) (0.067) (3.8) (1.7) (1.7) (1.6) (0.45)

Br− 2800 300 20 5100 2100 2600 2400 1200 2100
(1.3) (0.14) (0.0095) (2.4) (1.0) (1.2) (1.1) (0.57)

CH3CO2
− 210 000 150 000 150 490 000 420 000 140 000 330 000 210 000 930 000

(0.23) (0.16) (0.00016) (0.53) (0.45) (0.15) (0.35) (0.23)

H2PO4
− 72 000 8000 1400 38 000 38 000 27 000 28 000 91 000 270 000

(0.27) (0.029) (0.0052) (0.14) (0.14) (0.10) (0.10) (0.34)

HSO4
− 540 35 14 270 150 240 180 NDa NDa

(— b) (— b) (— b) (— b) (— b) (— b) (— b)

aNot determined yet.
bNot given due to the absence of the Ka value of 157 for HSO4
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constants (Ka), the more associated F– (240 000 M−1) exhibits an intermediate
value between those of Cl− and Br−; this suggests that thermodynamic stability is
not always correlated with the kinetic properties.143

The Ka values of β-ethyl-substituted 179–182 (Table 17) are determined from
UV-visible absorption spectral changes induced by the addition of appropriate
anions as TBA salts in CHCl3 containing 0.5% EtOH, which suppresses the bind-
ing affinities because of the higher Ka values of 180 in CH2Cl2.

153 For example,
pyrrolyl 180 shows considerably larger Ka values, >106 M−1 for Cl−, H2PO4

−, and
CH3CO2

−, than those of 179, 181, and 182 and α-unsubstituted 160 because of the
presence of multiple polarized NH sites. Upon the addition of 1 equivalent of Cl−

to CDCl3 solution of 180 (1 × 10−3 M) at 20 °C, the signals of the “inner” NH and
“outer” (terminal) NH are shifted from 9.29 and 8.77 ppm to 11.04 and 11.16 ppm,
respectively, suggesting that the anions are bound more tightly to the terminal
pyrrole NH.153 The anion-binding behavior of formyl-substituted 183–186 was
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Figure 47. Anion-binding mode of aryl-substituted receptor 166.143

Table 17. Anion-binding constants (Ka, M
−1) of 179–182 upon the addition of anions as TBA

salts in 0.5% EtOH/CHCl3. The values in the parentheses are the ratios to the Ka values of β-
ethyl-substituted 160. Ka values provided in Table 3 are those of solvated receptors, solvated
anions, and receptor–anion complexes. Data taken from Ref. 153.

Anion 179 180 181 182 160

Cl− 120 1 200 000 360 1100 990
(0.12) (1200) (0.36) (1.1)

Br− 30 180 000 68 150 170
(0.18) (1100) (0.40) (0.88)

CH3CO2
− 410 3 000 000 500 1000 5400

(0.076) (560) (0.093) (0.19)

H2PO4
− 130 1 800 000 810 880 15 000

(0.0086) (120) (0.054) (0.059)

HSO4
− 3 170 000 180 15 210

(0.014) (810) (0.85) (0.071)
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also examined from the UV-visible absorption spectral changes (Table 18).154 In
contrast to the smaller Ka values in accord with an increase in the number of
phenyl-substituents in 160, 178, and 179 because of the steric hindrance between
the α-phenyl and β-ethyl moieties, bisformyl-substituted receptor 184 exhibits
augmented Ka values compared to those of the corresponding monoformyl 183.
On the other hand, receptor 186 shows larger Ka values for halide and CH3CO2

−

anions than that for 185.154 This tendency of anion-binding behavior in
formylphenyl-substituted receptors 183–186 may be derived from the increased
affinity of the o-CH sites due to the electron-withdrawing formyl moiety.152,154

Maeda et al. reported single-crystal X-ray structures of the anion complexes
of α-aryl-substituted receptors, 166·Cl−, 169·Cl−, and 180·Cl−, which form penta-
coordinated geometries as the building components of the electrostatically medi-
ated, alternatively stacking structures consisting of “planar anions (receptor–anion
complexes)” and tetra-alkylammonium cations (Figure 48).143,153 Based on the
“charge-by-charge” columnar structures, which are observed only in the crystal
states as 3D organized structures at present, dimension-controlled organic salts
can be fabricated by using planar anions under appropriate conditions.

C. Anion-Responsive Supramolecular Gels Consisting of
Acyclic Anion Receptors

Modification at the periphery of the receptors makes it possible to stabilize the
stacked structures not only in the solid state but also in the solution state; for
example, the introduction of various additional interactive moieties at the α-aryl
rings enables the formation of molecular assemblies as soft materials that exhibit
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Table 18. Anion-binding constants (Ka, M−1) of 183–186 upon the addition of anions as
TBA salts in CH2Cl2. The values in the parentheses are the ratios to the Ka values of β-ethyl-
substituted 160. Data taken from Ref. 154.

Anion 183 184 185 186

Cl− 13 000 27 000 20 000 65 000
(1.9) (4.0) (2.9) (9.6)

Br− 2000 2700 2200 3900
(1.7) (2.3) (1.8) (3.3)

CH3CO2
− 120 000 200 000 250 000 320 000

(0.57) (0.95) (1.2) (1.5)

H2PO4
− 9700 71 000 74 000 37 000

(0.11) (0.78) (0.81) (0.41)

HSO4
− 400 870 420 320

(0.33) (0.73) (0.35) (0.27)
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specific properties such as anion-responsive organized structures. Among the
self-assembled oligomeric systems based on low-molecular-weight π-conjugated
molecules, the gel materials — especially those susceptible to the influence of
external stimuli — are of interest and play a crucial role as potential soft materi-
als.9–12,155,156 Supramolecular gels consist of nanoscale fibers, tubes, and sheets,
formed by organized molecular assemblies. In contrast to physical stimuli, the
structural modification of supramolecular gels under chemical control is very
attractive because a large variety of potential additives are available.157,158

Maeda et al. prepared derivatives with aliphatic chains at the aryl rings
(190–192, Figure 49) by procedures similar to those used for 166–175.143 These
anion receptors 190–192 gelate octane (10 mg/mL); the transition temperatures
between the gel and solution states are −8.5 (190), 4.5 (191), and 27.5 °C (192,
Figure 50a), suggesting that the longer alkyl chains afford more stable gels. An
octane gel of hexadecyloxy-substituted 192 (10 mg/mL) exhibits split absorption
bands with absorption maxima at 525 and 555 nm along with a shoulder at 470 nm
due to the formation of stacked structures; this is in contrast to the single peak at
493 nm exhibited in a diluted solution containing the dispersed monomers. The
octane gel exhibits emission at 654 nm (excited at 470 nm), which is red-shifted as
compared to that (λem = 533 nm; λex = 493 nm) in the diluted condition (1 × 10−5 M).

220 Maeda

Figure 48. Solid-state single molecules and “charge-by-charge” assemblies of receptor–anion
complexes: (a) 166·Cl−, (b) 169·Cl−, (c) 180·Cl−. Tetraalkylammonium cations are omitted for
clarity in the top views.143,153
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Supramolecular organogel formation is achieved for the ordered structures based
on the noncovalent interactions between the π-conjugated moieties and their sub-
stituents; this is supported by AFM (Figure 50b), SEM, and XRD observations.143

The addition of TBA salts of anions (10 equivalents) in the solid form to the
fluorescent octane gel results in the transition to the solution state; the gels are
gradually transformed into solutions beginning from areas close to where the solid
salts have been added (Figure 51).143 In this process, once the receptor (gelator)
molecules in the gel bind to the anions, the counter TBA cations concertedly
approach the receptor–anion complexes to form soluble ion pairs and afford the
octane solution. These transitions in the case of the gel of 192 are quite distinct
from the crystal states mentioned previously (e.g. 169·Cl−; Figure 48b), which are
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Figure 49. BF2 complexes 190–192 with 3,4,5-trialkoxy-substituted aryl rings.143

Figure 50. (a) Phase transition of 192 in octane (10 mg/mL) between solution and gel at
(i) 25.0, (ii) 27.5, and (iii) 30.0 °C143; (b) AFM 2D image in a tapping mode of 192 (from octane
gel) cast by spin-coating on a silicon substrate.143
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Figure 51. Transition of supramolecular organogel of 192 in octane (10 mg/mL, (i)) at 20 °C
upon the addition of (ii) Cl− (10 equiv.) and (iii) F− (10 equiv.) added as solid TBA salts.143

due to the insolubility of the TBA salt of 169·Cl− in apolar hydrocarbon solvents.
In contrast, the absorption and emission spectra of the gel from 192 that are
changed by the addition of anions suggest that the transitions occur from the
molecular assemblies to the dispersed monomeric states.143,159

The formyl group is well known to be transformed into an imine (Schiff base)
moiety by treatment with a primary amine. Condensation of 183–186 with hexa-
decylamine or 3,4,5-trihexadecyloxyaniline and following reduction by
NaBH(OAc)3 afforded 193–200 (Figure 52).154 In contrast to 192, bis-substituted
198 and 200 in octane (10 mg/mL) appear to have fairly dispersed, and not gel-
like, states at room temperature. When the solutions are cooled, 198 and 200 show
opaque solutions below ca. 1 and ca. −10 °C, respectively, and form gel-like mate-
rials below ca. −10 and ca. −30 °C, respectively (Figure 53). The variable tem-
perature (VT) UV-visible spectral changes in 198 at 1 × 10−3 M between 60 and
−50 °C indicate the formation of stacked structures at lower temperatures.
Formation of assembled structures is also supported by NMR analysis in octane-
d18 and DLS. In these systems, connection of three π-conjugated moieties — a core
π-plane and two side aryl units, by sp3 methylene bridges provides supramolecular
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196 (Ar1 = Ar2 = p')
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Figure 52. BF2 complexes 193–200 derived from formyl-substituted receptor molecules.154

Figure 53. Photographs of the gel-like materials of (i) 198 and (ii) 200 in octane (10 mg/mL).154
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assemblies, which are not very rigid but yield soft materials by fairly ordered
organization under the appropriate conditions. Furthermore, addition of 1 equiva-
lent of Cl− as a TBA salt can modulate the assembled structures, along with the
optical and electronic properties.154

D. Solvent-Assisted Organized Structures from Amphiphilic
Anion Receptors

Supramolecular assemblies in an aqueous solution are ubiquitous in biotic systems
such as folded proteins, DNA double helices, and membranes consisting of lipid
bilayers. These organized structures can be formed by using the interactions
between hydrophobic moieties inside the assemblies and the association of
hydrophilic sites with water molecules.8,16 Organized structures that can be modu-
lated by external stimuli provide versatile actuators activated in aqueous solutions
and related solvents.160–162 Maeda et al. synthesized the poly(ethylene glycol)
(PEG)-substituted amphiphilic π-conjugated acyclic oligopyrroles (type A —
201–204; type B — 205–208; Figure 54) by procedures similar to those for
166–175 and 190–192.145 While amphiphiles 201, 207, and 208 exhibit precipita-
tion in water, derivatives 202–206 are soluble in the same solvent, wherein their
λmax values are observed at 460, 496, 506, 462, and 481 nm (1 × 10−5 M), respec-
tively, which are blue-shifted as compared to those in MeOH (498, 510, 512, 510,
and 512 nm), suggesting the formation of H-aggregates in aqueous solutions. The
fluorescence spectra of 202–206 in aqueous solutions are observed as the fluores-
cence of each monomer at 546, 571, 572, 672, and 671 nm with low-emission
quantum yields (ΦF, determined at λex values that are equal to the respective λmax

values) of 0.01, 0.01, 0.09, 0.02, and 0.02, respectively, which are characteristic
aspects of H-aggregates. The solid films cast from the aqueous solutions of
202–206 exhibit almost the same red-shifted UV-visible absorption profiles (λmax =
526, 540, 530, 548, and 531 nm, respectively) as those cast from CH2Cl2 solutions;
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Figure 54. Amphiphilic derivatives of acyclic anion receptors 201–208.145
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this result suggests that the removal of water molecules by slow evaporation at
room temperature or by a freeze-drying process disrupts the H-aggregate forma-
tions, which are supported by water molecules, and instead forms other assembled
structures (J-type aggregates).145

The morphologies of the transformed organized structures from the aqueous
solutions were examined: only larger assemblies without specific shapes are
observed by TEM analyses of the aqueous solutions (1 × 10−5 M) of 202–204
with UO2(OAc)2 staining, while under the same conditions 205 and 206 exhibit
the formation of capsules, with diameters within the range of 50–150 nm, and
cylindrical aggregates, respectively, as transformed objects from the removal of
water molecules around the hydrophilic moieties.145 Furthermore, cryo-TEM
analysis of 205 (1 × 10−5 M) shows vesicular structures163 with diameters of
30–80 nm (Figure 55), which are consistent with the result of the DLS meas-
urements. The wall thickness (dark part) of capsules is estimated to be ca. 5 nm,
indicating hydrophobic segments which consist of bilayers of amphiphilic mol-
ecules (ca. 3.9 nm from AM1 calculation). In contrast to the amphiphiles with
only hydrophilic chains (type A), possibly 205 (type B) forms bilayers like
biotic lipids by using hydrophobic interactions of the aliphatic chains and
locates the hydrophilic TEG chains outside the layers to obtain water-soluble
vesicles.145

E. Modifications around Boron Units of Acyclic Anion Receptors

The replacement of fluorine substituents in a boron moiety of molecular flippers
by 1,2-diol units such as catechol derivatives enables the attachment of acyclic
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Figure 55. Image of cryo-TEM of 205 from an aqueous solution (1 × 10−5 M) without
staining, photograph of the aqueous solution (1 × 10−4 M; inset), and possible assembling
mode of 205 in vesicles.145
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anion receptors to the π-conjugated “backbone.” Maeda et al. synthesized catechol-
substituted receptors 209–212 (Figure 56) from the corresponding dipyrrolyldike-
tones137,142 by treatment with BCl3 and then with excess catechol derivatives in
refluxing CH2Cl2.

164 The UV-visible absorption spectra of “BO2” complexes 209
and 210 in CH2Cl2 exhibit absorption maxima (λmax) at 435 and 454 nm, respec-
tively, which are red-shifted by 2–3 nm in comparison with the maxima of the cor-
responding BF2 complexes: unsubstituted 157 (432 nm) and β-ethyl 160 (452 nm).
Furthermore, compared with the high-intensity fluorescence of 160 at 471 nm (λem

excited at 420 nm; emission quantum yield — ΦF = 0.98), the weak fluorescent
emission of 210 observed at 474 nm (λem excited at 420 nm; ΦF = 0.001)165 can be
attributed to the quenching path of the intramolecular electron transfer involved in
HOMO and HOMO–1, which are localized at the catechol moiety. The binding
constants (Ka) of 210 (and the ratios to the Ka values of 160) for anions in CH2Cl2

are 2300 (0.34) (Cl−), 270 (0.23) (Br−), 33 000 (0.10) (CH3CO2
−), 67 000 (0.74)

(H2PO4
−), and 80 (0.07) (HSO4

−) M−1 due to the electronegativity of catechol
oxygens (210), which is lower than that of fluorines (160). The Ka values of 212
for anions are higher [46 000 (Cl−), 5400 (Br−), 1 300 000 (CH3CO2

−), 150 000
(H2PO4

−), and 2300 (HSO4
−) M−1] than those of 210 because of the electron-

withdrawing effect of the nitro groups.164

The substitution at a boron unit by vicinal hydroxyl groups of various func-
tional units enables the formation of covalently linked dimers. Maeda et al. pre-
pared ditopic receptors 213 and 214 (Figure 57a) by the treatment of intermediate
BCl2 complexes with p-phenylene-bridged dicatechol.164 These receptors are
extended systems bridged by “spacer” moieties between the acyclic anion recep-
tor; single-crystal X-ray analysis of 214 suggests that the two receptor units are
oriented in the same direction so that a Π-shaped syn conformation is generated
with an intramolecular B–B distance of 8.68–9.17 Å (Figure 57b). Because of the
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Figure 57. (a) Terphenyl-bridged dimers 213 and 214164; (b) single-crystal X-ray structure
of 214.164

appropriate locations of the two receptor units, 214 has shown [1 + 1] binding for
linear dicarboxylates [−O2C(CH2)nCO2

−, n = 2–6]; the Ka values for succinate (n = 2),
glutarate (n = 3), adipate (n = 4), pimelate (n = 5), and suberate (n = 6) as their
TBA salt forms in CH2Cl2 are 19 000, 72 000, 810 000, 2 600 000, and 440 000 M−1,
respectively. This observation suggests that the distance between the receptor units
(ca. 9 Å) is crucial in the determination of the selectivity of the dianions. In
contrast to the α-linked oligomers,152 the systems based on the BO2 complexes
behave as genuine multitopic receptors that can be incorporated in various
macromolecules.164,166

VI. Summary

In this chapter, progress in the guest-binding and supramolecular chemistry of
anion-responsive acyclic oligopyrroles has been described. Acyclic oligopyrrole
systems are advantageous because they exhibit dynamic conformation changes
and can be incorporated into various macromolecules and complexes as building sub-
units by means of covalent and noncovalent interactions such as metal coordination,
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hydrogen bonding, and π–π stacking. The formation mechanisms and styles of
nanoscale structures such as supramolecular assemblies depend on the molecular
structures of the building subunits. Therefore, modifications to the receptor mole-
cules result in versatile, unique organized architectures and stimulus-responsive
soft materials with various utilities. Furthermore, anion binding by π-conjugated
acyclic oligopyrroles is fascinating from the viewpoint of forming planar anionic
species. The interaction of suitable negative-charged planar units with the appro-
priate cations will make it possible to form novel supramolecular assemblies and
to tune and control the structures and properties of these materials, thereby mak-
ing them practical. The use of appropriate molecular design and definitive syn-
thetic procedures for the subunits will allow the formation of soft materials such
as gels, liquid crystals, colloids, and micelles, consisting of both negative- and
positive-charged species as the building components.
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I. Dipyrrins

A. Nomenclature of Dipyrrins

In 1987 an IUPAC Commission established guidelines for the nomenclature of
dipyrrins, and many other oligopyrrolic molecules.1 The recommended numbering
scheme for dipyrrins is shown in Figure 1. Occasionally the 1- and 9-positions are
referred to as the α-positions, and the 5-position as the meso-position, which are
terms borrowed from historic pyrrole and porphyrin nomenclature, respectively.
Structural isomers of dipyrrins are named according to their connectivity, such as
2,2′-, 2,3′- and 3,3′-dipyrrins, although the actual usage of numbers to describe the
connectivity in bis(dipyrrin)s is far from standardized.2,3 2,2′-Dipyrrins constitute
the vast majority of structures being described when the generic term “dipyrrin”
is used, and this convention will be followed in this chapter.

B. Syntheses of Dipyrrins

1. Introduction

Research interest regarding dipyrrins originated in experiments conducted by
early twentieth century chemists who pursued extensive research on these com-
pounds as intermediates in the synthesis of porphyrins. At this time, dipyrrins were
commonly referred to as dipyrromethenes. A particularly important publication
was Hans Fischer and Hans Orth’s Die Chemie Des Pyrrols,4 a compilation of
physical data and preparative strategies for known dipyrrins (although many of
them circuitous by today’s standards) published in 1937. The required knowl-
edge of techniques for the synthesis and handling of pyrrole derivatives towards
the “messy and often ruinous manipulation”5 of dipyrrins resulted in the rela-
tively esoteric characterization of these compounds for many decades. After
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languishing in relative obscurity, dipyrrins have now returned to the forefront of
chemical research in the capacity of ligands that can be prepared from readily
available reagents, and are often capable of forming crystalline charge-neutral
complexes with desirable optical properties using an ever-growing variety of
cations.

After a short history of the development of dipyrrin synthesis, Part I of this
chapter describes the finite number of methods commonly used to synthesize
dipyrrins. This is followed by a discussion of some of the physical properties of
these molecules, as well as the applications that they have found. Part II focuses
upon the synthesis, properties, and applications of cation-coordinated dipyrri-
nato complexes, which is where the majority of modern research interest seems
to lie.

The aim of this chapter is to provide a brief summary of the historical back-
ground and current trends in the burgeoning field of dipyrrin and dipyrrinato
complex research. The objective is therefore a representation of all modern
dipyrrin research. A full appreciation of modern applications of dipyrrins is best
achieved by reading this chapter in conjunction with Chapter 37 (by Burgess and
Loudet) in the current volume in this Handbook on the synthesis and spectro-
scopic properties of BODIPY dyes, as well as Chapter 41 (by Broering) and
Chapter 40 (by Balch and Garcia) concerning oligomeric dipyrrins and their
dipyrrinato complexes.

Methods for the synthesis of dipyrrins vary according to the required sym-
metry in the product as well as the number and nature of substituents. The pres-
ence of a substituent in the 5-position is especially decisive with regard to a
suitable synthetic strategy. Generally, methods that involve condensation of two
different pyrrolic compounds are well-suited to the preparation of unsymmetric
5-unsubstituted dipyrrins. Conversely, methods involving the oxidation of
dipyrromethanes, which are also known as 5,10-dihydrodipyrrins by IUPAC
guidelines,1 are more suited for the preparation of symmetric, especially
1,2,3,7,8,9-unsubstituted-5-substituted dipyrrins. Substituents on the skeleton of
the dipyrrin generally reduce the possibility of oligomerization and increase the
stability of the product to attack from a variety of nucleophiles.6–10 The prepara-
tion of fully unsubstituted dipyrrin has been reported; however, the compound
was unstable in solution above −40 °C due to its susceptibility to attack by both
electrophiles and nucleophiles,11 though it has also been known to be stable when
isolated as its boron difluoride complex.12,13 The preparation of 5-aryldipyrrins
represents a shift in research interest from alkyl-substituted dipyrrins that are
suitably disposed as precursors of naturally-occuring oligopyrroles towards
dipyrrins that are capable of forming stable radical cations for optoelectrochem-
ical applications.14
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2. Synthesis of Dipyrrins by Condensation of Pyrroles

The procedures for synthesizing dipyrrins by the acid-catalyzed condensation of
two pyrrole reagents have remained relatively unchanged from the time of Hans
Fisher. In this class of reactions there are three general strategies, depending upon
the nature of substitution about the target dipyrrin. The procedure for unsymmet-
ric, 5-unsubstituted dipyrrins is described in the following section, that of sym-
metric, 5-unsubstituted dipyrrins in Section I.B.2.b and that of symmetric,
5-substituted dipyrrins in Section I.B.2.c.

a. Unsymmetric 5-unsubstituted dipyrrins

The acid-catalyzed condensation of a pyrrole-2-carboxaldehyde with a pyrrole
that is unsubstituted in the 2-position yields a 5-unsubstituted dipyrrin15 as shown
in Figure 2, and is capable of providing unsymmetrically substituted products.
Reports show that bacteria are capable of utilizing supplemented pyrrole-2-
carboxaldehyde and 2-unsubstituted pyrrole substrates in the enzymatic synthesis
of dipyrrin compounds using an analogous reaction.16,17

The choice of acid catalyst for this condensation is open to variation: hydro-
bromic acid is commonly used, as the corresponding hydrobromide salts of
dipyrrins tend to be more crystalline than salts of many other anions,4 but phos-
phorus(V) oxychloride has also seen usage.18,19 In one report, the use of a 2,5-
diunsubstituted pyrrole to prepare a 1-unsubstituted bis(dipyrrin) was made
possible through the use of phosphorus(V) oxychloride when mineral acids
failed.20 Generally, the yield for this reaction is high, and is limited only by purifi-
cation of the product from the reaction mixture, although this aspect is not to be
assumed facile. Isolation is usually achieved by precipitation of the dipyrrin salts,
as they are generally more stable than the free-base, especially in the case of 5-
unsubstituted dipyrrins.15 A limitation to this reaction is that low yields are
obtained for dipyrrins prepared from 2-unsubstituted pyrroles with electron-
withdrawing groups, resulting from competing self-condensation of the 5-formyl
pyrrole with elimination of one carboxaldehyde group.15 This can be avoided by
planning the synthesis such that of the two pyrrole precursors, the less nucleophilic
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pyrrole moiety bears the carboxaldehyde functional group. The 2-unsubstituted
pyrrole reactant can be prepared in situ by decarboxylation of pyrrole-2-
carboxylic acids in the presence of strong acid.21,22

b. Symmetric 5-unsubstituted dipyrrins

Symmetric dipyrrins that bear a hydrogen substituent at the 5-position can be pre-
pared using two equivalents of a 2-unsubstituted pyrrole. This preparation gener-
ally involves combining the pyrrole reactant with a mixture of formic acid and a
strong mineral acid, such as hydrobromic acid,4 hydrochloric acid,23 or perchloric
acid,24 or with a mixture of an orthoformate and trifluoroacetic acid,25,26 as depicted
in Figure 3. In the most popular variations of this method the 2-unsubstituted
pyrrole is prepared in situ from a pyrrole bearing a functional group that can be
eliminated under strongly acidic conditions, such as a carboxylic acid group, or a
carboxylic ester (usually the ethyl ester). It has been shown that a moderate reac-
tion temperature of 20 to 40 °C is critical for the preparation of the 2,8-di(car-
bethoxy)-substituted symmetric dipyrrin (3 in Figure 4) using the tert-butyl ester
derivative 1 as a precursor for in situ generation of the 2-unsubstituted pyrrole
reagent.26

c. Symmetric 5-substituted dipyrrins

The condensation of two equivalents of a 2-unsubstituted pyrrole with an acid
chloride,27,28 as shown in Figure 5, provides a synthetic route to 5-substituted
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dipyrrins. Similar to the reaction with formic acid described in b, the 2-unsubstituted
pyrrole may be prepared in situ from an appropriate precursor. It is reasonable
to propose that these reactions proceed by a similar mechanism to that for the
analogous reactions with formic acid, i.e. an acylated pyrrole intermediate is
attacked by a second equivalent of the 2-unsubstituted pyrrole.23 One report com-
pares the preparation of a symmetric 5-aryldipyrrin by either the reaction of
4-iodobenzoyl chloride with an excess of 2-unsubstituted pyrrole, or the reaction
of the 2-ketopyrrole product of 4-iodobenzoyl chloride and a 2-unsubstituted
pyrrole, and a second equivalent of the 2-unsubstituted pyrrole in the presence of

39/The Synthesis and Properties of Dipyrrins 241

N
H

NH N

TFA

O

O

O

O

1

O

O

O

O

H
N

NH

HN

O

O

O
O

O

ON
H

O

O

O

H

TFA 
CH(OEt)3

0 °C

TFA 
CH(OEt)3
20–40 °C 

TFA 
CH(OEt)3

70 °C

2
(63% yield)

3
(57–81% yield)

4
(62% yield)

Figure 4. Temperature dependence for the condensation of tert-butyl 3,5-dimethyl-4-
carbethoxypyrrole-2-carboxylate with triethylorthoformate.

N
H

R1

R2 R3

H

Cl R4

O

R4 = alkyl, aryl

strong acid

NH HN

R1

R2

R3 R3

R2

R1

R4

Figure 5. Synthesis of symmetric, 5-substituted dipyrrins by acid-catalyzed condensation
reactions.

b867_Vol-08_Ch-39.qxd  6/10/2010  4:49 PM  Page 241



phosphorous(V) oxychloride, and notes that the overall yield was higher for the
two-step procedure.29

3. Synthesis of Dipyrrins by Oxidation of Dipyrromethanes

The preparation of 5-aryldipyrrins by the oxidation of dipyrromethanes (as out-
lined in Figure 6) has become a very popular synthetic route, though this method
has thus far been less successful for the preparation of 5-alkyl and 5-unsubstituted
dipyrrins.30 This transformation can be effected using a variety of different
oxidizing agents, the most popular of which is 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ), although p-chloranil is occasionally seen when a more
mild oxidizing agent is desired.31,32 The dipyrrin products of this reaction are gen-
erally isolated in their free-base form, as 5-aryl dipyrrin bases are generally sta-
ble, unlike 5-unsubstituted dipyrrins. Chromatography and crystallization
techniques are typically employed for the purification of free-base dipyrrins, and
vacuum sublimation has been used to produce very pure samples.33,34 One report
details the isolation of dicyanovinyl-di(5-aryl)dipyrrins upon attempting to oxi-
dize 5-(2,6-dichlorophenyl)dipyrromethane with DDQ, and fluoro-substituted
derivatives behaved similarly.35 Evidently the DDQ underwent an addition reac-
tion with the pyrrolic moieties of the dipyrromethane. Treatment of the adducts
under acidic or basic conditions promoted partial elimination and the creation of
novel bis- and mono-dipyrrins bearing remnants of DDQ at the 2-positions of the
dipyrrins.

Dipyrromethanes can be prepared from reactions analogous to those described
earlier in this chapter for dipyrrins, with the meso-carbon precursor one oxidation
state lower. For example, the acid-catalyzed reaction of a 2-acyl substituted pyr-
role with a 2-unsubstituted pyrrole allows for the preparation of unsymmetrically
substituted dipyrromethanes, and the reaction of two equivalents of a 2-unsubstituted
pyrrole reagent with an aldehyde yields symmetric dipyrrolic products. Figure 7
shows a synthetic route to 5-unsubstituted dipyrromethanes involving the self-
condensation of an appropriate pyrrole carbinyl cation precursor under acidic con-
ditions36 (e.g. Montmorillonite K-10 clay37 or p-toluenesulfonic acid,38 p-TSA), or
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via the reaction of the same precursor species with a 2-unsubstituted pyrrole if
unsymmetric dipyrromethanes are desired.15

One of the most important advances for opening the field of dipyrrin chem-
istry to researchers not specialized in the synthesis of pyrrole derivatives has
been the development of procedures for preparing 5-aryldipyrrins from 5-
aryldipyrromethanes, with pyrrole and an aromatic aldehyde, or the corresponding
dimethyl acetal,39 as starting materials.40–46 Pyrrole is readily available commer-
cially and can be purified by a non-rigorous distillation procedure, and the excess
amount used in this reaction can be easily recycled. The optimal conditions for
reactions of this type, shown in Figure 8, are highly generalizable: the reaction of
an aromatic aldehyde with 100 equivalents of pyrrole in the presence of a mild
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Lewis acid catalyst (such as InCl3) at room temperature in the absence of air for a
few hours. The dipyrromethane products are often isolated with high purity by
chromatography or crystallization, with yields generally greater than 50%, and the
reactions are scalable.44 Methods for the preparation of dipyrromethanes that bear
substituents on the pyrrole rings have also been developed. These procedures use
only two equivalents of the precursor 2-unsubstituted pyrrole as oligomerization
side-reactions are not as prominent.32,47–52 Moreover, the use of 5-alkylthio-
protected pyrroles precludes the use of excess pyrrole reagent by preventing
oligomerization during dipyrromethane synthesis.53

C. Properties and Reactions of Dipyrrins

The Chemistry of Linear Oligopyrroles and Bile Pigments24 describes some phys-
ical properties of dipyrrins (e.g. structure, solubility, NMR characteristics, fluo-
rescence spectra, and light absorbance spectra). Thermal decomposition data, as
well as solvation and light absorption characteristics, for dipyrrin and bis(dipyrrin)
hydrobromide salts and dipyrrinato metal complexes have also been reported
elsewhere.2,3,54–57

Dipyrrins as their free-bases are relatively strong bases.15 Spectrophotometric
titrations have been used to measure the pKa of the N–H proton for a series of
dipyrrins: electron-withdrawing and electron-donating effects of substituents were
observed to have a definite effect upon the acidity of the dipyrrinato proton.58 The
solvolytic dissociation and deprotonation of dipyrrin hydrobromide salts by
organic solvents such as DMSO, DMF, and pyridine (accelerated in dilute solu-
tion, < 10−4 M) have been investigated, and these studies enabled the observation
of a correlation between the proton affinity of a dipyrrin and its thermodynamic
constant of complexation with zinc(II) ion.3,56,57,59 The solvation effect upon the
electronic absorption is less dramatic with solvents such as benzene, CCl4, CHCl3,
CH2Cl2, and alcohols.59

For this part of the discussion, 2,2′- and 3,3′-dipyrrins are referred to specifi-
cally by their numbering system, whereas in all other parts of this article the
default term “dipyrrin” implies a 2,2′-dipyrrin as mentioned previously. The phys-
ical and chemical properties of 2,2′- and 3,3′-dipyrrins largely depend upon the
effects of the substituents attached to the dipyrrin skeleton, as well as upon the
nature of the linkage in the case of bis(dipyrrin)s. 2,2′-Dipyrrins often have phys-
ical and chemical behaviors distinct from those of 3,3′-dipyrrins (Figure 9), and
the electronic absorption properties of a series of 2,2′- and 3,3′-dipyrrins and
related bis(dipyrrin)s have been extensively studied and compared.59 In particular,
dipyrrin HBr salts behave as weak electrolytes, partially dissociating to the proto-
nated dipyrrin and bromide ion in polar organic solvents. In polar aprotic solvents,

244 Wood et al.

b867_Vol-08_Ch-39.qxd  6/10/2010  4:49 PM  Page 244



the equilibrium moves further towards the ionic forms as the bromide anion is bet-
ter solvated. Solvolytic dissociation of the salts to generate free-bases in solution
occurs in polar protic solvents. Such electrolytic and/or solvolytic behavior can be
detected using absorption spectroscopy through the presence of shoulders repre-
senting the protonated dipyrrin or free-base dipyrrin, respectively, and/or through
the gradual transformation of spectra of salts into spectra of free-base dipyrrins in
polar protic solvents. Comparatively, the HBr salts of 3,3′-dipyrrins and 3,3′-
linked bis(dipyrrin)s are less stable than their 2,2′-analogs (i.e. dissociation occurs
more readily for 3,3′-dipyrrins and 3,3′-bis(dipyrrin)s than for 2,2′-dipyrrins), and
the decreased stability was estimated from the long wave shift of the N–H stretch-
ing vibration band in the IR spectra (Figure 9).59 The dissymmetry and planarity
of a 2,2′-dipyrrin was examined using an X-ray crystal structure of the correspon-
ding HBr and carboxylate salts.25 In contrast 3,3′-isomeric salts were found to be
weakly distorted from planarity, resulting in considerable bathochromic shifts of
the most intense bands in the electronic spectra.59

In studies relating to the antioxidant properties of dipyrrins and other oligopy-
rrolic compounds, a significant difference between isomeric dipyrrins was
observed. The 2,2′-dipyrrin, which mimics the linkage of natural linear
tetrapyrrolic compounds, was found to be an excellent antioxidant whereas the
3,3′-linked isomer was found to be inactive in this regard.60 To be an effective
antioxidant, it was found that the N–H group of the 2,2′-linked dipyrrins should
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be unprotected: the N-methylated compounds were not active antioxidants.61

Additionally, the antioxidant property was found to drop dramatically in methanol
due to hydrogen bonding at the pyrrolic N–H. Further to the electronic properties
of dipyrrins, some oxidation potentials of linear hexapyrroles and the guest recog-
nition abilities of cyclic oligopyrroles including metal complexes of Cs+, Rb+, and
K+ have been reported.62,63

The types of substituents attached to the dipyrrin have significant effect on the
physical and chemical properties of the dipyrrin, particularly with respect to sta-
bility and biological properties. It was observed that dipyrrins bearing alkyl and
benzyl substituents at the meso-position, and thus possessing an allylic acidic
proton, undergo base-promoted isomerization to give the corresponding
dipyrrinylethane as shown in Figure 10.64 As previously noted,34,65 dipyrrins bear-
ing aryl and heteroaryl substituents at the 5-position enjoy increased stability over
their 5-unsubstituted analogs, thereby facilitating easier handling and storage of
the former under aerobic conditions, even as their free-bases.

A pyrrole attached through its 2-position to a 2,2′-dipyrrin gives the skeleton
of the prodigiosin class of natural products, some of which possess important bio-
logical properties such as anticancer, antimicrobial, and immunosuppressive prop-
erties.66 Analogs of prodigiosin such as phenolic A-ring derivatives (Figure 11)
structurally resemble 2-(2′-hydroxyphenyl)benzimidazole, and other related sys-
tems, that can exist in syn- and anti-enol conformational forms. The syn-enol
undergoes photochemical tautomerization to the keto form, accompanied by a
large Stokes-shifted fluorescence. Indeed, such tautomerization to the keto form
occurs in the ground-state for the A-ring o-phenolic prodigiosin derivative shown
in Figure 11, in polar, protic solvents. Such proton transfer demonstrates yet
another route by which to alter the conjugation of the dipyrrolic moiety.67 As part
of studies to investigate the light vs. dark cytotoxicity of derivatives of prodi-
giosin, a buffered aqueous solution of an A-ring phenyl analog (Figure 11) was
photoirradiated in the presence of thioglycolic acid. Mono-, di-, and tri- conju-
gates of the dipyrrin and the thiol were subsequently isolated, thus supporting the
intermediacy of a dipyrrin-centered radical cation and providing a route to func-
tionally elaborated dipyrrins.68
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The 15N NMR chemical shifts for dipyrromethanes, dipyrrins, and dipyrrinato
complexes have been found to be diagnostic of gross structure concerning the oxi-
dation and complexation states of the dipyrrolic compounds, although such values
do not reveal information about the effect that substituents might have upon the
bonding environment of the nitrogen atom.69 This general method has found use
in reported 15N chemical shifts of numerous pyrrolic compounds, with generally
diagnostic values maintained.64,70–73

II. Dipyrrinato Complexes

A. Syntheses of Dipyrrinato Complexes

Popular procedures employed for the synthesis of dipyrrinato metal complexes
vary mostly in whether the dipyrrin ligand is isolated before complexation, or pre-
pared in situ. Generally, dipyrrins prepared by the condensation of pyrrolic
reagents are isolated before complexation, whereas the general procedure for the
oxidation of dipyrromethanes to dipyrrins is amenable to one-pot dipyrrin forma-
tion and complexation. The complexes formed can be classified according to the
nature of the cation complexed, whether the complex is homoleptic or heterolep-
tic, as well as whether the complex exists as a discrete molecular unit or as part of
a supramolecular complex.
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1. Complexation Geometries

Dipyrrinato ligands bind cations in a chelating κ 2 manner in the vast majority of
dipyrrinato complexes. As such, depending on the charge of the cation in the
complex, ML, ML2, and ML3 dipyrrinato complexes are isolable. The coordina-
tion geometry of the metal center in these complexes is influenced not only by
the nature of the metal ion, but also by steric interactions between substituents
at the 1- and 9-positions of multiple ligands brought into close proximity by
complex formation.74 The vast majority of homoleptic ML2 dipyrrinato com-
plexes adopt tetrahedral, or distorted tetrahedral, coordination geometry. The
distorted tetrahedral complex bis(5-phenyldipyrrinato) copper(II)31 shows that
interactions between 1- and 9-substituents as small as hydrogen atoms result in
the preferential formation of non-square-planar coordination geometry about the
complexed metal ion, although this is not the typical coordination geometry
adopted by copper(II) complexes. Another interesting example is the diamag-
netic low-spin complex bis(5-phenyldipyrrinato) nickel(II) (compound 5 in
Figure 12).31

Octahedral coordination geometry is observed for ML3 dipyrrinato complexes
as seen for iron(III) tris(5-phenyldipyrrinato), compound 6 in Figure 13.75 One
report describes the auto-oxidation in air of an unstable tetrahedral bis(5-
phenyldipyrrinato) cobalt(II) complex to the octahedral tris(5-phenyldipyrrinato)
cobalt(III) complex, and observes that the same product could be prepared from
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complexation of the dipyrrin ligand with an appropriate cobalt(III) salt.76 In the
1H NMR spectrum of the cobalt(III) complex, the relatively shielded chemical
shift of the 1- and 9-hydrogen substituents is somewhat diagnostic for octahedral
complex formation, as it results from these atoms being shielded by two adjacent
aryl dipyrrinato systems.76 Octahedral tris(dipyrrinato) complexes of iron(III),
cobalt(III), gallium(III), and indium(III) have been extensively studied for use in
the formation of metal-organic frameworks.34,75,77–84

Some exceptions to the κ 2 binding behavior of dipyrrinato ligands have been
noted. The first example of a pyrrolic unit of a dipyrrin binding a metal ion in an
η5 manner, analogous to pyrrole in azaferrocene,85 was reported by Bröring and
coworkers (Figure 14).86 It was demonstrated that the reaction of a bis(dipyrrin)
with Ru3(CO)12 produced a ruthenium-dipyrrin cluster (7) in which one of the pyr-
role rings was bound in an η5 manner to a ruthenium ion. An example of a silver
ion bound in an η2 manner to one of the pyrrolic units in a dipyrrin complex (8 in
Figure 14) was reported by Hosseini and coworkers,87 and was followed by the
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report of a related structure.88 Indeed, the number of reports of complexes and
macrocycles of dipyrrins involving coordination to silver has been increasing.

Although there are multiple conformations that dipyrrins can possibly
adopt,24,88 one conformation is observed in the vast majority of dipyrrinato com-
plexes. Reported complexes of dipyrrins in which the pyrrolic units have adopted
a conformation such that the nitrogen atoms are oriented in the same direction as
the 5-substituent are very rare. One report presented solid state structures of
dipyrrin complexes such as 9 in which protonated dipyrrins in an E-syn conforma-
tion formed supramolecular structures with tetrahalozinc anions (Figure 15).89 A
report has described the solid-state structure of a dimeric Ag(I) complex of 5-(4-
cyanophenyl)dipyrrin in which the dipyrrin ligands adopt an E-anti conformation.88

2. Scope of Metal Ions in Homoleptic Dipyrrinato Complexes

The variety of metal ions with which dipyrrins are known to form isolable
complexes is extensive. Upon deprotonation, the monoanionic dipyrrinato lig-
ands generally form neutral homoleptic (bearing two or more identical ligands
on a metal center) complexes. However, heteroleptic (bearing two or more
different ligands on a metal center) complexes have also been observed.
Dipyrrinato ligands are known to form homoleptic complexes with
magnesium(II),90 calcium(II),91,92 chromium(III),93 manganese(II),91,94,95 man-
ganese(III),94 iron(II),96 iron(III),75,76,79–81,96 cobalt(II),97–106 cobalt(III),76,80–82,107

nickel(II),31,91,92,97–99,101–106,108–110 copper(II),30,31,54,55,78,79,84,90–92,97,98,101–106,108,111–113
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zinc(II),30,31,54,55,82,91,97–99,101,102,105,106,108,114–119 gallium(III),34,84 ruthenium(II),120

rhodium(II),121 palladium(II),30,99,105,109,122 cadmium(II),99,105 indium(III),34,84 mer-
cury(II),99,105 thallium(I),123 and thallium(III).123 The synthesis of a lithium(I)
dipyrrin complex was described in which the lithium ion was unsupported by
coordinated solvent molecules in the solid-state structure,119 and other lithium
complexes were prepared and used in situ.39,124

3. Dipyrrinato Complexes of Boron

Chapter 37 in this volume is dedicated to a discussion of the syntheses and prop-
erties of boron difluoride complexes of dipyrrins (BODIPYs, Figure 16). Briefly,
these extremely important fluorescent molecules were first reported in 1968.125

Even in this earliest of reports the researchers described the intense fluorescence
of complexes of this type and this has become recognized as their signature prop-
erty. The effect of molecular structure upon the spectroscopic properties of boron
difluoride dipyrrinato complexes has received a great deal of attention in the
literature,19,24,27–29,33,58,70,114,126–155 and continues to be a vibrant research theme.

4. Heteroleptic Dipyrrinato Complexes

Although the most commonly described dipyrrinato complexes are of a homolep-
tic nature, the isolation of heteroleptic complexes is becoming increasingly
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frequent. A variety of studies have shown heteroleptic complexes in solution as
intermediates preceding the formation of homoleptic complexes.56,156–159

Absorption spectroscopy solution studies of the complexation of copper(II) chlo-
ride or zinc(II) acetate with dipyrrin ligands have been reported to exhibit an isos-
bectic point, whereas those involving copper(II) acetate do not.158 The somewhat
broad absorption profile for the dipyrrinato unit, as well as overlapping signals for
ligand, homoleptic, and heteroleptic complexes, creates a serious complication in
the analysis of electronic absorption spectra corresponding to complexation reac-
tions. With a number of heteroleptic species being possible along the reaction
pathway, the clarifications afforded by 1H NMR spectroscopy have made this a
useful technique for detecting the presence of these species.159

One factor that may promote the formation of isolable heteroleptic dipyrrinato
complexes is the resulting facilitation of a square planar coordination geometry
about the complexed cation, while the steric requirements of 1- and 9-substituents
force tetrahedral or octahedral coordination geometry in homoleptic complexes.
Examples of this are the proposed products from the attempted formation of a
homoleptic palladium(II) complex of dipyrrin 10: the heteroleptic complex 11 and
a bridged dimeric complex 12 (Figure 17).99 The structure of heteroleptic 11 was
later confirmed using X-ray analysis, with the dipyrrinato unit coordinated as a
monoanionic bidentate ligand and the dipyrrin coordinated as a neutral unidentate
ligand.122 To date, there are very few reports of homoleptic palladium(II) dipyrri-
nato complexes.30,160

Complexation reaction conditions have been shown to affect the formation of
heteroleptic dipyrrinato complexes. These variables include stoichiometry,119 the
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presence of non-dipyrrin species to coordinate with the metal ion,22,73 the choice
of solvent,22 the ionic radius of the metal ion,22 and the temperature utilized for the
reaction. As an example, in the preparation of mercury(II) dipyrrinato complexes,
the constitution of the product complex was shown to depend upon the salt used:
mercury(II) nitrate gave a homoleptic dipyrrinato mercury(II) complex, while
mercury(II) chloride gave a heteroleptic chlorodipyrrinato mercury(II) complex.99

Similarly, it has been shown that conducting complexation reactions in DMF, a
strongly coordinating solvent, promotes the formation of heteroleptic products.22

Dipyrrinato lithium(I) complexes have been used successfully as starting materi-
als in the preparation of several heteroleptic complexes.39,119

The scope of dipyrrinato complexation has recently been extended by reports
of aluminum complexes of the N2O2 type, whereby dipyrrins substituted in the 1-
and 9-positions with phenols, such as dipyrrin 13 in Figure 18, form tetradentate
complexes, such as 14, with aluminum(III).161 The aluminum complexes are rem-
iniscent of BODIPYs in that they are fluorescent. The addition of ZnCl2 to the alu-
minum complexes results in a change of absorption properties with the concurrent
formation of a heterometallic Al-dipyrrinato-Zn adduct, such as 15, courtesy of the
phenolic moieties binding to both aluminum and zinc.

Along a similar vein, a divalent tin complex has recently been reported.124 In
this example a lithium dipyrrinato complex was generated in situ by reacting a
dipyrrin free-base with n-BuLi at −78 °C, followed by the addition of SnCl2. The
dipyrrinato-Sn-Cl species thus generated exhibited similar fluorescence properties
to BODIPYs.124

Strongly-coordinating ligands, such as bidentate 2,2′-bipyridine (bipy),120

N,N′-bis(salicylidene)ethylenediamine (salen),88 acetylacetonato (acac),162,163 or its
hexafluoro-derivative (hfacac),78 are frequently the ancilliary ligand in heterolep-
tic dipyrrinato metal complexes. Another feature that makes acac and hfacac
excellent ancilliary ligands is the minimal steric encumbrance that they create
near the metal center (unlike the 1- and 9-substituents of dipyrrins).163 Thus,
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heteroleptic dipyrrinato complexes of this type can accommodate square planar
coordination geometry, such as for copper(II) and palladium(II).99 Heteroleptic
complexes of rhodium(I) have been reported to form upon the reaction of
[Rh(CO)2Cl]2 with dipyrrins in the presence of sodium acetate121 or potassium car-
bonate.164 These complexes each contain a bidentane dipyrrinato ligand and two
CO ligands. Heteroleptic iridium(III), ruthenium(III) and rhodium(III) dipyrrinato
complexes have also been reported, with the latter two having been investigated
as catalysts for transfer hydrogenolysis.165,166 In a rare example of a heteroleptic
complex in which the non-identical ligands are simply differently-substituted
dipyrrins, the preparation of [5-(cyanophenyl)-1-methoxydipyrrinato]bis[5-
(cyanophenyl)dipyrrinato] cobalt(III) complex was reported as a mixture with the
homoleptic complex tris[5-(cyanophenyl)dipyrrinato] cobalt(III).82

In another example, heteroleptic zinc(II) halide complexes 17 were prepared
from 5-(1-methylimidazol-2-yl)dipyrrin, 16, by reaction with zinc halides and
ammonia, while the homoleptic complex 18 could be prepared from zinc acetate
(Figure 19).73 The complexes 17 also serve as examples in which substituents on
the dipyrrinato ligand coordinate with the complexed metal ion. This mode of
chelation can result in the formation of discrete structures as in the case of the 5-
(2-pyridyl)dipyrrinato zinc(II) halide dimeric complexes,167 and monomeric
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nickel(II) and copper(II) diamidodipyrrinato complexes.168 However, this may
also result in the formation of vast coordination polymer networks.169

5. Demetalation of Homoleptic Dipyrrinato Complexes

Demetalation of dipyrrinato complexes can be achieved using several methods.
Treatment of the homoleptic 5-phenyldipyrrinato zinc(II) complex with excess
trifluoroacetic acid or methanolic hydrochloric acid was observed to result in
incomplete demetalation,30 which is somewhat surprising as many complexes
are labile under acidic conditions. Dithiothreitol (DTT, threo-1,4-dimercapto-
2,3-butanediol) has been used30 to effect complete demetalation of a variety of
dipyrrinato complexes when similar treatment with ethylene glycol proved
unsatisfactory. As an alternative method for demetalation, reduction of the
homoleptic 5-phenyldipyrrinato zinc(II) complex with sodium borohydride was
shown to give the corresponding dipyrromethane,30 akin to the well-documented
reduction of dipyrrins to give dipyrromethanes.170 The treatment of dipyrrinato
rhodium(I) complexes with bromine or chlorine has been observed to result in
demetalation of the complexes, generating the hydrobromide or hydrochloride
salts, respectively, of the dipyrrin ligands.121 Furthermore, the treatment of
dimeric dipyrrinato copper(II) complexes with potassium cyanide resulted in
complete demetalation.79,84 This method of demetalation allowed for the prepa-
ration of gallium(III) and indium(III) dipyrrinato complexes (22a, b in Figure 20)
that were not obtainable using standard one-pot procedures starting from
dipyrromethanes.84 As a consequence of reacting a copper(II) bis(dipyrrinato)
complex with artemisinin, a 1,2,4-trioxane natural product, cleavage of the per-
oxidic O–O bond in the antimalarial compound was accompanied by concomi-
tant cleavage of the Cu–N bonds and thus liberation of the metal and free-base/
artemisinin adduct: the same effect was observed with iron(III) dipyrrinato
complexes.171

6. Supramolecular Dipyrrinato Metal Complexes

The versatility of dipyrrins has made them a popular ligand in the design of
supramolecular metal coordination complexes. Tetradentate bis(dipyrrin) ligands,
in which two dipyrrin units are connected by a variable tether, have been shown
to form an array of discrete supramolecular complexes whose interesting geome-
tries can be controlled by factors such as the number of degrees of freedom and
the location of the linking points of the tether unit. An outline of the nomenclature
for bis(dipyrrin)s is shown in Figure 21, but the literature is rife with common-
place numbering for bis(dipyrrin)s. Dipyrrinato ligands that are substituted with

39/The Synthesis and Properties of Dipyrrins 255

b867_Vol-08_Ch-39.qxd  6/10/2010  4:49 PM  Page 255



metal-coordinating functional groups are finding utility in the formation of
extended coordination polymers or metal-organic frameworks.

a. Discrete helical complexes

Metal ion complexation products of bis(dipyrrin)s adopt helicate (chiral) or meso-
cate (non-chiral) structures, arising from the approximately perpendicular
arrangement of two bidentate dipyrrinato units to a single metal center as
shown in Figure 22. Even in complexes with non-tetrahedral coordination
geometries, the steric demands of the 1,9-positions of the dipyrrin force the two
dipyrrinato units out of plane, creating a helical twist in the ligand backbone. It
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has been demonstrated that these complexes can be formed stereoselec-
tively,21,172 as discussed in Section 8.

As with dipyrrins themselves, bis(dipyrrin)s were originally synthesized for
the intended use as precursors in the preparation of macrocyclic
tetrapyrroles,173–189 and also of strapped porphyrins.190 An account of the syntheses
of palladium(II) complexes of 1,12-bis(dipyrrin)s was reported by Fisher and
Stachel in 1939,173 work that was reproduced 20 years later, showing that these
complexes could be used to prepare oxacorrole palladium(II) complexes by oxida-
tive cyclization.174 Further investigations demonstrated the utility of nickel(II)
complexes of bis(dipyrrin)s for the synthesis of tetrahydrocorrins and cor-
roles.182–186 It was during these studies that it was first noted how a combination of
factors including reaction conditions, the nature of the coordinated metal ion, and
the structure of the bis(dipyrrin) ligand affected the shape and size of the metal
complex formed.185,186,191,192

As an example, bis(dipyrrin) ligand 23 (Figure 23) has been shown to form
dimeric complexes 24a, b when the metalation reactions were conducted in
methanol with cobalt(II) or zinc(II) ions. However, monomeric complexes 25a, b
were formed with nickel(II) and copper(II) favoring the formation of mononuclear
complexation products under these conditions.191,192 A similar bis(dipyrrin) ligand
had been shown to form monomeric complexation products with cobalt(II) when
metalation was conducted in ethanol, but dimeric products when the reaction was
conducted in methanol.185,186 Triple-stranded helicates and mesocates (non-chiral)
have been obtained using the same bis(dipyrrinato) ligand and cobalt(III) and
iron(III), i.e. both forms isolated from the same reaction mixture.193
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It has further been shown that steric demands of the 1,9-substituents20,194

affect the helicity of bis(dipyrrin) complexes, and that the points of connection
between the two dipyrrin units, and the number of degrees of freedom in the
tether, have an impact upon the metal-to-ligand ratio of the complexation prod-
ucts.195–201 The demonstrated ability to influence the shape of bis(dipyrrin) metal
complexes has created interest in their use to demonstrate metal-ion assisted self-
assembly, and in their potential as supramolecular building blocks.108,202 The solid
state structures of a number of 1:1, and 2:2 metal ion-to-bis(dipyrrin) complexes
have been reported, as well as the solid-state structures of a 3:3 zinc(II):1,1′-
bis(dipyrrin) molecular triangle196 and a zinc(II) 1,2′-bis(dipyrrinato) molecular
rectangle.203
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b. Metal-organic frameworks (MOFs)

Tris(dipyrrinato) iron(III), cobalt(III), indium(III), and gallium(III) complexes of
5-(4-pyridyl)dipyrrin self-assemble into heterobimetallic metal-organic frame-
works204 in the presence of silver(I) salts.34,80,81 X-Ray crystallography reveals that
each silver(I) ion is coordinated to three pyridyl ligands in the extended frame-
work generating two dimensional (6,3) networks (Schläfli symbol 63, vertex sym-
bol 6 .6 .6) or three dimensional (10,3) networks (Schläfli symbol 103, vertex
symbol 102

.104
.104),

205 depending on the choice of silver salt (Figure 24).34,81

MOFs prepared with AgOTf reliably formed three-dimensional (10,3) networks,
whereas the use of AgSbF6 produced two-dimensional (6,3) honeycomb-like net-
works. In the two-dimensional networks each silver(I) ion is coordinated to three
different dipyrrinato complexes (through intermolecular interactions with sub-
stituents at the 5-position) and also coordinated by a solvent molecule (e.g.
MeCN) rather than the SbF6

− anion. On the other hand, the use of AgPF6 gave two-
dimensional networks with tris(dipyrrinato) iron(III) and cobalt(III) complexes
and three-dimensional networks with tris(dipyrrinato) indium(III) and gallium(III)
complexes. Networks prepared with salts of AgBF4 reliably formed three-
dimensional (10,3) networks with iron(III) or cobalt(III) complexes. The use of larger
metalloligands such as cobalt(III) tris[5-(4-[pyridin-4-ethynyl]phenyl)dipyrrinato]
and iron(III) tris[5-(4-quinolynyl)dipyrrinato] overrode the anion templating
effect, and this is consistent with analogous organic systems.34,81 Given their facile
synthesis, the use of dipyrrinato ligands within such networks allows the possibil-
ity to tune optical, magnetic, and fluorescence properties within the framework, as
well as to develop porous materials with interesting photophysical properties.
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Furthermore, the octahedral coordination geometry of central metal ions provides
an opportunity to create homochiral extended solids.81 Carboxylate-functionalized
tris(dipyrrinato) rac-cobalt(III) complexes generated two-dimensional and three-
dimensional MOFs with infinite and trinuclear zinc(II) secondary-building units.77

However, under identical reaction conditions enantiopure metalloligands pro-
duced amorphous solids.77

Dipyrrins bearing suitable heterocyclic systems at the 5-position are also
capable of non-covalent interactions such as hydrogen bonding (Figure 25) and
metal coordination in the neutral and/or deprotonated forms.87,88 This strategy for
preparing extended networks of various types has seen extensive development,
and now dipyrrins with additional coordinated functional groups at the 5-position
are routinely used for the preparation of metallotectons, metallamacrocycles, and
heterometallic MOFs.81,88

Tectons are molecular subunits that engage in multiple reliable directional
intermolecular interactions as supramolecular synthons and can therefore serve as
building blocks for the rational construction of crystals and material in the solid
state. Enantiomerically pure and racemic cobalt(III) tris(dipyrrinato) complexes
bearing three trigonally directed substituents such as aryl-CO2H and diaminotri-
azinyl (DAT) groups in the 5-position, compounds 30a and b in Figure 26, are able
to generate molecular networks, building through hydrogen bonding within the
metallotectons.107,206 In essence, the complexed dipyrrinato units assemble via an
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additional mode of bonding, through intermolecular interactions such as hydrogen
bonding at moieties peripheral to the dipyrrinato heterocyclic core. In general, but
not always, crystalline complexes of the enantiomerically pure form pack less effi-
ciently than their racemic counterparts, and the crystallization of racemic mixtures
tends to produce racemic crystals rather than conglomerates of crystals composed
of single enantiomers.206 Metallotectons formed via the intermolecular interac-
tions of carboxyl groups apparently prefer to adopt one-dimensional zig-zag
chains through intertectonic hydrogen bonding, whereas those involving DAT
groups are hydrogen bonded to three neighbors with each DAT group participat-
ing in four hydrogen bonds, and thus generating highly porous and robust
networks.107,206

Mono- and dicyanophenyl substituted homo- and heteroleptic zinc(II) and
copper(II) dipyrrinato metalloligands combined with silver salts to generate
Ag(I)–C=C double bond interactions with one- and two-dimensional net-
works.87 Interestingly, 5-(4-cyanophenyl)dipyrrin free-base 31 combined with
AgBF4 to generate metallamacrocycle 32, whereas the heteroleptic (salen)
Co(III) dipyrrinato 33 complex formed metallamacrocycle 34 with Ag(SbF6)
after slow evaporation from benzene and benzene/acetonitrile respectively
(Figure 27).88 The average distance for Ag–C bonds in these complexes was
within the usual range for η1 and η2 arene–silver complexes (2.39–2.63 Å), and
the complex was determined to be unsymmetrical with one Ag–C contact
longer than the other.87,88
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Dipyrrins act as planar building blocks for self-assembled coordination
oligomers in combination with various spacer units.202 These interesting properties
of dipyrrins make it possible to create well-defined micro- and nanometer-sized
architectures of various shapes and sizes (Figure 28).202,207 Another approach to
linear short oligomeric chains of repeating dipyrrinato complexes involved the
synthesis of a bis(dipyrrin) with one of the dipyrrin units complexed with BF2.

208

Such capped bis(dipyrrin)s were then used as terminating units in oligomerization
complexation reactions involving free-base bis(dipyrrin)s linked by an aryl group.

Dipyrrins with a catecholyl group attached to the 5-position (35) react with
boron trichloride and produce self-assembled boron–dipyrrin macrocyclic
oligomers of trimeric 36, tetrameric 37, and pentameric 38 nature (Figure 29).137

The 11B NMR spectrum of such oligomers showed a broad singlet at around 7.51
to 7.64 ppm, reflecting the formation of a tetrahedral boron complex with a 5-
(catecholyl)dipyrrinato N2O2 ligand. Macrocycle 36, having a cavity at the core of
the molecule, can act as a supramolecular host with a binding site surrounded by
oxygen atoms.137 Thus, the introduction of K+, Rb+, and Cs+ to complex 36 caused
considerable spectral changes in the 1H NMR spectra as a consequence of titration
studies, and indicated the formation of 1:1 host:guest complexes. The Na+ ion,
with its ionic radius (0.97 Å) smaller than the radius of the cavity of complex 36
(1.4 Å), showed no interaction. The self-assembled square boron–dipyrrinato
complex 37 generated one-dimensional channels filled with solvent molecules.137
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Heteroleptic dipyrrinato complexes have proven useful in the construction of
extended networks and coordinative polymers. While homoleptic complexes of
copper(II) were observed to form when 0.4 equivalents of copper(II) acetylaceto-
nate was used in the complexation reaction,113 heteroleptic complexes were more
likely to be formed in the presence of stoichiometric, or excess, amounts of the
metal salt, as expected. This coordination is responsible for the formation of many
of the extended networks reported. For example, 5-(4-cyanophenyl)dipyrrin
formed a discrete heteroleptic complex with copper(II) acetylacetonate but the 5-
(4-pyridyl)dipyrrin heteroleptic complex formed a coordination polymer.

The discrete head-to-tail cyclic dimer 40 is formed upon reaction of one
equivalent quantity of Cu(hfacac)2 with two equivalents of 5-[3-(methylthio)
phenyl]dipyrrin, formed in situ from the corresponding dipyrromethane (39 in
Figure 30).78 The dimer is held together by two weak sulfur–copper(II) interac-
tions between the thioether moiety of one dipyrrinato ligand and the copper(II)
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center bound to the other dipyrrinato ligand. The isomeric dipyrrin 41 (Figure 30)
gives extended helical copper(II) coordination polymers upon reaction with Cu(hfa-
cac)2, whereby the thioether moiety weakly binds to the axial position of a square
pyramidal copper(II) center in a neighboring unit. The trifluoromethyl groups are
oriented in the solid state with self-aggregation, reminiscent of phase-separation
in fluoroalkanes. This interaction is extremely important to the stability of the
polymer as complexation of copper(II) acetylacetonate with 41 gave a heterolep-
tic complex that decomposed during isolation to give the homoleptic dipyrrinato
complex. Such disproportionation is common between solution and solid-state
dipyrrin chemistry, and between pre- and post-work-up procedures.159 Fluorine–
fluorine interactions dominated the tendency of 5-quinolinyl substituted dipyrrins
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to self-assemble into extended heteroleptic coordination polymers.209 Another dis-
crete heteroleptic head-to-tail cyclic dimer, Zn2(dipyrrinato)2Cl2, was formed when
5-pyridyl substituted dipyrrin (42) was reacted with zinc(II) chloride. The dimer was
found to be held together by each tetrahedral zinc(II) being coordinated to one
bidentate dipyrrinato ligand and the pyridyl moiety of the other dipyrrinato ligand.167

This work has been extended to include dipyrrins substituted in the 5-position
by aryl rings with appended 4-methanoate, 4-amido, and 4-nitro groups, and the
magnetic and thermal properties of complexes formed from such ligands have
been studied.210 Upon the formation of square-planar heteroleptic complexes con-
taining copper(II), the amido and nitro groups enabled the formation of polymeric
chains in the solid state through hydrogen bonding and coordinative contacts,
respectively. The ester functional group was used to immobilize a dipyrrin onto
Wang resin, and subsequent reaction with stoichiometric amounts of copper(II)
acetylacetonate gave immobilized heteroleptic Zn(dipyrrinato)(acac) complexes.
An interesting feature of such immobilized complexes lies in the ability of the
swollen polymer to react reversibly with pyridine.

In the quest for efficient light-harvesting systems and linear arrays capable
of efficiently transferring the energy from absorbed photons through multiple
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chromophores, dipyrrins have been used as auxiliary pigments and linkers in mul-
tiporphyrin structures. Typically, porphyrins have strong absorption profiles in the
blue region but weak absorption throughout the rest of the visible spectrum limits
their potential usefulness in light-harvesting arrays.30 The incorporation of auxil-
iary pigments that absorb in complementary regions has the potential to increase
the efficiency of the light-harvesting array in porphyrin–zinc(II) dipyrrinato–
porphyrin triads such as 43 in Figure 31.30 In essence, the dipyrrinato metal
complex links the two porphyrin units together and simultaneously provides
essential light-collection capabilities.

Fluorescence studies have indicated efficient energy transfer from the dipyrri-
nato moiety to the porphyrin, making such triads promising leads in the quest for
efficient light-harvesting systems.30 The ready self-assembly of homoleptic
dipyrrinato complexes, and thus the linking role of the unit, renders such com-
plexes advantageous over boron difluoride dipyrrinato complexes despite the
longer excited-state decay of the latter. However, it is interesting to note that triads
linked via dimeric dipyrrinato zinc(II) complexes were found to be unstable to
silica, and decomposition to the corresponding free-base ensued.30 Furthermore, it
was postulated from results of electrochemical studies that oxidation of both por-
phyrin–zinc(II) dipyrrinato–porphyrin triads and homoleptic dipyrrinato zinc(II)
complexes leads to demetalation.30 One approach30 used to prepare such triads
involved the Suzuki coupling of 5-(4-iodophenyl)dipyrrinato palladium(II) and a
porphyrin appended with a boronic-ester at a meso-position. Analogous arrays
involve boron difluoride dipyrrinato–porphyrin–boron difluoride dipyrrinato
triads such as 45a (Figure 32), or the corresponding rhodium(I) complex 45b.211
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A system involving a boron difluoride dipyrrinato–porphyrin–porphyrin
architecture, 46 in Figure 33, was reported as a suitable building block for incor-
poration into light-harvesting arrays designed as linear coordination polymers.212

Self-assembly of this system resulted from the affinity of imidazole for zinc(II)
porphyrins, and so an imidazole-appended porphyrin and a boron difluoride
dipyrrinato complex-appended zinc(II) porphyrin strapped with a phenanthroline
unit were brought into close proximity. The boron difluoride dipyrrinato moiety
absorbs energy that efficiently migrates to the porphyrin units. This self-assembled
approach to light-harvesting arrays presents an attractive synthetic alternative to
the use of covalent bonds to link appropriate absorbers and emitters. During
attempts to form corroles, a phlorin–dipyrrin conjugate was isolated as a low-yield
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side-product from the condensation/oxidation of perfluorinated benzaldehyde and
5-mesityldipyrrin.213

Multichromophoric systems containing ruthenium(II) tris(bipyridyl) com-
plexes and boron difluoride dipyrrinato units (Figure 34) allow electron-rich metal
centers, effective energy absorbing dipyrrinato complexes and electron-accepting
bipyridyl ligands to be united in a single structure (47).169 The twisted nature of
the structure, courtesy of methyl substituents on the dipyrrinato units, renders the
dipyrrinato and bipyridyl chromophores non-planar and so conjugation of the two
is prevented. In addition to efficient intercomponent energy transfer processes and
rich reversible redox behavior, the complexes exhibit phosphorescence assigned
to the boron difluoride dipyrrinato units. The latter is believed to be an effective
decay process due to the presence of the heavy ruthenium(II) center surrounded
by bipyridyl ligands.

7. Chemical Manipulations of Dipyrrinato Complexes

Chemical transformations to produce elaboration or diversification of dipyrrin
structures are rarely performed using dipyrrins in their free-base or salt form.82,154

Typically, these transformations are performed on the synthetic precursors to
dipyrrins, or on dipyrrinato complexes. These compounds are frequently more sta-
ble and easier to isolate than the dipyrrin free-bases and salts. The complexes have
an added advantage during purification, being generally less polar, more visible,
and less prone to streaking during chromatography. Manipulations of functional
groups on the 5-aryl substituents of dipyrrins are employed most frequently. This
provides minimal disruption to the electronic environment of the binding unit of
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the dipyrrinato ligand and capitalizes on the diversity of substituted aromatic alde-
hydes readily available for use in dipyrrin synthesis. There are an ever-increasing
variety of reactions that are being performed using dipyrrinato complexes as sub-
strates. The only apparent limitation is the requisite avoidance of strongly acidic
and/or reductive conditions so as to prevent demetalation of the dipyrrinato com-
plex, as discussed in Section II.A.5.

There are many examples of dipyrrinato complexes successfully used as reac-
tants in metal-catalyzed cross-coupling reactions. One article describes the use of
a boron difluoride dipyrrinato complex bearing an alkene attached by an alkyl
tether as a successful substrate for an alkene cross-metathesis reaction catalyzed
by Grubbs’ second generation catalyst.148 The Sonagashira reaction, or modifica-
tions thereof, has found particular success in application to coupling dipyrrinato
complexes.19,49,50,79,146,214–219 This reaction can be used to substitute both positions
on the 5-aryl ring substituents and on the rings of the dipyrrin. Macromolecular
light-harvesting arrays are commonly prepared by the coupling of boron difluoride
dipyrrinato units with porphyrins by means of the Sonagashira reaction.215,216 A
cautionary note was provided in a report demonstrating that palladium-catalyzed
Suzuki couplings are poisoned by free-base dipyrrins and zinc(II) and copper(II)
complexes of dipyrrins, and this was attributed to the sequestration of palladium
from the catalyst.30 The corresponding palladium(II) dipyrrinato complex 48 is
compatible with Suzuki coupling as shown in Figure 35, a method used for the
synthesis of the porphyrin–zinc(II) dipyrrinato–porphyrin triad 50.30

Dipyrrinato complexes have proven amenable to a variety of substitution reac-
tions both via aromatic substitution at positions on the dipyrrin unit or otherwise
on appended groups. The first reported substitution reaction of metal dipyrrinato
complexes was the sulfonation of boron difluoride dipyrrinato complexes for
the preparation of water-soluble fluorescent probes and laser dyes, as shown in
Figure 36.220,221 The increased nucleophilicity of the 2,8-positions over the 5-position
of complex 51 results in selective substitution to give disulfonate 52 in acceptable
yields. Recent investigations into the sulfonation of similar boron difluoride
dipyrrinato complexes by this method noted that considerable experimentation
was required to elucidate the optimal conditions for isolating high yields of pure
sodium sulfonate salt products.143

In a rare example of a chemical transformation performed upon a free-base
dipyrrin, as opposed to a dipyrrinato complex, 5-aryl-1,9-unsubstituted dipyrrins
have been shown to undergo metal-mediated alkoxy monosubstitution using sev-
eral different examples of alcohols.82 The partially optimized reaction conditions
showed that an oxidant, such as DDQ, was necessary for the alkoxy substitution
to occur, and that product yields were highest when weakly- or noncoordinating
solvents were employed.82 In the presence of an oxidant, such as ammonium
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cerium(IV) nitrate (CAN), and a 2-unsubstituted pyrrole, a nickel(II) bis(dipyrrin)
complex was found to undergo pyrrole exchange and pyrrylation at the newly
formed 5-position.20 Unsubstituted positions on the pyrrolic rings of boron diflu-
oride dipyrrinato substrates have been successfully shown to undergo halogena-
tion with bromine153 and iodine.222 However, 1,9-dichlorodipyrrinato complexes
have previously been prepared from the corresponding dichlorodipyrromethane.133

Additionally, a study demonstrating bromination reactions illustrated the regiose-
lectivity of this reaction wherein the first equivalent of bromine yielded a tenta-
tively assigned 1,9-dibromodipyrrinato complex, followed by the second and third
equivalent adding at the 2,8-positions to yield a cleanly isolable tetrabromo prod-
uct and a 1,2,3,7,8,9-hexabromodipyrrinato product, respectively.153 These halo-
gen-substituted dipyrrinato complexes can undergo subsequent substitution of the
halogen substituents by nucleophiles such as cyanide, sulfides, and various
amines.133 A 5-thiomethyl-dipyrrinato boron difluoride complex, an example of an
unusual 5-heteroatom-substituted dipyrrin, is known to undergo substitution of the
thiomethyl substituent with aniline to yield the corresponding 5-anilino-dipyrrinato
complex.131 Based upon the absorbance spectrum and its non-fluorescence, the
structure of this 5-aniline-substituted dipyrrinato ligand is thought to be more
closely represented as an N-phenyl-dipyrrolic iminium species.131

Other examples of substitution reactions include those in which the derivati-
zation transformation occurs at a substituent on the dipyrrin ring. Reports in the
literature have described the esterification of a hydroxy substituent on a dipyrri-
nato complex with an acrylate group, for subsequent polymerization reactions,223

and the substitution of the chlorine in a 5-chloromethyl-dipyrrinato complex with
dipicolylamine to form a tertiary amine.224 Motivated partly by the popularity of
fluorescent biomarkers, it has been demonstrated that boron difluoride dipyrrinato
complexes are compatible for use with the amide coupling reagent 2-chloro-4,6-
dimethoxy-1,3,5-triazine (CDMT)225 and carbodiimide reagents such as N,N′-
dicyclohexylcarbodiimide (DCC).132,226

Manipulations of functional groups on 5-aryl substituents of complexed dipyrri-
nato ligands are also known: for example, hydroxy groups on 5-phenol substituted
dipyrrins undergo alkylation.154 Boron difluoride dipyrrinato complexes are
amenable to tetrakis(triphenylphosphine) palladium(0)-mediated deprotection of allyl-
protected hydroxy substituents on 5-aryl substituents.145 The hydrogenation of the
nitro-group of 5-(4-nitrophenyl)dipyrrin complexes to yield 5-(4-aminophenyl)
dipyrrin complexes is a particularly useful transformation (Figure 37).51,76,225 It has
been demonstrated that primary amino groups present on 5-aryl substituents of
dipyrrinato complexes can be transformed into azide groups143 or, quantitatively,
into isocyanate or isothiocyanate groups which can subsequently undergo trans-
formations to give ureas and thioureas respectively by reaction with amines.51,135
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The azide products have been shown to successfully participate in copper-
mediated azide–alkyne cycloaddition reactions, the so-called “click” reac-
tions.143,150 In addition, diamino-substituted 5-aryl substituents can be transformed
into polyimine derivatives.51

In an interesting demonstration of the ability to perform manipulations of the
functional groups present in dipyrrinato metal complexes, the methyl ester of 53
(Figure 38) was saponified and then reformed through a series of organic proce-
dures.76 Further functional group interconversions performed using the optically
pure ∆ and Λ enantiomers of cobalt(III) complex 54 showed that the carboxamide
derivative could be dehydrated to give the cyano derivative, which could be trans-
formed into the diaminotriazine derivative by reaction with dicyandiamide and
potassium hydroxide without any loss of stereochemical purity throughout the
procedures.107
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Efforts to dehydrogenate rings attached to dipyrrins, in an attempt to
increase conjugation to the dipyrrin rings, have not been very successful.227,228

In one example, the attempted DDQ dehydrogenation of the methylene groups
in compound 55 to prepare boron difluoride complex 57 resulted in 56, in
which only one side of 55 had undergone dehydrogenation (Figure 39).228

Increasing the number of molar equivalents of DDQ failed to provide the
desired product and increasing the temperature of the reaction resulted in
decomposition of the starting material.227 Computational modeling of the reac-
tion revealed that the activation energy required to transform 56 to 57 was pro-
hibitively high as a result of the strong steric interactions created between the
hydrogen atoms of the aryl rings and the fluorine atoms when the dipyrrin lig-
and of the product is made planar upon dehydrogenation.228 In a related exam-
ple a symmetric dipyrrinato boron difluoride complex was reacted with 10
molar equivalents of DDQ in an attempt to dehydrogenate 1,2-butadiyl sub-
stituents and give a 1,2-butenyl product. However, an α-ketone derivative was
the only product isolated.227 This ketone product formed via a proposed mech-
anism of hydride abstraction, subsequent trapping of the carbocation with
water, followed by oxidation.227

Oxidations of methyl groups on the dipyrrin rings of boron difluoride dipyrri-
nato complexes can be performed as shown in Figure 40.223,227 In one example of
this reaction, the 1-methyl group of the dipyrrinato complex 58 was oxidized to a
formyl group using DDQ.223 Hydrogenation of aldehyde 59, catalyzed by
palladium on activated charcoal, yielded the corresponding alcohol with the
formation of two side-products: the formyldipyrromethane (with concomitant
demetalation), and regenerated 58.223 Alternately, methyl substituents have been
shown to undergo oxidation by lead(IV) tetra-acetate exemplified by the trans-
formation of dipyrrinato complex 58 into 60, a reaction traditionally used for the
oxidation of α-methyl groups of pyrroles.227
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An examination of the sulfoxidation of 5-thienyldipyrrinato complexes
showed a disparity between the boron difluoride complex in comparison to the
corresponding iron(III), cobalt(III), nickel(II), and copper(II) complexes.153 Under
the conditions examined, namely titration to 100 equivalents of mCPBA in ace-
tonitrile, a variety of boron difluoride derivatives cleanly undergo sulfoxidation of
the 5-thienyl substituent. However, the iron(III), cobalt(III), and copper(II) com-
plexes largely resist oxidation, while the nickel(II) complex undergoes extensive
degradation, presumably due to oxidation of the metal center.153

A particularly unique example of the chemistry of dipyrrinato complexes is
the retro Diels-Alder reaction to prepare the benzo-fused boron difluoride dipyrri-
nato product 62, as shown in Figure 41.229 The reactant dipyrrinato complex 61
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was prepared by condensing two equivalents of the corresponding tricyclic pyrrole
precursor with one equivalent of an alkyl or aryl acid chloride. This was followed
by boron complexation.229

Only a small fraction of the wealth of organic transformations is represented
in this review of chemical reactions performed upon dipyrrinato complex sub-
strates. There is much emphasis placed upon the manipulations of dipyrrinato
complexes of boron difluoride in the literature. This undoubtedly stems from the
great interest in modification of these complexes to fine-tune their optical proper-
ties, or to attach selective binding receptors. There remains a great opportunity
to explore the potential diversity of chemical transformations of dipyrrinato
complexes.

8. Stereochemistry of Dipyrrinato Metal Complexes

Due to their bidentate binding mode, dipyrrinato ligands have potential to form chi-
ral homoleptic metal complexes with tetrahedral and octahedral coordination geome-
tries. Tetrahedral homoleptic bis(dipyrrinato) complexes of unsymmetrical ligands
are chiral as shown in Figure 42. Similarly, tetrahedral complexes of bis(dipyrrin)
ligands (in which two dipyrrin units are attached by a linker) form M (left) and P
(right) helical enantiomers. Octahedral homoleptic tris(dipyrrinato) complexes
are propellor-shaped and therefore exhibit Λ and ∆ chirality (Figure 42). Several
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studies have shown that optically pure dipyrrinato complexes are stable to racem-
ization.203 Enantiopure cobalt(III) tris(dipyrrinato) complexes were subjected to
reaction conditions for further chemical manipulation of functional groups on the
ligand with no observed loss of stereochemical purity.107,172,230,231

In the absence of any chiral influence the dipyrrinato metal complexes
described above form as racemic mixtures of enantiomers. There has been a great
deal of research interest focused on the preparation of optically pure dipyrrinato
metal complexes either by resolving racemates, or by chiral templating and chiral
induction during synthesis. Several examples have been reported of the successful
resolution of M and P helical bis(dipyrrinato) complexes achieved using HPLC
and a chiral stationary phase.21,172,194,230 The precipitation of diastereomeric salts
formed with (−)-cinchonidine has been demonstrated as a method to resolve the Λ
and ∆ enantiomers of tris[5-(4-carboxyphenyl)dipyrrinato] cobalt(III).107

High levels of stereoselectivity have been reported for the preparation of
metal complexes of chiral-templated dipyrrinato ligands.107 Characterization using
HPLC, 1H NMR spectroscopy, circular dichroism, and X-ray structure analysis
supported the formation of a helical zinc(II) complex of a homochiral binol-linked
bis(dipyrrinato) ligand with a diastereomeric ratio of > 99:1.21,172 It has been
shown that the stereoselectivity of the complexation process, as well as the ratio
of ligand to metal ions, and the degree of helicity of the formed complex is influ-
enced by structural features of the bis(dipyrrin) ligand such as the degrees of free-
dom provided by the linker group, and the points of connection, that is to say 2,2′-
versus 3,3′-connection.232 The use of chiral reagents to induce stereoselective
dipyrrinato complex formation has shown some success.21,194 In some examples
distant point chiral auxiliaries substituted on a dipyrrinato ligand achieved small
amounts of diastereoselectivity during zinc(II) complexation.114,231,234 In another
example, the use of copper(II) salts of either enantiopure R- or S-mandelic acid
were shown to induce a modest degree of stereoselectivity in the formation of
helical copper(II) complexes of dipyrrin-containing cyclooctapyrroles.233 The
same report demonstrated that diastereoselectivity for the formation of complexes
of these cyclooctapyrroles from copper(II) chloride could be induced through
the use of R-α-methylbenzylamine as an enantiopure base.233 An interesting
report described the preparation of metal-coordinated macrocycles from the
phenylethynyl-linked bis(dipyrrin) ligand 63 as seen in Figure 43.202 The space
within the macrocycle cavity is large enough to allow rotation of the zinc(II)
bis(dipyrrinato) units, resulting in the transition between chiral (∆∆- and ΛΛ-64)
and achiral (meso) isomers.

Despite the popularity of BODIPY compounds, the synthesis of chiral boron
difluoride dipyrrinato complexes is a relatively unexplored area of research.155

Enantiopure atropisomeric binaphthyl auxiliaries attached through the 5-position

276 Wood et al.

b867_Vol-08_Ch-39.qxd  6/10/2010  4:49 PM  Page 276



of the dipyrrinato ligand were the source of chirality in one boron difluoride com-
plex, 65 in Figure 44.236,237 Analysis of the rate of fluorescence quenching of the
chiral boron difluoride dipyrrinato complex 65 by amines revealed differential
quenching by enantiomers of chiral amines.236,237 It was proposed that the observed
differential quenching rates could be exploited for chiral discriminations. In
another report regarding chiral boron difluoride dipyrrinato complexes such as 66
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in Figure 44, aryl substituents bearing a stereogenic center serve as the source of
chirality at either the 5- or the 1,9-positions of the dipyrrinato ligand.238

B. Properties and Reactions of Dipyrrinato Complexes

The steric interactions between 1,9-substituents of dipyrrins,99 even substituents
as small as hydrogen atoms, were found to distort the geometry of coordination
about the metal ions, as discussed in Section II.A.1. Even those metal(II)
ions that usually prefer square planar coordination geometry were found to
adopt pseudo-tetrahedral coordination geometry with dipyrrinato ligands.239,240

These observations prompted the study of conductivities,241 magnetic suscepti-
bility,94,96,102,105 ligand field parameters,94,104,110 X-ray crystal structures,92,105,122,239,240

and spectroscopic behavior from absorption spectra,91,94,96,102–106,110,115,122 X-ray
powder spectra,102,106 IR spectra,91,94,96,103,104,106,115 1H NMR spectra,91,105,115,121,122,242

and ESR spectra106,112 for a wide variety of dipyrrinato metal complexes, as pre-
viously summarized.24

The complexation of dipyrrinato ligands has recently been studied using
absorption spectroscopy, calorimetry, and 1H NMR spectroscopy. All revealed
the intermediacy of heteroleptic dipyrrinato metal complexes in the complexa-
tion process to form homoleptic complexes as seen in Figure 45 and discussed
in Section II.4.159,243 Thermodynamic data such as equilibrium constants have
been reported55,157,244–246 for the complexation process, although the intermediate
heteroleptic complexes were not accounted for in the calculations. More recent
publications confirm the observation of the heteroleptic intermediates,162,247 and
reveal that the equilibria moves towards the formation of homoleptic dipyrrin
complexes by alteration of factors such as basicity243 and the coordination pref-
erences of the metal salt anion.162 For example, metal chlorides do not form het-
eroleptic dipyrrin complexes as readily as metal acetates, acetylacetonates or
valinates.
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1. Fluorescent Dipyrrinato Metal Complexes

Dipyrrinato complexes of BF2 (BODIPYs) are strongly fluorescent, having a high
fluorescence quantum yield, whereas the corresponding dipyrrin free-bases are
generally not strongly fluorescent (with some exceptions). BODIPYs are currently
in the midst of a substituent revival, with the fluoride substituents on the boron
atom being replaced by a number of alternative substituents. The chemistry of
BODIPYs is not extensively covered in the current chapter, but some select exam-
ples are included here as they exemplify the ability of the dipyrrinato ligand to
support the boron atom as it is cajoled into compromising bonding environments.
In one case,70 a borenium cation was generated through mono-fluoride extraction
of a BODIPY (67 in Figure 46) using the triethylsilylium ion. The stabilization of
the planar three-coordinate borenium ion usually requires a bulky ligand set, yet
the dipyrrinato ligand and a single fluoro ligand were able to effect such stabi-
lization in this case. A borenium hydride, 69, was subsequently prepared via treat-
ment with DIBAL-H, and the hydride was then converted into the corresponding
tetrahedrally coordinated boronium ion, 70, through treatment with DMAP. The
incorporation of a dipyrrinato ligand into a sensor for fluoride ions through the use
of boronium ions has also been reported, again exploiting the excellent capacity
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of the dipyrrinato ligand to support novel bonding environments for the boron
atom.249 Perfluoroaryl-substituted BODIPYs have also been reported, whereby the
boron atom was coordinated to one or two perfluorophenyl groups or a perfluo-
rodiphenyl moiety. Borenium ions were generated via fluoride abstraction from
a complex with one perfluorophenyl and one fluoro substituent on the boron
atom.248

Although it was traditionally believed that homoleptic dipyrrinato metal com-
plexes were nonfluorescent, it was reported that the zinc(II) dipyrrinato complex
71 in Figure 47, bearing a mesityl substituent at the 5-position of the dipyrrinato
unit, is highly fluorescent.116 Furthermore, 5-phenyl and 5-(4-tert-butylphenyl)
substitution results in very weak emitters, as seen for 72a and b. Presumably the
2,6-methyl groups of the mesityl group within 71 prohibit internal rotation, and so
dramatically enhance the excited-state lifetime of complexes involving 5-
mesityldipyrrinato ligands. These types of emitting dipyrrinato complexes would
be ideally suited to applications for which intense absorption and fluorescence
attributes in the visible region are desirable. As dipyrrinato ligands facilitate self-
assembly, they are also valuable synthetic linking tools for supramolecular chem-
istry applications (see Section II.A.6). Homoleptic gallium(III) and indium(III)
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analogs of 71 exhibit decreased levels of fluorescence.84 Increased fluorescence as
a result of inhibition of the rotation of an aryl group in the 5-position is also seen
for a 5-(2-pyridyl)dipyrrinato ligand which forms a head-to-tail cyclic dimer, 73
in Figure 47, in the zinc(II) complex prepared using zinc(II) chloride.167 The het-
eroleptic dimer contains two zinc(II) centers, two tridentate ligands and two coor-
dinated chloride ions. The nitrogen atom of the pyridyl group satisfies tetrahedral
zinc(II) coordination, and so rotation of the pyridyl group relative to the dipyrri-
nato unit is prohibited.

Bis-fullerenes coupled through a homoleptic dipyrrinato zinc motif have been
reported.250 In this case, dipyrrins appended with a substituent at the meso-position
enabled the attachment of a fullerene. Coupling of such fullerene-appended
dipyrrins via reaction with zinc(II) gave a bis(dipyrrinato) complex and thus
brought together two fullerenes into the same molecule. The complex was studied
for its fluoresence and energy-transfer properties, and was of special interest due to
its two different constituent chromophores. A similar strategy using copper(II) was
used to bring two 1,4-benzoquinine-containing triazoles into the same molecule.251

2. Electrochemical Studies of Dipyrrinato Complexes

Dipyrrins and their metal complexes exhibit intense ligand π → π* transition
afforded by electronic conjugation of the dipyrrinato system. Electrochemical
studies of dipyrrinato complexes reveal consistent behavior for ligand-centered
oxidations and reductions, although some variances due to molecular structure
have been observed. The redox behavior of free-base dipyrrins is similar128,230,252,253

to that of their protonated forms, although lower oxidation potentials are observed
for the free-bases and this can be rationalized by the reduced electron availability
in the protonated systems.253 Of course, the electrochemical properties of dipyrri-
nato complexes also differ with respect to the nature and oxidation state of the
complexed metal ion.230,252,254 For dipyrrins with aryl substituents in the 5-position,
the Hammett constants for the various aromatic substituents have been shown to
directly correlate to the redox potentials of the corresponding nickel(II) dipyrri-
nato complex.230

Nickel(II),230 copper(II),252,254 and palladium(II)254 complexes of 1,1′-bis(5-
aryldipyrrin)s exhibit two reversible redox couples, although verification of the
second reduction is sometimes limited by the electrolytic discharge limit.230

Iron(III) complexes of 5-aryl dipyrrins display one quasi-reversible one-electron
oxidation, with little variance upon the nature of aryl substituents at the 5-
position.75,79 The electronic absorptions for the heteroleptic iron complexes 74, 75,
and 76 are observed in the range 460–518 nm, much like for their porphyrin con-
geners. Cyclic voltametry disclosed their fully reversible one electron FeIII/II redox
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wave centered at −400 mV vs. an internal ferrocene reference (Figure 48).39 The
high-spin iron(II) dipyrrinato complexes 74 and 75 were reacted with organic
azides (R–N3) to expel nitrogen (N2) and produce amination products (76), via
C–H activation of a neighboring methyl group of an α-mesityl substituent, pre-
sumably induced by the Fe–dipyrrinato center.

Zinc(II) complexes of dipyrrins substituted with aryl groups at the 5-position
undergo two highly irreversible one-electron oxidations,30 the irreversibility having
been attributed to demetalation of the complex upon formation of the mono- or dica-
tion.30 The electrochemical behavior of BODIPYs14,18,48,50,51,169,216,225,228,229,236,255–264 is
often used to calculate HOMO–LUMO gaps for energy diagrams.169,230 Generally,
BODIPYs undergo one reversible one-electron oxidation, and one reversible
one-electron reduction,255 although scanning at more positive and negative
potentials than are routinely used has revealed additional irreversible redox reac-
tions.256 Effecting increased conjugation by substitution with, for example,
electron-donating groups has been found to stabilize the radical cation formed
upon electrochemical oxidation and therefore make the oxidation potential of the
corresponding substituted BODIPYs less positive. However, substitution with
electron-withdrawing groups has been found to make the oxidation potential more
positive.49,51,145,169,259,260,265 Substituents with a higher HOMO energy level than the
BODIPY unit diminish the fluorescence properties of BODIPYs (Figure 49).145,152

Chemical modification of such substituents to give derivatives with a compara-
tively lower HOMO energy level would generate strongly fluorescent compounds.
This strategy has been used as a probe for the detection of the oxidant hypochlor-
ous acid (HOCl).145

The position at which groups conjugated to dipyrrins are situated has been
shown to have little effect upon the redox potentials of BODIPYs.18,265 For exam-
ple, 77 and 78 (Figure 50) have essentially the same redox profile.18 Some
BODIPYs of dipyrrins substituted with pyridyl moieties at the 5-position have
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been shown to possess electrochemical properties that are quite different to those
of typical complexes in dichloromethane.49 This observation, presumably due to
reaction of the radical cation (formed upon oxidation) with the solvent, was found
to be eliminated by recording the cyclic voltammograms in acetonitrile.49 In com-
pounds that contain more than one boron difluoride dipyrrinato unit, it has been
observed that the two (or more) units undergo reduction at different potentials,
indicating that the units are electronically isolated.169,258

III. Concluding Remarks

Dipyrrins and complexes thereof have interesting features to offer to many fields
of research. The variable structure and functionalizations afforded by these
molecules determine many useful biological, optical, electrochemical, and stereo-
chemical properties. The increasing number of methods available for preparing
increasingly diversely functionalized dipyrrins, and the expanding ability to char-
acterize the properties of these molecules promise a dynamic and exciting future
for dipyrrin research. Hopefully this chapter has provided a reference to where
dipyrrin research has ventured in exploring the potential of these interesting and
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adaptable molecules. Hopefully, it will also provide some new directions for
exploration.
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List of Abbreviations

OEP dianion of octaethylporphyrin
TPP dianion of tetraphenylporphyrin
OEOP monoanion of octaethyloxaporphyrin
OEPO trianion of octaethyloxophlorin
OEB trianion of ocatethylbilindione
py pyridine

I. Introduction

This article focuses on the coordination chemistry of a closely related set of
tetrapyrrole ligands whose fundamental skeletons are shown in Scheme 1. These
tetrapyrrole ligands are formed during the process of heme destruction and this
chapter will emphasize the interrelationships of these ligands as heme degradation
products and as ligands that impart distinctive chemical and physical properties to
their complexes. The well-known porphyrin macrocycle provides a nearly planar
array of four nitrogen atoms and usually coordinates as a dianion through the loss
of the two N–H protons. The oxaporphyrin macrocycle found in verdoheme has
an oxygen atom replacing one of the meso carbon atoms and usually coordinates
metal ions as a monoanion. The two open-chain tetrapyrroles shown in Scheme 1
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differ from the macrocycles in that they have helical structures that are produced
in order to avoid contact of the terminal substitutents. The formylbiliverdin ligand
coordinates as a dianion, while the bilindione ligand can lose three protons to form
a trianion. There are a number of other open-ring tetrapyrrole ligands, such as
the products of nucleophilic attack on verdohemes, that are related to the
formylbiliverdin ligand and coordinate metal ions as a dianion. These different
tetrapyrrole ligands are linked through a series of oxidation reactions of metallo-
porphyrins, as explained below.

A. Heme Catabolism

The enzyme heme oxygenase binds heme as the substrate and utilizes dioxygen to
carry out a regiospecific opening of heme at the α-methine position, as shown in
Scheme 2.1–3 In the process, the α-methine carbon is converted to carbon monox-
ide, and iron is eventually released to give biliverdin as the final product. A sec-
ond enzyme, biliverdin reductase, subsequently reduces biliverdin to bilirubin, the
yellow pigment responsible for jaundice in humans. The regiospecificity of the
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oxidation is introduced in the initial step of the process, which produces a meso-
hydroxylated heme as a detectable intermediate in the reaction.4 The coordination
chemistry of meso-hydroxylated porphyrins or oxophlorins has been reviewed
elsewhere.5 A green heme, verdoheme, is a second intermediate that is formed dur-
ing the heme-oxygenase-catalyzed oxidation.6 The crystal structures of verdoheme
bound to human heme oxygenase and to rat heme oxygenase 1 have been
reported.7,8

B. Coupled Oxidation

Heme and other iron porphyrins are also converted into biliverdin, carbon monox-
ide and free iron ion by the purely chemical process of coupled oxidation.9 In this
procedure, the iron porphyrin is subjected to aerial oxidation in solution in the
presence of an excess of axial ligands (pyridine or cyanide ion) and a reducing
agent (ascorbic acid or hydrazine).10,11 This reaction also produces meso-hydroxylated
heme and verdoheme as intermediates. However, coupled oxidation of unsym-
metrical hemes does not induce the regiospecific opening of heme that is charac-
teristic of the heme oxygenase reaction. Thus, it is the protein, not the
porphyrin alone, that guides this hydroxylation step. Coupled oxidation can also
be used to oxidize heme proteins.12–14 This process also results in heme cleavage
and the eventual release of biliverdin. Similar intermediates, meso-hydroxylated
heme and verdoheme, are involved. Coupled oxidation of myoglobin and an active
site variant of myoglobin results in cleavage that occurs exclusively at the α-meso
carbon.15

Finally, we note that open-chain oligopyrroles are utilized as pigments in
chemistry and biology.16 As a particularly relevant example, zinc biliverdin com-
plexes have been found to be pigments in the eggshells of birds.17,18

II. Verdohemes

A. Verdoheme Formation by Porphyrin Oxidation 

Verdohemes are produced chemically by the process of coupled oxidation, as
described above.19,20 Scheme 3 summarizes the results of detailed studies of the
verdoheme products from coupled oxidation of (py)2FeII(OEP) (py is pyridine and
OEP is the dianion of octaethylporphyrin) in pyridine solution with hydrazine as
the reducing agent.21,22 As seen in this scheme, the iron center can undergo a set of
reactions that include changes in the oxidation state, axial ligation, and spin state
without disruption of the oxaporphyrin ring. The oxaporphyrin ring resembles a por-
phyrin. However, the oxaporphyrin ligand bears a 1− charge, whereas a corresponding
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porphyrin carries a 2− charge. The coupled oxidation of (py)2FeII(OEP) in the
presence of pyridine results in the formation of green, diamagnetic
[(py)2FeII(OEOP)](PF6), which has been isolated as a somewhat air-sensitive solid.
The structure of the cation, [(py)2FeII(OEOP)]+, is shown in Figure 1. The oxapor-
phyrin ligand is planar and the iron is six-coordinate. Treatment of [(py)2FeII

(OEOP)](PF6) with hydrochloric acid or hydrobromic acid in air results in the
formation of paramagnetic X2FeIII(OEOP) (X = Cl or Br). Structural studies by
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1H NMR spectroscopy and X-ray crystallography reveal that the iron in
X2FeIII(OEOP) is six-coordinate and high-spin (S = 5/2). As seen in Figure 2, the
iron in Br2FeIII(OEOP) resides in the plane of the oxaporphyrin and is coordinated
by two equivalent axial bromide ligands. Treatment of X2FeIII(OEOP) with strong-
field ligands, CN− or 4-methylimidazole (4-MeIm), results in the substitution of
the axial anionic ligands and the formation of low-spin, six-coordinate complexes,
as seen in Scheme 3. Reduction of X2FeIII(OEOP) with sodium dithionite yields
air-sensitive XFeII(OEOP), whose oxidative chemistry is discussed in Section E.
Paramagnetic XFeII(OEOP) contains a five-coordinate iron, which is also high-
spin (S = 2). The structure of ClFeII(OEOP) as determined by single crystal X-ray
diffraction is shown in Figure 3. The oxaporphyrin ligand is not planar but domed.
The iron is 0.69 Å out of the porphyrin plane and bound to a single axial bromide
ion. The average Fe–N distance increases from 1.964 Å in the iron(III) complex
to 2.094 Å in the iron(II) complex. When XFeII(OEOP) is dissolved in pyridine,
[(py)2FeII(OEOP)]Cl is produced.

Conducting the coupled oxidation of FeII(OEP) in the presence of a large
excess of potassium cyanide results in the formation of low-spin, six-coordinate
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Figure 1. A drawing of [(py)2FeII(OEOP)]+ with uniform spherical atoms. Hydrogen atoms
are not shown. As is usual with structures of oxaporphyrins, there is disorder in the position
of the oxygen atom. The two sites labeled O1 and O1A are occupied equally by an oxygen
atom and by a carbon atom. For clarity, the counter anion, (PF6)−, is not shown. Drawn from
data in Balch, A. L.; Koerner, R.; Olmstead, M. M. J. Chem. Soc., Chem. Commun. 1995,
873–874.
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(NC)2FeIII(OEOP), as seen in Scheme 3.11 (NC)2FeIII(OEOP) can be reduced to
air-sensitive [(NC)2FeII(OEOP)]− by reaction with sodium dithionite.

The reaction of [(py)2FeII(OEOP)]Cl with an excess of ammonium hexa-
fluorophosphate and hydrofluoric acid produces the high-spin, five-coordinate
complex (PF6)FeII(OEOP), which may be subsequently converted into
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Figure 2. A drawing of Br2FeIII(OEOP) with uniform spherical atoms. There is disorder in the
position of the oxygen atom but this is not shown. Drawn using data in Balch, A. L.;
Grazynski, L. L.; Noll, B.; Olmstead, M. M.; Szterenberg, L. Safari, N. J. Am. Chem. Soc. 1993,
115, 1422–1429.

Figure 3. A drawing of ClFeII(OEOP) with uniform spherical atoms. There is disorder in the
position of the oxygen atom but this is not shown. Drawn utilizing data in Balch, A. L.;
Grazynski, L. L.; Noll, B.; Olmstead, M. M.; Szterenberg, L.; Safari, N. J. Am. Chem. Soc.
1993, 115, 1422–1429.
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[µ-O{FeIII(OEOP)}2](PF6)2 by reaction with dioxygen.23–25 The structure of the
dication in [µ-O{FeIII(OEOP)}2](PF6)2 is shown in Figure 4. The dication [µ-
O{FeIII(OEOP)}2]

2+ is the analog of the well-known porphyrin µ-oxo-dimer, e.g.
(µ-O){FeIII(OEP)}2.

26

Exposure of the novel dimer, {FeIII(µ-OEPO)}2, to dioxygen after the addition
of an isocyanide (RNC), which may be xylyl isocyanide or t-butylisocyanide,
offers a route to the formation of diamagnetic, six-coordinate (RNC)2FeII(OEOP),
as shown in Scheme 4.27 Crystallographic characterization of (xylylNC)2FeII(OEOP)
indicates that the structure is similar to that of [(py)2FeII(OEOP)]+ (see Figure 1)
and that the oxaporphyrin ring is planar.

Coupled oxidation has also been utilized with FeII(TPP) (TPP is the dianion of
tetraphenylporphyrin) as the substrate.28 No evidence of the formation of verdo-
hemes was reported in this reaction. However, several iron-free, open-chain
tetrapyrroles were isolated as products.28

Although the coupled oxidation procedure is usually performed with iron por-
phyrins, it can be modified to utilize cobalt porphyrins as well. For example, it is
possible to convert CoII(OEP) into a number of products including the verdohemes
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Figure 4. A drawing of the dication in the salt [µ-O{FeIII(OEOP)}2](PF6)2 with uniform
spherical atoms. For clarity the ethyl groups are not shown. Drawn from data in Khorasani-
Motlagh, M.; Safari, N.; Noroozifar, M.; Saffari, J.; Biabani, M.; Reboucas, J. S.; Partick, B.
Inorg. Chem. 2005, 44, 7762–7769.
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Cl2CoIII(OEOP) and [CoII(OEOP)](PF6) through oxidation, as shown in Scheme 5.29,30

Treatment of CoII(OEP) with air in pyridine did not produce evidence of the for-
mation of the corresponding verdoheme or biliverdin, but by changing the solvent
to an 8:1 ratio of dichloromethane:tetrahydrofuran and cooling it was possible to
observe the formation of a green suspension from which the various products
shown in Scheme 5 were obtained. The crystallographically determined structures
of six-coordinate, diamagnetic Cl2CoIII(OEOP) and four-coordinate, S = 1/2
[CoII(OEOP)]+ are shown in Figure 5.

B. Verdoheme Formation by Dehydration of a Bilindione

Verdohemes can also be obtained by dehydration of the corresponding bilindione
(biliverdin). Scheme 6 shows a prototypical reaction of this sort — the conversion
of a bilindione to zinc verdoheme through reaction with a zinc(II) salt.31 The struc-
ture of the product with a five-coordinate zinc ion and a slightly domed oxapor-
phyrin ligand is shown in Figure 6.

III. Open-Chain Tetrapyrroles from Ring Opening
of Verdohemes

Verdohemes are subject to ring opening through the attack of external nucle-
ophiles. This reaction has been widely employed to produce a variety of stable
zinc(II) complexes with helical structures. These zinc(II) complexes are diamag-
netic and readily characterized by UV-visible and 1H NMR spectroscopy.

Addition of methoxide, methanethiolate, or dimethylamide to zinc verdoheme,
[ZnII(OEOP)](O2CCH3), proceeds in a good yield to produce helical complexes of
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the open-ring tetrapyrroles, as shown in Scheme 7.32,33 Presumably, these ring-
opening reactions proceed through nucleophilic attack on a carbon atom adjacent
to the oxygen atom of the verdoheme. Each of the products, ZnII(OEBOMe),
ZnII(OEBSMe), and ZnII(OEBNMe2), has been isolated and characterized by sin-
gle crystal X-ray diffraction. Figures 7 and 8 show the structures of
ZnII(OEBOMe) and ZnII(OEBNMe2), respectively. The ligands in ZnII(OEBOMe),
ZnII(OEBSMe), and ZnII(OEBNMe2) all adopt a helical geometry that is charac-
teristic of the geometry of H3OEB and many complexes of other open-chain
tetrapyrrole ligands. In each complex, the four-coordinate zinc ion has a geometry
that is best described as a flattened tetrahedron. Generally, the Zn–N distance
to the pyrrole ring bearing the added nucleophile is the longest of the four Zn–N
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Figure 5. A, a drawing of Cl2CoIII(OEOP) with uniform spherical atoms from data in Balch,
A. L.; Mazzanti, M.; Olmstead, M. M. J. Chem. Soc., Chem. Commun. 1994, 269–270. B, a
drawing of the cation in the salt [CoII(OEOP)](PF6) with uniform spherical atoms from data in
Balch, A. L.; Mazzanti, M.; St. Claire, T.; Olmstead, M. M. Inorg. Chem. 1995, 34, 2194.
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distances. For example, in ZnII(OEBNMe2), the Zn–N(1) distance is 2.184(5) Å,
which is the longest of the four Zn–N distances. The other Zn–N distances fall in
the range 2.002(5)–2.022(5) Å and are slightly shorter than those found in zinc
porphyrins, where the Zn–N distances fall in the range of 2.06–2.07 Å.34 In
ZnII(OEBNMe2), the environment about N(5) of the dimethylamide group is planar.
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Figure 6. A drawing of chloro-(5-oxonia-mesoporphinato-dimethyl ester)-zinc(II) with
uniform spherical atoms. Drawn using data from Fuhrhop, J.; Krüger, P.; Sheldrick, W. S.
Liebigs Ann. Chem. 1977, 3, 339–359.
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The C–N(5)–C bond angles, C(1)–N(5)–C(37), 122.0 (6)°, C(1)–N(5)–C(38),
123.5 (6)°, and C(37)–N(5)–C(38), 114.4 (5)°, are near 120°, and the sum of these
three angles is 359.9°. The dimethylamide unit is also nearly coplanar with the
adjacent pyrrole ring. The dihedral angle between these two units is only 16.6°.
The planarity of N(5) and the orientation of the dimethylamide unit suggest that
conjugation within the tetrapyrrole ligand extends out into this functionality.

Computational studies have examined the mechanism of the addition of nucle-
ophiles to zinc verdohemes.35

The addition of cyanide ion to [ZnII(OEOP)](O2CCH3) is a more complex
process than that observed when methoxide, methanethiolate, or dimethylamide is
added to the same zinc verdoheme. When cyanide reacts with [ZnII(OEOP)]
(O2CCH3), ring opening is accompanied by a degree of substitution at the meso
positions, as seen in Scheme 8.36 The reaction of cyanide with [ZnII(OEOP)]
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(O2CCH3) was challenging to control, and three products, H2(OEB-15,19-
(CN)2), ZnII(OEB-15,19-(CN)2), and ZnII(OEB-10,15,19-(CN)3), have been
isolated and identified crystallographically and spectroscopically, despite the fact
that a clean separation of these products was difficult to accomplish. The reac-
tions shown in Scheme 8 are somewhat reminiscent of the reaction of cyanide
with H3OEB, which also results in meso substitution and the formation of H3OEB-
10-CN.37

When ZnII(OEB-15,19-(CN)2) and ZnII(OEB-10,15,19-(CN)3) were crystal-
lized from acetone/water, the unusual binuclear complexes µ-H2O-{ZnII(OEB-
10,19-(CN)2)}2 and µ-H2O-{ZnII(OEB-10,15,19-(CN)3)}2 were obtained.36

These complexes involve five-coordinate zinc ions rather than the four-coordinate
zinc ions found in ZnII(OEBOMe), ZnII(OEBSMe), and ZnII(OEBNMe2) (see
Scheme 7). The structure of µ-H2O-{ZnII(OEB-10,15,19-(CN)3)}2 is shown in
Figure 9. Both µ-H2O-{ZnII(OEB-10,19-(CN)2)}2 and ZnII(OEB-10,15,19-(CN)3)
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Figure 7. A drawing of ZnII(OEBOMe) with 50% thermal ellipsoids. Drawn from data in
Latos-Grazynski, L.; Johnson, J.; Attar, S.; Olmstead, M. M.; Balch, A. L. Inorg. Chem. 1998,
37, 4493–4499.
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have helical structures in which the chirality of each tetrapyrrole is the same in any
one molecule. A bridging water molecule, which is hydrogen-bonded to both
tetrapyrrole ligands and coordinated to two zinc ions, serves as an effective linker
to transfer the helical sense of one tetrapyrrole to the adjoining tetrapyrrole.

The chiral nature of the helical zinc complexes shown in Scheme 7 has been
utilized in a number of studies of molecular recognition involving chiral mole-
cules as axial ligands.38–50

IV. Biliverdin and Its Metal Complexes

A. Free Ligand

The conformational aspects of metal-free biliverdins have been reviewed.50

Briefly, the ZZZ, syn, syn, syn isomer shown in Scheme 1 is the favored geometry,
as demonstrated by computational studies and experimental studies.51 Several
biliverdins have been crystallized and their structures determined by X-ray
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Figure 8. A drawing of ZnII(OEBNMe2) with 50% thermal ellipsoids. Drawn with data from
Johnson, J. A.; Olmstead, M. M.; Balch, A. L. Inorg. Chem. 1999, 38, 5379–5383.
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crystallography. Figure 10 shows the structure of an example.52 Notice that
the free ligand adopts a helical structure with the two terminal oxygen atoms sep-
arated by 3.4 Å. Several other bilindiones, including biliverdin dimethyl ester,
have been examined by X-ray crystallography and shown to have very similar
structures.53,54

Octaethylbiliverdin undergoes a two-electron oxidation to form [H2OEBox]+

when treated with diiodine, as shown in Scheme 9.55 The oxidation product, a dia-
magnetic aquamarine cation, has been isolated as a triiodide salt and crystallized.
The structure of the product reveals that the helical structure is retained after
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Figure 9. A drawing of µ-H2O-{ZnII(OEB-10,15,19-(CN)3)}2 with 50% thermal ellipsoids. For
clarity the ethyl groups have been omitted. The dashed lines show the hydrogen bonding.
Drawn from data in Johnson, J. A.; Olmstead, M. M.; Stolzenberg, A. M.; Balch, A. L. Inorg.
Chem. 2001, 40, 5585–5595.

Figure 10. A drawing of a typical biliverdin or bilindione, (meso-substituted arylbilatriene-
abc, 2-imidazolylderivative) with uniform spherical atoms. Drawn using data in Wagner, U.;
Kratky, C.; Falk, H.; Woss, H. Monatsh. Chem. 1991, 122, 749–758.
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oxidation but the nonbonded O…O separation in the product (2.98 Å) is less than
that in a bilindione (3.34 Å). A computational analysis of the oxidation product
and its dimerization through hydrogen bonding is available.56

B. Dimeric Complexes; The Case of {MnIII(µµ-OEB)}2

Treatment of H3OEB with various metal salts, including manganese acetate, pro-
duced metal complexes with the general formula M(OEB),57–59 but these early
studies did not provide insight into the diverse physical and electronic structures
of these complexes, which may exist as monomers or dimers. The manganese
complex, which forms olive green solutions, has a dimeric structure, {MnIII(µ-
OEB)}2, as shown in Figure 11.60 The manganese ions are five-coordinate with
bonds to the four nitrogen atoms of one OEB ligand, with the fifth bond supplied
by the oxygen atom of the other OEB ligand. Each dimer has C2 symmetry and
is chiral, but the compound crystallized as a racemate in the space group C2 /c,
where an inversion center relates a pair of dimers. The dimer, {MnIII(µ-OEB)}2,
dissolves in pyridine to form intensely green solutions from which crystals of
monomeric, five-coordinate (py)MnIII(OEB) have been obtained.60 The structure
of (py)MnIII(OEB) is shown in Figure 12. The manganese ion in (py)MnIII(OEB)
is five-coordinate, with the tetrapyrrole ligand assuming a helical arrangement.
The manganese ion has a distorted trigonal prismatic coordination. The N(l)-Mn-
N(3) unit with a bond angle of 177.1(2)° forms the axis, while the equatorial
plane contains the pyrrole nitrogen atoms, N(2) and N(3), and the pyridine nitro-
gen atom, N(5).

The magnetic moments of these manganese complexes are indicative of the
presence of high-spin Mn(III) (d4) ions.60 In pyridine solution, (py)MnIII(OEB) has
a magnetic moment of 4.8(3) µβ at 23 °C. In chloroform solution at 21 °C,
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Figure 11. A drawing of {MnIII(µ-OEB)}2 with uniform spherical atoms. For clarity, all ethyl
groups have been removed. Drawn from data in Balch, A. L.; Mazzanti, M.; Noll, B. C.;
Olmstead, M. M. J. Am. Chem. Soc. 1994, 116, 9114–9122.

Figure 12. A drawing of (py)MnIII(OEB) with uniform spherical atoms. Drawn with data
from Balch, A. L.; Mazzanti, M.; Noll, B. C.; Olmstead, M. M. J. Am. Chem. Soc. 1994, 116,
9114–9122.
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{MnIII(µ-OEB)}2 has a magnetic moment of 4.7(3) µβ for each Mn ion, and this
value is unchanged over the temperature range from −50 to +21 °C. Hence, it
appears that any magnetic coupling between the two Mn(III) ions is small, as is
expected since the nonbonded Mn–Mn distance is large, 4.430 (1) Å, and the
covalent path between the two Mn(III) ions is long.60 Due to the paramagnetic
nature of the high-spin Mn(III) ions, no 1H NMR spectrum could be detected for
(py)MnIII(OEB) or {MnIII(µ-OEB)}2.

Solutions of either {Mn(µ-OEB)}2 in chloroform or (py)MnIII(OEB) in pyri-
dine are air-sensitive, but the products of oxidation have not been identified.60 The
biliverdin ligand system has also been utilized to develop a catalytic scavenger of
superoxide that employs the Mn(III)/Mn(IV) redox couple.61

C. Monomeric Biliverdin Complexes, MII(OEB••)

A series of monomeric complexes are formed by reaction of H3OEB with cobalt,
nickel, palladium, or copper. Spectroscopic studies (vide infra) all point to the fact
that these complexes involved an oxidized ligand radical, which requires them to
be formulated as MII(OEB•) rather than MIII(OEB). 

Crystals of the products — CoII(OEB•),60 NiII(OEB•),59 PdII(OEB•),62 and
CuII(OEB•)63 — are isostructural. Figure 13 shows the structure of a representa-
tive example, PdII(OEB•). To prevent contact between the terminal oxygen atoms,
the tetrapyrrole ligand assumes a helical geometry. The constraints of this arrange-
ment require that the palladium ion should not have truly planar geometry. Thus,
the PdN4 unit shows the following deviations from planarity: Pd, 0.00; N(1),
+0.22; N(2), −0.23 Å. Selected bond distances and angles for the set of MII(OEB•)
complexes are given in Table 1. These data show that cobalt, nickel, and copper
complexes have similar bond distances while the palladium complex, as expected,
has longer metal–nitrogen bond lengths. The C(1)–O(1) bond distances, which fall
in the range of 1.20–1.25 Å, are consistent with the presence of a C=O group at
the end of the ligand.

Evidence for the presence of ligand free radicals in this series comes from
spectroscopic measurements that are also supported by computational stud-
ies.64,65 Both NiII(OEB•) and PdII(OEB•) display EPR resonances that are
indicative of ligand-based spins (g = 2.03 for Ni, 2.08 for Pd) and show only
very broad, unassigned resonances in the 0–3 ppm region of the NMR spec-
trum.62 In contrast, CuII(OEB•) does not produce an EPR spectrum, but shows
a well-resolved 1H NMR spectrum that extends from 135 to −90 ppm.63 The
eight methylene resonances (at 92, 87, 66, 48, 28, 20, 6, and −1 ppm) show
linewidth variations with the resonances, with the largest hyperfine shifts
showing the greatest linewidths. These variations result from local dipolar
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relaxation due to the delocalized spin density that resides on the tetrapyrrole
ligand.

CoII(OEB•), NiII(OEB•), PdII(OEB•), and CuII(OEB•) are members of four
series of complexes that are related by reversible redox reactions. Scheme 10
summarizes relevant information. For palladium, the three-membered electron
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Figure 13. A drawing of PdII(OEB•) with 50% thermal ellipsoids. CoII(OEB•), NiII(OEB•),
and CuII(OEB•) have been crystallographically characterized and have similar structures.
Drawn from data in Lord, P. A.; Olmstead, M. M.; Balch, A. L. Inorg. Chem. 2000, 39,
1128–1134.

Table 1. Selected bond distances and angles for MII(OEB•).

CoII(OEB•)a NiII(OEB•)b PdII(OEB•)c CuII(OEB•)d

Bond distances (Å)

M–N(1) 1.873(3) 1.875(7) 2.012(4) 1.954(2)
M–N(2) 1.909(3 1.897(7) 2.011(4) 1.962(2)
C(1)–O(1) 1.209(4) 1.248(9) 1.223(6) 1.216(3)

Bond angles (deg.)

N(1)–M–N(2) 90.2(1) 90.0(2) 89.42(15) 90.3(1)
N(1)–M–N(1′) 93.1(2) 92.7(3) 93.5(2)0 96.2(1)
N(2)–M–N(2′) 92.0(2) 92.7(3) 90.6(2)0 91.1(1)
N(1)–M–N(2′) 162.0(2) 162.3(2) 167.03(16) 158.6(1)

Data from: aRef. 60; bRef. 59; cRef. 62; dRef. 63.
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transfer series involving [PdII(OEBox)]+, PdII(OEB•), and [PdII(OEB)]− has been
characterized electrochemically, while for nickel the four compounds —
[NiII(OEBox)]+, NiII(OEB•), [NiII(OEB)]−, and [NiI(OEB)]−2 — have been
detected electrochemically.62 The most highly oxidized members of these series
have been isolated in the form of their diamagnetic tri-iodide salts.
[NiII(OEBox)]I3 and [PdII(OEBox)]I3 have been characterized spectroscopically
and by X-ray diffraction. Figure 14 shows the structure of [PdII(OEBox)]I3. A
compilation of relevant bond distances and angles for [NiII(OEBox)]I3 and
[PdII(OEBox)]I3 and related compounds is given in Table 2. These two compounds
are isomorphic and isostructural. Their structures again involve helical coordina-
tion of the open-chain tetrapyrrole ligand about the metal. The triiodide ion is not
coordinated to the metal but sits over one of the meso carbon atoms of the tetrapyr-
role. Reduction of [MII(OEBox)]I3 causes a slight elongation of the M–N bonds,
as seen in the data in Tables 1 and 2.

CoII(OEB•) has a magnetic moment of 1.9 µβ at 25 °C, which decreases with
decreasing temperature so that it is 1.4 µβ at −173 °C.60 The 1H NMR spectrum of
CoII(OEB•) shows paramagnetically shifted resonances that do not obey the Curie
law. Thus, the complex may be formulated as CoII(OEB•) with a reduced, para-
magnetic cobalt(II) ion and an oxidized ligand, which is present as a coordinated
radical. Temperature variations in the coupling between the two paramagnetic
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[CoII(OEBox)]+ [CoII(OEB•)] [CoII(OEB)]-   [CoI(OEB)]2-

    EPR: g = 2.28    Para. 1H NMR 

[NiII(OEBox)]+ [NiII(OEB )]          [NiII(OEB)]-       [NiI(OEB)]2-

Dia. 1H NMR          EPR: g = 2008

[PdII(OEBox)]+ [PdII(OEB )]  [PdII(OEB)]-

   Dia. 1H NMR     EPR: g = 2003

[CuII(OEB )]         [CuII(OEB)]-

     Para. 1H NMR    EPR: g = 2.07

-152 mV -784 mV -2076 mV

-210 mV -693 mV -2095 mV

-167 mV -667 mV

Scheme 10. Redox reactions of monomeric M|| (OEB•). Key: Boldface, complex isolated
and characterized by X-ray diffraction; EPR, solution g value given; Dia. 1H NMR, diamagen-
tic 1H NMR spectrum; Para. 1H NMR, paramagnetically broadened and shifted 1H NMR spec-
trum analyzed. Above each redox process the average electrochemical Ep(ox) and Ep(red) are
given in mV for a dichloromethane solution vs. ferrocene/ferrocinium.
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centers could produce the changes that are seen in the magnetic properties.
Alternatively, there may be a thermal equilibrium between a diamagnetic
CoIII(OEBox) state and a paramagnetic CoII(OEB•) state or there may be an equi-
librium between a diamagnetic CoIII(OEBox) state and a triplet CoIII(OEBox)
state. Cyclic voltammetry of CoII(OEB•) shows that this complex is also part of a
four-membered electron transfer series that includes [CoII(OEBox)]+, CoII(OEB•),
[CoII(OEB)]−, and [CoI(OEB)]−2.66 Oxidation by diiodine produces
[CoII(OEBox)]I3, which has been isolated and crystallized. The structure is shown
in Figure 15. While one of the iodine atoms of the triiodide ion lies above
the cobalt, the triiodide ion is disordered so that there are three different Co–I
distances — 2.875(10), 2.818(4), and 2.798(14) Å — that are considerably longer
than a typical Co–I3 bond distance of 2.589 Å. Consequently, the triiodide ion is
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Figure 14. A drawing of both ions in the salt [PdII(OEBox)]I3 with 50% thermal ellipsoids.
[NiII(OEBox)]I3 is isostructural. Drawn utilizing data in Lord, P. A.; Olmstead, M. M.; Balch,
A. L. Inorg. Chem. 2000, 39, 1128–1134.
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only loosely associated with the cation. The NMR spectrum [CoII(OEBox)]I3 com-
plex in dichloromethane solution indicates that the anion is dissociated and the
cobalt ion is four-coordinate. The EPR spectrum of [CoII(OEBox)]I3 (solution: g,
2.28; solid: g1, 2.23; g2, 2.42; and g3, 2.01) and the magnetic moment of 1.8 µβ

indicate that it is a low-spin Co(II) complex.
Changes in the axial ligation of this cobalt complex can alter the electronic

distribution between the metal and the ligand. Addition of pyridine to a sample of
[CoII(OEBox)]I3 results in the formation of [[(py)2CoIII(OEB•)]I3, as indicated by
a marked alteration in the EPR spectrum.67 In a frozen solution the new spectrum
shows a sharp, slightly anisotropic signal (gx,y = 1.996, gz = 2.018) near the free
electron g value, with none of the cobalt hyperfine coupling that is seen for
[CoII(OEBox)]I3. The salt [(py)2CoIII(OEB•)]I3 has been isolated in crystalline
form, and the cation has been shown to involve a six-coordinate cobalt ion with
two axial pyridine ligands, as seen in Figure 16.

Solutions of CuII(OEB•) and CoII(OEB•) are sensitive to air, which causes
their conversion into tetrahedral complexes containing two monoanionic
tetraethyl-propentdyopent (TEPD) ligands, as shown in Scheme 11.63,68 In addition
to forming CoII(TEPD)2 in a 40% yield, aerial oxidation of Co(OEB•) produces both
carbon monoxide and carbon dioxide, which were detected by infrared-spectroscopic
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Table 2. Selected bond distances and angles for [MII(OEBox)].+

[NiII(OEBox)]I3 [PdII(OEBox)]I3 [CoII(OEBox)]I3 [(py)2CoII(OEBox)]I3

(Ref. a) (Ref. a) (Ref. b) (Ref. c)

Bond distances (Å)

M–N(1) 1.867(5) 1.983(2) 1.916(7)0 1.950(5)
M–N(2) 1.879(5) 1.986(2) 1.910(7)0 1.956(4)
M–N(3) 1.926(7)0 1.997(5)
M–N(4) 1.898(7)0
C(1)–O(1) 1.198(7) 1.204(3) 1.196(10) 1.216(7)

Bond angles (deg.)

N(1)–M–N(2) 90.0(2) 88.61(10) 90.3(3) 89.8(2)
N(1)–M–N(1′) 92.7(3) 93.79(14) 92.0(3) 91.3(3)

or N(1)–M–N(4)
N(2)–M–N(2′) 92.7(3) 91.59(14) 89.0(3) 92.0(3)

or N(3)–M–N(4)
N(1)–M–N(2′) 162.3(2) 167.72(10) 158.6(3) 167.2(2)

or N(2)–M–N(4)
N(1)–M–N(3) 173.4(3) 85.6(2)
N(2)–M–N(3) 91.1(3) 94.6(2)
N(3)–M–N(3′) 174.5(3)

Data from: aRef. 62; bRef. 66; cRef. 67.
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Figure 15. A drawing of [CoII(OEBox)]I3 with uniform spherical atoms. Only one of the three
orientations of the triiodide ion is shown. Drawn from data in Attar, S.; Balch, A. L.;
Ozarowski, A.; Van Calcar, P.; Winkler, K. J. Am. Chem. Soc. 1997, 119, 3317–3323.

Figure 16. A drawing of the cation, [(py)2CoIII(OEB·)]+, with uniform spherical atoms.
For simplicity the triiodide ion is not shown. Drawn using data from Attar, S.; Ozarowski, A.;
Van Calcar, P. M.; Winkler, K.; Balch, A. L. Chem. Commun. 1997, 12, 1115–1116.
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analysis of the gases above the reaction mixture. This behavior has a certain anal-
ogy to the oxidation of porphyrins that leads to the formation of biliverdins with
the release of carbon monoxide, as shown earlier in Scheme 2. The structure of
CoII(TEPD)2 with nearly tetrahedral coordination of the cobalt ion is shown in
Figure 17. CuII(TEPD)2 has a very similar structure. In chloroform-d solution the
magnetic susceptibility of CoII(TEPD)2 is 3.9 µβ at 23 °C.68 This value is consis-
tent with the presence of high-spin (S = 3/2) cobalt(II) in the complex.

D. Dimeric Complexes Revisited; The Curious Case of {Pd2(µµ-OEB)}2

In addition to forming PdII(OEB•), the reaction of palladium salts with H3OEB
can produce a novel, diamagnetic dimer, {Pd2(µ-OEB)}2, whose remarkable struc-
ture is shown in Figure 18.69 {Pd2(µ-OEB)}2 consists of two helical PdII(OEB)
units that are joined through a (PdI

2)
2+ unit. The coordination geometry within the

two PdII(OEB) portions of the tetranuclear complex is similar to that in
PdII(OEB•) (see Figure 13) and [PdII(OEBox)]+ (see Figure 14). While complexes
of the type [PdI

2L6]
2+ (L is a neutral, two-electron donor) are a well-established

part of palladium chemistry,70 the environment of the central (PdI
2)

2+ unit which is
suspended between the two PdII(OEB) moieties has several novel features. Each
palladium atom of the (PdI

2)
2+ unit is coordinated to an olefinic bond of one of the

two PdII(OEB) units. Such η2 coordination of a transition metal center to the π sys-
tem at one of the meso carbon atoms of the OEB ligand is unusual for the chem-
istry of porphyrins or open-chain tetrapyrroles. One nitrogen atom from each
tetrapyrrole ligand is also coordinated to one of the palladium ions in the central
(PdI

2)
2+ unit. Thus, N8 bridges Pd4 and Pd3, while N4 bridges Pd2 and Pd1. The

Pd–N distances that involve the bridging nitrogen atoms [Pd1–N4, 2.082(9);
Pd2–N4, 2.107(8); Pd3–N8, 2.091(8); Pd4–N8, 2.094(8) Å] are longer than the
strictly terminal Pd–N distances [2.007(10), 2.051(8) Å]. Such bridging by pyrrole
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nitrogen atoms in transition metal complexes of porphyrins and related
tetrapyrroles is uncommon. The coordination of the (PdI

2)
2+ portion is completed

by Pd–O bonds to each of the PdII(OEB) units.
{Pd2(µ-OEB)}2 undergoes several interesting reactions, as shown in

Scheme 12.71 Treatment of {Pd2(µ-OEB)}2 with pyridine results in the formation
of PdII(OEB•), which has been described previously.62 More remarkably, the reac-
tion of diiodine with {Pd2(µ-OEB)}2 in pyridine solution produces the rearranged
complex 1 (in Scheme 12), in which one of the meso carbon atoms of the ligand
has been incorporated into one of the pyrrole rings to produce a pyridine-like ring
and trans-Pd(py)2I2. This process of bilindione rearrangement and oxidation
occurs as a direct consequence of the π-coordination of the palladium. The
reaction results in the migration of a nitrogen atom from a pyrrole carbon atom to
what was formerly a meso carbon atom to transform a former pyrrole ring into a

40/Coordination Chemistry of Verdohemes and Open-Chain Oligopyrrole Systems 319

Figure 17. A drawing of CoII(TEPD)2 with uniform spherical atoms. Drawn with data from
Koerner, R.; Olmstead, M. M.; Van Calcar, P. M.; Winkler, K.; Balch, A. L. Inorg. Chem. 1998,
37, 982–988.
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Figure 18. A drawing of {Pd2(µ-OEB)}2 with 50% thermal ellipsoids. For clarity, the ethyl
groups are not shown. Drawn with data in Lord, P.; Olmstead, M. M.; Balch, A. L. Angew.
Chem. Int. Ed. 1999, 38, 2761–2763.
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six-membered ring. Additionally, this process results in cleavage of the Pd–Pd and
Pd–C bonds, oxidation of palladium, and introduction of an oxygen atom from
water, but not necessarily in this particular sequence. The helical structure of 1 is
shown in Figure 19. The overall structure is similar to the structures of PdII(OEB•)
and [PdII(OEBox)]+.

E. Iron Biliverdin Complexes

Iron biliverdin complexes play an integral role in the process of heme cleavage
and have been detected as relatively stable intermediates in the enzymatic and
purely chemical paths of heme oxidation. However, the formation of an iron
biliverdin complex by direct metalation of a biliverdin has not been reported.
Despite many attempts in the Balch laboratory, where many other metals have
been coordinated to produce biliverdin metal complexes, direct metalation using
iron salts has not been observed. In contrast, iron biliverdin and related complexes
are available from oxidation of porphyrins and from verdohemes. The study of
the reactions leading to the formation of iron biliverdin complexes has involved
complementary studies in solution utilizing UV-visible spectroscopy and especially
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Figure 19. A drawing of the rearranged complex 1 of Scheme 12 with 50% thermal ellip-
soids. Drawn from data in Lord, P. A.; Noll, B. C.; Olmstead, M. M.; Balch, A. L. J. Am. Chem.
Soc. 2001, 123, 10554–10559.
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1H NMR spectroscopy and X-ray crystallographic studies of individual isolated
compounds. Many of the compounds involved are paramagnetic; yet, clearly
resolved 1H NMR spectra have been obtained and analyzed for these compounds.

The coupled oxidation process generally produces a verdoheme in only ∼40%
yield and this low yield suggests that there are other products. Careful examina-
tion of the coupled oxidation of (py)2FeII(OEP) in pyridine solution resulted in the
isolation of [(py)2FeII(OEOP)]Cl as a diamagnetic green solid in a 50% yield along
with a previously unknown, paramagnetic iron complex that was identified as
{FeIII(µ-OEB)}2 in a 32% yield.72 {FeIII(µ-OEB)}2 was identified by a combina-
tion of 1H NMR and X-ray crystallographic studies. Figure 20 shows the structure
of the dimer. In this dimer, each iron is coordinated to four nitrogen atoms from
one OEB trianion and an oxygen donor from another OEB ligand. The structure
of {FeIII(µ-OEB)}2 is related to that of {MnIII(µ-OEB)}2, which was shown previ-
ously in Figure 11. For a dimer of this sort, a centrosymmetric (and hence achiral)
dimer is formed when the two monomeric units that combine have opposite helic-
ity (opposite chirality), as shown in Scheme 13. The initially reported data showed
that {FeIII(µ-OEB)}2 has such a centrosymmetric structure.72 However, if the two
monomeric units that combine have the same helicity, then a chiral dimer with C2

symmetry will form. Scheme 13 shows schematic diagrams of the enantiomeric
pair of C2 dimers for {MIII(µ-OEB)}2. {MnIII(µ-OEB)}2 has the C2 structure in the
solid state.60
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Figure 20. A drawing of {FeIII(µ-OEB)}2 with 50% thermal ellipsoids. For clarity the ethyl
groups are not shown. Drawn using data from Balch, A. L.; Latos-Grazynski, L.; Noll, B. C.;
Olmstead, M. M.; Safari, N. J. Am. Chem. Soc. 1993, 115, 9056–9061.
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Treatment of {FeIII(µ-OEB)}2 with hydrochloric acid releases the blue bilin-
dione H3OEB in a 91% yield.72 In pyridine-d5 solution, 1H NMR studies have
shown that {FeIII(µ-OEB)}2 undergoes cleavage of the Fe–O bond when the dimer
is dissolved in pyridine to form monomeric (py)2FeIII(OEB). This process is
reversible and is related to similar disruption of {MnIII(µ-OEB)}2 by coordination
of pyridine. The ease with which {FeIII(µ-OEB)}2 undergoes loss of iron is one of
its notable characteristics. Indeed, the crystal structure of {FeIII(µ-OEB)}2, shown
in Figure 20, suffers from partial occupancy of the iron sites. The ease of loss of
iron from {FeIII(µ-OEB)}2 and the difficulty of inserting iron into biliverdin may
be an important consideration in the process of heme destruction.72

In pyridine solution, (py)2FeIII(OEB) is air-sensitive, and upon exposure to the
atmosphere it is converted into a tripyrrole, as shown in Scheme 14.73 The oxida-
tive process is apparently related to the previously discussed oxidation of
CuII(OEB•) and CoII(OEB•) by air, which results in oxidation of a meso C–H unit
to produce complexes containing two dipyrrole ligands, as shown in Scheme 11.63,68

Oxidation of (py)2FeIII(OEB) seems to select one of the two equivalent C–H
groups rather than the unique C–H group in the middle of the ligand. The struc-
ture of the product, [ClFeIII(HETP)]−, is shown in Figure 21. The Fe–N distances
in the two independent anions in the crystal are 1.990(7) [2.049(8)], 2.077(8)
[2.077(9)], and 2.001(7) [2.001(6)] Å, and the Fe–Cl distances are 2.251(3) and
[2.253(3)] Å. These distances are similar to those of five-coordinate iron(III) com-
plexes such as ClFeIII(OEP), which has an Fe–N distance of 2.073(8) Å and are
Fe–Cl distance of 2.235(9) Å.74
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Scheme 13. Isomers of dimeric {M|||(OEB)}2.
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Related helical iron complexes have been obtained by various reactions of
verdohemes, as shown in Scheme 15. For example, studies of the reaction of 5-
oxaporphyrin iron complexes with methoxide ion were undertaken to provide
models for the initial step in hydrolysis of verdohemes.75,76 Treatment of both low-
spin [(py)2FeII(OEOP)]Cl and high-spin ClFeII(OEOP) with the methoxide ion in
either pyridine or methanol solution with careful exclusion of dioxygen caused
ring opening and addition of methoxide to one end of the tetrapyrrole in reactions
that are analogous to those of zinc verdohemes shown in Scheme 7. Black {FeII(µ-
OEBOMe)}2 was isolated in crystalline form from the reaction of ClFeII(OEOP)
with methoxide in methanol and studied by single-crystal X-ray diffraction. The
structure of the dimer is shown in Figure 22. The molecule has a centrosymmet-
ric, dimeric structure composed of two helical Fe(µ-OEBOMe) units with FeN4
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Figure 21. A drawing of the anion in (n-Bu4N)[ClFeIII(HETP)] with 50% thermal ellipsoids.
Drawn with data from Rath, S. P.; Olmstead, M. M. Latos-Grazynski, L.; Balch, A. L. J. Am.
Chem. Soc. 2003, 125, 12678–12679.
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coordination that are connected by a pair of Fe–O bonds. Thus, each iron ion has
approximately trigonal bipyramidal geometry. Black crystals of {FeII(µ-OEBOMe)}2

dissolve in dichloromethane in the presence of methanol or pyridine to form
high-spin {(MeOH)nFeII(OEBOMe)} or {(py)nFeII(OEBOMe)} (n = 1 or 2)
through rupture of the Fe–O bonds in the dimer.75 The electronic absorption spec-
tra of these open-chain complexes show characteristic low-energy features at ca.
720 and 810 nm. At 23 °C, the paramagnetically shifted 1H NMR spectrum of
{FeII(µ-OEBOMe)}2 shows a characteristic upfield methoxy resonance, 16 meth-
ylene resonances in the 47–5 ppm region, and meso resonances in the 51–29 ppm
region. The temperature dependence of these spectra shows marked deviations
from the Curie law that are consistent with a dimeric structure.
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The process of hydrolysis of verdoheme and its conversion into biliverdin has
also been the subject of some computational studies.77,78

High-spin, five-coordinate XFeII(OEOP) (X = Cl or Br) is unusually reactive
toward dioxygen. In contrast, the six-coordinate iron(III) verdoheme, Cl2FeIII(OEOP),
is not affected by exposure to dioxygen. Treatment of a green solution of XFeII

(OEOP) (X = Cl or Br) with dioxygen results in the formation of a new paramagen-
tic complex, which may be formulated as an iron(IV) complex [XFeIV(OEB)] or as a
complex with an oxidized ligand and iron(III) [XFeIII(OEB•)], in a matter of minutes,
as seen in Scheme 15.79 The reaction was initially monitored by 1H NMR spec-
troscopy. The formation of XFeIV(OEB)/XFeIII(OEB•) was signaled by the growth of
eight new methylene resonances in the upfield −20 to −70 ppm region, with the other
eight methylene resonances in the downfield region from 70 to 10 ppm and with dis-
persed meso proton resonances at 35, −28, and −167 ppm. XFeIV(OEB)/XFeIII(OEB•)
has been isolated in crystalline form and its structure has been determined by X-ray
crystallography. Figure 23 shows the structure of this five-coordinate monomer,
which has the iron bound to four pyrrole nitrogen atoms and the chloride ligand.79

The tetrapyrrole ligand assumes the helical shape that is characteristic of the other
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Figure 22. A drawing of {FeII(µ-OEBOMe)}2 with 50% thermal ellipsoids. For clarity the ethyl
groups are not shown. Drawn from data in Koerner, R.; Latos-Grazynski, L.; Balch, A. L. J. Am.
Chem. Soc. 1998, 120, 9245–9255.
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bilindione complexes described above. The Fe–N distances for the terminal pyrrole
groups [Fe–N1, 2.018(2); Fe–N4, 2.016(2) Å] are somewhat shorter than those for
the inner two pyrrole rings [Fe–N2, 2.049(2); Fe–N3, 2.070(2) Å]. For comparison,
the Fe–N distances in high-spin, five-coordinate iron(III) porphyrins fall in the range
of 2.06–2.09 Å.80 The Fe–Cl distance, 2.2694(8) Å, is similar to those found in a num-
ber of five-coordinate iron(III) porphyrins.

The structure of rat heme oxygenase-1 with an iron biliverdin complex bound at
the active site has been determined by single-crystal X-ray diffraction.81 Figure 24
compares the structure of the synthetically prepared XFeIV(OEB)/XFeIII(OEB•)79

with that of the protein-bound iron biliverdin complex in the heme oxygenase.81

The two structures show considerable similarity. Both utilize helical bilindione
ligands with similar pitches. However, the protein structure involves an axial imi-
dazole ligand from a histidine residue of the protein. The chloride ligand in syn-
thetic XFeIV(OEB)/XFeIII(OEB•) occupies a similar position. Unfortunately, there
are no experimental data that definitively determine the oxidation state of the iron
in the protein-bound iron biliverdin complex.

Pyridine solutions of ClFeIII(meso-NH2-OEP) or (py)2FeII(meso-NH2-OEP)
undergo oxidative ring opening when exposed to dioxygen, as shown in
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Figure 23. A drawing of FeIV(OEB)/FeIII(OEB•) with uniform spherical atoms. Drawn with
data from Nguyen, K.; Rath, S. P.; Grazynski, L. L.; Olmstead, M. M.; Balch, A. L. J. Am. Chem.
Soc. 2004, 126, 6210–6211.
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Scheme 16.82,83 In pyridine-d5 solutions of ClFeIII(meso-NH2-OEP), there is a
temperature-dependent equilibrium between the high-spin (S = 5/2), six-coordinate
complex, {(py)ClFeIII(meso-NH2-OEP)}, and the six-coordinate, low-spin [S = 1/2
with the less common (dxzdyz)

4(dxy)
1 ground state] complex, [(py)2FeIII(meso-NH2-

OEP)]+. Such pyridine solutions are air-sensitive, and the remarkable degradation
reactions have been monitored by 1H NMR spectroscopy. These studies revealed
conversion of (py)2FeII(meso-NH2-OEP) into a green intermediate that was not iso-
lated and then into a new open-chain tetrapyrrole complex 2 in Scheme 16, in
which the original amino group and the attached meso carbon atom have been con-
verted into a nitrile group. Additional oxidation at an adjacent meso carbon occurs
to produce a ligand that binds iron by three pyrrole nitrogen atoms and the oxygen
atom introduced at a meso carbon. This open-chain tetrapyrrole complex itself is
sensitive to attack by dioxygen and is converted into a tripyrrole complex that is
stable to further oxidation and has been isolated as set out earlier in Scheme 14.
Compound 2 has been isolated with a molecule of ethanol acting as an axial ligand.
The structure of 2-ethanol is shown in Figure 25.

V. Metal Complexes of Formylbiliverdin
and Related Tetrapyrroles

The coordination complexes of octaethylformylbiliverdin (H2OEFB) are helical
molecules that have much in common with the products of ring opening of
verdohemes by nucleophiles. Transmetalation of MgII(OEFB), which can be
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Figure 24. A comparison of the structure of FeIV(OEB)/FeIII(OEB•) with that of rat heme oxy-
genase-1 bound iron biliverdin complex. Drawn using data from Nguyen, K.; Rath, S. P.;
Grazynski, L. L.; Olmstead, M. M.; Balch, A. L. J. Am. Chem. Soc. 2004, 126, 6210-6211 and
from Sugushima, M.; Sakamoto, H.; Higashimoto, Y.; Noguchi, M.; Fukuyama, K. J. Biol.
Chem. 2003, 278, 32352–32358.
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obtained by photooxidation of MgII(octaethylporphyrin) in air,84 with a metal(II)
acetate yielded the low-spin, monomeric complexes CuII(OEFB), NiII(OEFB), and
CoII(OEFB), as shown in Eq. 1 of Scheme 17.85 Single crystal X-ray diffraction of
CuII(OEFB) revealed that it consists of a four-coordinate copper(II) center that is
bonded to the four nitrogen atoms of the tetrapyrrole ligand to produce a distorted
planar coordination, as shown in Figure 26. The tetrapyrrole ligand has a helical
geometry. The structure of the solid is complicated by the existence of three mole-
cules in the asymmetric unit and C–H…O hydrogen bonding between pairs of these.
Both CuII(OEFB) and CoII(OEFB) can be converted to the verdoheme analogs,
[CuII(OEOP)]+ and [CoII(OEOP)]+, through oxidation with hydrogen peroxide.
Additionally, [CuII(OEOP)]+ was produced by heating a toluene solution
CuII(OEFB) in the presence of trifluoroacetic acid under an atmosphere of dioxygen.
Carbon monoxide is produced when CuII(OEFB) is converted to [CuII(OEOP)]+ by
either procedure. The product, [CuII(OEOP)](PF6), has been isolated and character-
ized by single-crystal X-ray diffraction. The cation has a planar, porphyrin-like
structure. The 1H NMR spectrum of diamagnetic NiII(OEFB) was shown to be con-
sistent with the helical structure through the use of lanthanide and chiral lanthanide
shift reagents. The EPR spectrum of CoII(OEFB) shows that it forms a low-spin
adduct with pyridine and that this adduct acts as a reversible dioxygen carrier.84
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Figure 25. A drawing of the ring opened complex 2-ethanol obtained by oxidation of
(py)2FeII(meso-NH2-OEP) with uniform spherical atoms. Notice that the pyrrole ring contain-
ing N4 is twisted out of the plane of the FeN3O unit. Drawn with data from Kalish, H.; Lee,
H. M.; Olmstead, M. M.; Grazynski, L. L.; Rath. S. P.; Balch, A. L. J. Am. Chem. Soc. 2003,
125, 4674–4675.
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As shown in Eq. 2 of Scheme 17, introduction of Zn(II) into H2OEFB resulted in
the formation of two products: brown, monomeric, five-coordinate (H2O)ZnII(OEFB)
and the unusual dimeric {ZnII(µ-OEZB)}2, which is green.86,87 Both products were
characterized by X-ray crystallography. The structure of brown (H2O)ZnII(OEFB)
is similar to those of many of the other helical biliverdin-based complexes discussed
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in this chapter, e.g. CuII(OEFB) shown in Figure 26. The structure of the green
complex is unusual since it involves the formylbiliverdin ligands acting as bridg-
ing ligands with two nitrogen atoms of one ligand bound to one zinc ion, and the
other two nitrogen atoms coordinated to a second zinc ion, as illustrated in
schematic form in Scheme 17. The resulting molecule has a helical structure
nature that is quite distinct from that of {MnIII(µ-OEB)}2 (shown in Figure 11) and
{FeIII(µ-OEB)}2 (shown in Figure 20). In particular, the oxygen atoms of the OEB
ligands do not coordinate the zinc ions. It was reported that the conversion of
brown (H2O)ZnII(OEFB) into green {ZnII(µ-OEFB)}2 was promoted by acid, but
the role of acid in this conversion is unclear.86,87 This system might profit from
further investigation, particularly since the crystallographic coordinates of
(H2O)ZnII(OEFB) and green {ZnII(µ-OEFB)}2 are not in the Cambridge
Crystallographic Database.

Open-chain tetrapyrrole ligands can also form dinuclear complexes.
Photooxidation of magnesium tetraphenylporphyrin induces ring cleavage and the
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Figure 26. A drawing of CuII(OEFB) with 50% thermal ellipsoids. Drawn from data in
Koerner, R.; Olmstead, M. M.; Ozarowski, A.; Phillips, S. L.; Van Calcar, P. M.; Winkler, K.;
Balch, A. L. J. Am. Chem. Soc. 1998, 120, 1274–1284.
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Figure 27. A drawing of CuII
2(TPKB-O)(H2O)(THF) with 50% thermal ellipsoids. For clarity,

the tetrahydrofuran molecule coordinated to Cu1 has not been shown. Drawn using data from
Koerner, R.; Olmstead, M. M.; Ozarowski, A.; Balch, A. L. Inorg. Chem. 1999, 38, 3262–3263.
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formation of magnesium tetraphenylketobiliverdin, MgII(TPKB),88 which has
been transmetalated with CuII(OAc)2

•H2O in methanol to produce two new
complexes, brown–yellow CuII(TPKB) and blue CuII

2(TPKB-O)(H2O)(THF), as
shown in Scheme 18.89 The yield of blue CuII

2(TPKB-O)(H2O)(THF) was greatly
improved by treating CuII(TPKB) with excess CuII(OAc)2•H2O in boiling acetone
for 18 h. This reaction occurs either under normal atmospheric conditions or
under an atmosphere of purified dinitrogen. Thus, dioxygen is not necessary for
the formation of CuII

2(TPKB-O)(H2O)(THF). Figure 27 shows the structure of the
dinuclear complex, CuII

2(TPKB-O)(H2O)(THF).
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Figure 28. A drawing of {CuII(µ-OEPOC(O)OEB)CuII} with 50% thermal ellipsoids. For clar-
ity, ethyl groups have been omitted. Drawn from data from Phillips, S.; Noll, B. C.; Olmstead,
M. M.; Balch, A. L. Can. J. Chem. 2001, 79, 922–929.

VI. Some Other Interesting Open-Chain Complexes that
Do Not Fit the Above Classification

As shown in Scheme 19, CuII(OEPOH) undergoes oxidation by dioxygen to
form the novel dinuclear copper complex, {CuII(µ-OEPOC(O)OEB)CuII},
whose structure has been determined by X-ray crystallography.90 Figure 28
shows a drawing of the neutral dinuclear complex. This remarkable compound
is composed of a copper(II) meso-substituted porphyrin portion (with a planar
CuN4 unit) that is attached through an ester linkage to a helical copper(II) com-
plex of an open-chain tetrapyrrole. The ring-opened portion must have been
provided by oxidative cleavage of a second molecule of CuII(OEPOH). A spec-
ulative mechanism suggested for this process is shown on the right hand side of
Scheme 19.

In related chemistry, oxidation of NiII(OEPNH2) with ferric chloride in a mix-
ture of chloroform and ethanol results in the formation of two products, as shown
in Scheme 20.91 The structure of one of these, NiII(OEB-CO2Et), is shown in
Figure 29. NiII(OEB-CO2Et) has a helical structure that resembles those of many
of the other biliverdin complexes discussed in this chapter. Despite the distortion
from planarity of the nickel ion, the complex displays a conventional 1H NMR
spectrum.91

b867_Vol-08_Ch-40.qxd  6/10/2010  4:49 PM  Page 335



Some unusual open-chain tetrapyrrole complexes have been obtained by photo-
oxidation of the phlorin complex 3 shown in Scheme 21.92 The phlorin 3 was obtained
by addition of n-butyl lithium to H2TPP. Photooxidation of the phlorin 3 produced
the open-ring compounds 4 and 5. Treatment of 4 and 5 with NiII(acetylacetonate)2
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Figure 29. A drawing of the NiII(OEB-CO2Et) with uniform spherical atoms. For clarity, the
eight ethyl groups on the pyrrole rings have been omitted. Drawn using data from Sprutta, N.;
Rath, S. P.; Olmstead, M. M.; Balch, A. L. Inorg. Chem. 2005, 44, 1452–1459.
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produced the four-coordinate nickel(II) complexes 6 and 7, shown in Scheme 21.
The structures of 6 and 7, are shown in Figures 30 and 31, respectively. Despite
the rather crowded nature of these complexes, the nickel ions in both compounds
have a nearly planar geometry.
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Figure 30. A drawing of 6, (5,10,15,20-tetraphenyl-15-n-butylbiladiene-ab-1,20(21H)-dione-
N,N′,N′′,O)-nickel(II) with uniform spherical atoms. Hydrogen atoms were omitted. Drawn with
data in Jeandon, C.; Krattinger, B.; Ruppert, R.; Callot, H. J. Inorg. Chem. 2001, 40, 3149–3153.

Figure 31. A drawing of 7, (5,10,15,20-tetraphenyl-15-n-butylbiladiene-ab-1,20(21H)-
dione-N,N′,N′′,O)-nickel(II) with uniform spherical atoms. Hydrogen atoms were omitted.
Drawn utilizing data from Jeandon, C.; Krattinger, B.; Ruppert, R.; Callot, H. J. Inorg. Chem.
2001, 40, 3149–3153.
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VII. Conclusions

This article has reviewed the structural chemistry of verdohemes and open-chain
oligopyrroles that are formed as the products of porphyrin degradation, generally
by oxidative processes. The results have shown that the verdohemes usually have
planar structures that are similar to the corresponding porphyrins. One rather char-
acteristic aspect of the open-chain compounds and their metal complexes is the
helical nature of their structures. Despite their nonplanarity, the complexes of
bilindiones undergo facile, reversible redox reactions that are ligand-based. The
chiral nature of the biliverdin chelates offers an interesting aspect that deserves
further study. So far, the only explicit use of the chiral nature of these chelated
complexes has employed axial ligand binding to the type of zinc complexes shown
in Scheme 7 to selectively coordinate chiral ligands.38–50
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H(phpi) (phenylimino)(6-methylpyridylimino)isoindoline
HRMS high-resolution mass spectrometry
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tcm tricyanmethanide
tfa trifluoroacetic acid
thf tetrahydrofuran ligand
THF tetrahydrofuran
TIPS tri-iso-propylsilyl
tol 4-methylphenyl
trpy tripyrrin anion
VE valence electron
VT variable temperature
XRD X-ray diffraction

I. Introduction

A. Introductory Remarks and Scope of This Chapter

The coordination chemistry of open-chain oligopyrroles has long been a hetero-
geneous and peripheral area of porphyrin chemistry.1–3 In most of the early
instances the description of open-chain tri- and tetrapyrrole coordination com-
pounds appeared only within the context of tetrapyrrole synthesis or analysis, and
systematic studies of such species in their own right were not to be found until
Fuhrhop and coworkers worked on bilin analogs in the 1970s. Due to their ubiq-
uitous occurrence in nature and their biological importance, linear oligopyrroles
have mainly been studied as purely organic entities in biological dyes, or as inter-
mediates in heme and corrin biosyntheses, degradation, and phytochrome forma-
tion.4 Those aspects remain important issues of this chemistry. Nevertheless, some
reports on the importance of transition metal complexes of such ligands have been
known for quite some time. The peculiar lability of iron biliverdin complexes
which occur as intermediates in the biological heme degradation process5–10 was
recognized early,11,12 and the use of divalent zinc ions in the analysis of phy-
tochromes belongs to the standard repertoire of today’s photobiologists and
biochemists.13–15 A further example is the early development of an accurate and
relatively simple method for the determination of bilirubin in urine based on the
formation of a strong copper(II) complex with azobilirubin.16,17 As can be seen
from these examples, the linear tetrapyrroles clearly dominate the field compared
with the tripyrroles. This is certainly due to the fact that even the better-known
groups of tripyrrolic compounds, the biopyrrins18 and the prodigiosens,19–21 still
await detailed studies as ligands in coordination compounds.

Besides the tri- and tetrapyrrolic derivatives, some related oligopyrroles with
two or with more than four pyrrole moieties have been reported as ligands. Work
on shorter dipyrrolic species, the so-called dipyrrins, has recently been
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reviewed22,23 and is the topic of another chapter in this volume.24 Reports on metal
or anion complexes of longer or of branched oligopyrroles are rather rare,25–30

which may well relate to the restricted number of easily accessible or naturally
occurring examples of this class.31–45 Several types of hybrid (oligo)pyrrole/Schiff
base ligands and some intriguing transition metal chelates thereof have also been
described, often employing the molecular achitecture of the H2(salen) ligand
family.46–55 The tripyrrolic compounds have also found mimics which have been
introduced very successfully into modern coordination chemistry. These are the
bis(arylimino)isoindoline [H(bai)] ligands related to the phthalocyanines, and
most recently the bis(oxazolinyl)pyrroles [H(bop)], which show much promise in
catalysis (Figure 1). This article will concentrate on tripyrrolic and longer chain
entities, including the H(bai) and H(bop) ligand classes. Dipyrrins and salen-like
pyrrole hybrid ligands, as well as the technically important polypyrrole, 56,57 are
considered to be beyond the scope of this review.

B. Types of Open-Chain Tri- and Tetrapyrrolic Species

In principle, a plethora of different open-chain tri- and tetrapyrroles can be derived
from a simple building system using pyrroles and several bridging units at either
the pyrrolic α- or β-positions, although only a minor number of these have been
prepared and studied to date.58 As mentioned above, two classes of linear
tripyrroles are naturally occurring. These are prodigiosin 1 and the related prodi-
giosenes; and two biopyrrins of the tripyrrindione type — biotripyrrin a 2 and the
regioisomeric biotripyrrin b 3 (Figure 1). Prodigiosenes are red pigments which
are produced from microorganisms such as Streptomyces or Serratia.19,59,60 They
are much-studied substances in medicine, as the natural and many synthetic deriv-
atives show promise as immunosuppressive and as anticancer drugs.61–69 Little is
known with respect to the coordination properties of prodigiosenes. The biopy-
rrins have been isolated very early from urine and urate sediments, but their
molecular structures were unknown for a long time.70–75 Biotripyrrin a 2 as the
more stable endo-vinyl isomer was identified first and initially named “uroery-
thrin”. The elusive exo-vinyl isomer 3 was later found and named “biotripyrrin
b”.18 Both species are products from the antioxidative action of biliverdin IXα
(Figure 2), and their level in human urine is a medicinal indicator of stress and
inflammation under a multitude of different conditions, like schizophrenia,
depression, sepsis, heart failure, or after surgery.76–91 The first synthetic
tripyrrindiones were known prior to the structure elucidation of 2 and 3,92–95 and
simple model systems like hexaethyl derivative 4 have been prepared.96–99 Related
degradation products of modified metal porphyrins with the tripyrrin-1-one frame-
work 5 were detected under several nonbiological oxidative conditions, usually as
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Figure 1. Selected examples for linear tripyrrolic ligands 1–8, for bis(arylimino)isoindolines
[H(bai)], and for bis(oxazolinyl)pyrroles [H(bop)].
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metal complexes,100–103 and several related species have been synthesized by
design.96–98,104–118 Finally, the synthetic alkyl- or alkoxy-substituted tripyrrins
6,98,117,119–123 the partially hydrogenated tripyrrin 7,124,125 and many tripyrrenes such
as 8126–134 are known tripyrrolic ligands and belong to this class of compounds.

The natural linear tetrapyrroles comprise many intermediates in syntheses of
biological porphyrin, chlorin, corrin, and phytochrome compounds, as well as of
the respective degradation processes, of which only biliverdin IXα 9 and bilirubin
IXα 10 have been studied as ligands in coordination compounds (Figure 2). Such
oxoterminated species, the so-called bilindione-type ligands, provide several
model ligands with simplified preparations and peripheral substitution such as 11
or 12, or with protected carboxylate and/or terminal oxo groups such as 13135 and
14, respectively. These model compounds overcome the typical drawbacks of the
natural materials, i.e. solubility problems in nonaqueous solutions and formation
of carboxylate salts in the presence of metal ions. Bilindiones have been employed
as ligands in many studies of the biological importance of iron biliverdins, and a
number of other applications of these chelate complexes have been made in the
more recent past.
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The central tetrapyrrolic intermediate of heme biosynthesis is preuropor-
phyrinogen 15, a typical bilane devoid of stabilization by electron-withdrawing
groups at the terminal pyrrole rings.136 The tetrapyrrolic core of this biomolecule
is very reactive with respect to hydrolytic as well as oxidative processes, but may
be stabilized through twofold dehydrogenation and formation of methylene-
bridged bis(dipyrrin)s 16, often called a,c-biladienes (Figure 3).137,138 Artificial
species derived from 16 may carry different residues (R and R′) at the terminal
position which alter their reactivity, and the nature and position of the bridging
unit may be changed to allow the construction of a large number of tetrapyrrolic
bisdipyrrin ligands such as 17 or 18. Coordination compounds of such engineered
ligands have been used as precursors for the syntheses of many corrinoid and por-
phyrinoid compounds, and have found entry into the construction of supramolec-
ular systems. Several examples of oligo(dipyrrin)s connected via the bridging
methine group (C-6) 19 have been prepared and used in the latter field as well as
in photochemistry. Other artificial tetrapyrroles containing one or no dipyrrin sub-
unit are also well known,139–147 but have only rarely been employed in coordina-
tion compounds to date.148–150 Partly hydrogenated species, on the other hand,151–153
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have been studied in much detail within the context of research toward the
synthesis of cobalamins and hydroporphyrins.

II. Preparation of Open-Chain Oligopyrrole Ligands

A. Tripyrroles: Prodigiosenes and Related Species

The basic framework of prodigiosenes contains three pyrrole nuclei which are
connected to each other via the α-positions, one pair directly and one pair with a
methine bridge. Three general approaches are to be found in the scientific literature
on prodigiosene syntheses. The retrosynthetic analysis leading to these three
synthetic pathways, A–C, is shown in Figure 4. In most of the reported cases, the
formation of the prodigiosene follows the biosynthesis of these molecules and pro-
ceeds by the acid condensation of a monoformyl bipyrrole with a pyrrole, as dis-
played on pathway A.32 For simple alkyl-substituted derivatives, the alternative
approach employing a bipyrrole and a formylpyrrole as in path B is advantageous,
as the precursors are often easier available.154 However, pathway C, i.e. the forma-
tion of the direct pyrrole–pyrrole bond in the final step is somewhat ponderous and
has been used so far only for one partially hydrogenated derivative140 and for the
total synthesis of several natural species and their analogs. Since no reports on the
coordinating properties of these latter species are available, this issue will not be
discussed here, and only some key references for the structure elucidation and total
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syntheses of natural or biomimetic prodigiosenes are given here for the interested
reader.21,155–171 A vinylogous derivative, the tripyrrole 20, has been described as the
unexpected product of an unusual oxidation reaction of a tetraalkyldipyrrin.172 No
metal chelates of this novel species were reported (Figure 5).

B. Tripyrroles: Tripyrrinones, Tripyrrins, and Related Tripyrroles

The basic skeleton of the major group of linear tripyrrolic ligands contains two
one-carbon bridges, thus preorganizing the three C4N heterocycles for a merid-
ional N,N,N coordination to a metal center. These ligands may be ordered by the
functionalities occupying the α-terminal positions, and by the degree of hydro-
genation, into the above-described groups. The major reaction leading to these
compounds is the basic or acidic condensation of pyrrolic aldehydes. Symmetric
tripyrrindiones such as 4 or 21 form under enforced basic conditions from a
pyrrolic dialdehyde and two pyrridinone moieties, as depicted in Figure 6. The
reaction is not complete, and significant amounts of dipyrrolic compounds 22 and
23 form as byproducts.99 Symmetric tripyrrins 6 with some variation in their sub-
stitution have been described to form under strongly acidic conditions in boiling
trifluoroacetic acid.119–123 Again, one equivalent of a pyrrole dialdehyde is used in
combination with two equivalents of an α-free pyrrole. These tripyrrins are stable
as protonated moieties but decompose quickly in the presence of nucleophiles.
The nucleophilic attack occurs presumably at the α-terminal positions, as the ster-
ically protected tert-butyl derivative 24 can easily be obtained from its protonated
form by the action of the base (Figure 6).123 Unprotected tripyrrins may be
obtained by the decomplexation reaction of nickel(II) tripyrrins with excess
cyanide (see later in this section). In the neutral form, tripyrrins are much less
prone to nucleophilic attack and consecutive decay, and may be used for coordi-
nation studies. These free base tripyrrins were fully characterized, while proto-
nated species have only been incompletely analyzed by 1H NMR spectroscopy
(after condensation in deuterated trifluoroacetic acid) and by HRMS.119
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Tripyrrin-1-ones 25 with different terminal substituents R have been obtained
by the basic condensation of a formylpyrrole with a hydrogen- or halogen-
terminated dipyrrinone 26, as shown in Figure 7.98,105,110 Water-soluble sulfonic
acid derivatives have also been obtained from hydrogen-terminated tripyrrin-1-
ones by the action of sulfuric acid,113 and unsymmetric tripyrrindiones such as 27
are readily available from the bromo-substituted tripyrrin-1-ones by hydrolysis
with aqueous acetate.97 In addition, the basic condensation is not restricted to
pyrrolic aldehydes but allows the preparation of a number of analogs 28 by the
use of different aromatic aldehydes (Figure 7).107,109,173,174

A related acidic condensation strategy using an unsymmetric dipyrromethane
29 and a formylpyrrole is the key to the synthesis of most of the known tripyrrenes
8 (Figure 8).126–132 Tripyrrenes have rarely been described in coordination com-
pounds and are mainly used as precursors for the synthesis of unsymmetrically
substituted porphyrins or linear tetrapyrroles. An alternative approach has been
described in the acidic condensation of a dipyrrinone 26 with an acetoxymethyl-
activated pyrrole 30 to give the tripyrrene 31.134 Unsymmetric tripyrrin 7 was
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Figure 6. Stepwise condensation reactions for the preparation of symmetric tripyrrindiones
and tripyrrins, and molecular structure of tert-butyl terminated tripyrrin 24 (crystallographic
figure adapted from Ref. 123).
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prepared as a precursor for the synthesis of hydroporphyrins by a different
strategy, employing the coupling of a dipyrrinthione 32 and the hydrogenated
bromomethylpyrrole 33 and consecutive sulfur extrusion.124,125

Besides the condensation-reaction-based approaches described above, only
little work is reported for tripyrroles using different strategies. The oxidative
degradation of natural linear tetrapyrroles results inter alia in tripyrrolic prod-
ucts.175 A multistep photooxidation of biliverdins and other bilatrienes in the
presence of Tl(III) or Pb(IV) reagents has been found to produce mainly formyl-
tripyrrin-1-ones,106,108,111 and a different one-step strategy for the synthesis of
these tripyrroles from bilatrienes has been communicated.115 Bromination of
α-methyldipyrrinone 34 also results in the formation of formyltripyrrin-1-one 35,
presumably via a bilatriene intermediate 36 (Figure 9).112 A seemingly more
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conventional approach to tripyrrins, the oxidative dehydrogenation of tripyrranes
37 and 40 under different conditions, has been reported by two groups
(Figure 9).117,118 No simple tripyrrins were isolated, but tripyrrin-1-ones 38 and 41,
along with methoxytripyrrin 39 and tripyrrin-2-one 42, respectively, were
obtained.

Finally, tripyrrolic compounds 43–46 have been isolated and characterized as
byproducts from condensation reactions for the preparation of dipyrrins96 and
porphyrins (Figure 10).116,133

C. Tripyrroles: Bis(arylimino)isoindolines [H(bai)]

In the course of investigations into the reactivity and properties of heterocyclic
amines, Linstead prepared the first bis(arylimino)isoindolines [H(bai)] in
1952.173–175 The simple preparation and advantageous chemical stability of the
H(bai) dyes have led to continual development of novel derivatives ever since.
H(bai) ligands contain only one central pyrrole unit, but as their molecular
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framework and coordination properties are closely related to phthalocyanines and
tripyrrins, respectively, they will be introduced in this section. Linstead’s H(bai)
synthesis is generally a condensation reaction of the 1,3-di-iminoisoindoline 47
and a heterocyclic amine in an alcoholic solvent, as generalized in Figure 11. In
most cases, the heterocyclic endgroups consist of (substituted) pyridyl or thiazolyl
moieties. Other terminal groups are possible; however, the investigation of such
H(bai) dyes has mainly been driven so far by their optical properties, as these
chromophores are bright yellow to red in color.176–179 Another early investigation
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is the issue of N–H…N tautomeric forms which are present depending on the end
groups.180–185 In this context, several aryl- and alkyl-terminated H(bai) species as
well as some monocondensation products have been prepared and studied.186–188

The substitution of the imino groups of 47 proceeds in a stepwise manner,173–175

and the role of the alcoholic solvent in the formation of acetale intermediates has
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been assumed, similar to the synthesis of phthalocyanines. A broader use of H(bai)
compounds as ligands for transition metal ions has been documented in the liter-
ature after the development of a one-step synthesis from phthalonitrile and amino
heterocycles in the presence of a metal salt, by Siegl (Figure 11).189–191 Depending
on the cation, either the free base ligand (Ca2+, Mg2+) or the respective transition
metal–bai complexes form under these usually forcing conditions, in varying
yields. Although initally favored over the two-step synthesis, the one-step scheme
has been found to be less economical in most reported studies.

H(bai) ligands have been prepared with a number of different end groups and
substituents on both the central isoindoline and the terminal heterocycles.192–202

Several chiral ligands have been prepared.203,204 Figure 12 provides an overview
of the reported derivatives relevant to coordination studies. For some 
bis(pyridylimino)isoindolines (bpi), functionalization strategies have been worked
out, based on either nucleophilic aromatic substitution190 or palladium-catalyzed
coupling reactions.195

While several protocols for the preparation of symmetric H(bai) species are
known, unsymmetric H(bai) ligands have so far been prepared mainly as mix-
tures.186–188 On the base of known preparations of symmetrical H(bai)s, a two-step
strategy and a mixed one-step synthesis with separation have recently been pro-
posed and reported for the successful preparation of unsymmetric H(bai)s. In
cases with one terminal phenyl and one terminal heteroaryl functionality, the two-
step strategy was found advantageous due to tautomerization issues. The intro-
duction of two different heterocycles, however, is usually accompanied by a
significant amount of scrambling, so that a one-step process and control of
the products by the stoichiometry of the heteroaromatic amines is favored.205,206

Figure 13 shows the examples prepared to date.

D. Tripyrroles: Bis(oxazolinyl)pyrroles [H(bop)]

Oxazolines and their derivatives, in particular as part of the pybox family of
ligands, have been attracting much attention in asymmetric catalysis. Transition
metal complexes of the tridentate pybox manifold and of related meridional coor-
dinating N,N,N and N,C,N donor ligands have been intensively studied and have
found a wide range of applications. Bis(oxazolinyl) derivatives with a central
pyrrole unit show a structurally tight relation to natural tripyrroles and will be
discussed in this section. In general, two types of such bis(oxazolinyl)pyrroles
[H(bop)] exist: one group with directly linked heterocycles, as in 54207,208; and a
second group with two dangling oxazolinyl groups connected via methylene
bridges, as in 55.209,210 The latter group has a rigidified subgroup with twofold
benzo annelation 56.211,212 All H(bop) derivatives have been prepared using
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the same strategy by a two-step double condensation of a pyrrole dinitrile or
di(carboxylic ester) derivative and an amino alcohol (Figure 14). Most derivatives
have been prepared from chiral pool amino alcohols and are thus available as
enantiomerically pure chiral ligands.

E. Tetrapyrroles: Model Ligands Prepared from Natural Biliverdin
and Bilirubin

Chemically simplified bilin derivatives obtained from natural sources have been
known for some time,135,137,138,213,214 as three major drawbacks are associated with
the use of natural biliverdin 9 and bilirubin 10 in chemical studies and, in partic-
ular, as ligands for coordination compounds. All three issues are correlated with
the peripheral substitution of the tetrapyrrole core. The presence of two propionate
side chains renders the natural bilines almost insoluble in most organic solvents
and provides additional reactive sites for metal ions as well as for hydrogen bridg-
ing. This problem is usually overcome by the introduction of methyl or other alkyl
esters, as shown for biliverdin derivative 13 in Figure 2. Additional reactivity
stems from the vinyl substituents. Substitution by ethyl instead of the sensitive
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vinyl groups results in the so-called meso forms, which are also of biological ori-
gin. These mesobilins are often used as the methyl- or ethyl-esters, thus directing
the site of interaction with metal ions exclusively toward the porphyrinoid N4

cavity (see 57 in Figure 15). The third problem is associated with the terminal
oxo groups and relates to different tautomeric forms of the biological species.
Figure 15 illustrates that this prototropic dynamic can result in three different
protonation states for the same ligand. This ambiguity can be overcome by
O-alkylation of one or both oxo groups, thus resulting in ligands 57–59 with
distinct charges of (3-), (2-), and (1-) in the fully N–H deprotonated states.
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F. Tetrapyrroles: Oxidative Ring-Opening of Tetrapyrrole Macrocycles

The naturally occurring degradation processes of heme and chlorophyll are initi-
ated by oxidative ring-opening transformations. Biomimetic and chemical varia-
tions of such transformations have been developed and have led to the preparation
of a number of different artificial tetrapyrroles. Two protocols — the coupled
oxidation of iron porphyrins and the photooxidation of porphyrins and chlorins
bound to magnesium, zinc, and other ions — dominate this approach and have
also attracted scientific interest in their own right.

Many metal porphyrins undergo the coupled oxidation reaction to give meso-
oxygenated porphyrinoids,215 but only for iron porphyrins have the ring-opening
and formation of open-chain tetrapyrrolic products been reported. The reaction
occurs either under biomimetic conditions with dioxygen and ascorbic acid, or as
a shunt reaction in the presence of hydrogen peroxide. Both variants require pyri-
dine as solvent or cosolvent. Iron β-alkylporphyrins 60 (Figure 16) yield bilin-
diones 61 exclusively with loss of one meso carbon atom. For nonsymmetric
derivatives, all possible regioisomers are formed in different ratios.216 Iron com-
plexes of meso-arylporphyrins 62 are less selective and react in two steps via a
hydrated product 63.217,218 This intermediate can be dehydrated to form
tetrapyrroles of the aroylbilinone type 64. Bilindiones 65 form in a side reaction
as minor byproducts. The absence of β-situated alkyl groups allows the rotation of
the terminal C4H2NO unit(s), which results in the presence of conformational
isomers a and b for 63–65 (Figure 16).

Photooxidative porphyrin cleavage occurs simply upon irradiation of a por-
phyrin in the presence of dioxygen. Porphyrins with magnesium, zinc, and cad-
mium central atoms have been employed mainly for this reaction; however, other
metals such as copper, iron, nickel, or thallium may also be used.219 Two differ-
ences are characteristic with respect to the coupled oxidation approach. First, all
products are still in the metalated form except for iron derivatives, and free base
porphyrins as well as an N-alkylated species have also been shown to undergo the
reaction.220 Second, no carbon atom is expelled during the reaction, so that formyl-
bilinones or aroylbilinones are formed throughout. Mechanistic studies on mag-
nesium tetraphenylporphyrin have shown that initially an intermediate with a
four-membered C2O2 ring is formed, which then ring-opens to give the observed
products (Figure 17).221,222

With meso-arylporphyrins as substrates, hydrated forms 63 and aroylbilinones
64 are the only products.223–225 No regioisomers of 64 have been described in the
product mixture. Coincidentally, the successive reaction of tetraphenylporphyrin
with butyl lithium and O2/hν has provided a meso-butylated aroylbiladienone with
the same regiochemistry.226
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β-Alkylporphyrins form exclusively formylbilinones such as 12 and no
hydrated species.219 The reaction shows a high degree of regioselectivity. In mag-
nesium and zinc complexes of protoporphyrin IX dimethylester 66, the oxygena-
tion is directed to the position between the two vinylpyrrole moieties. Zinc,
copper, and nickel complexes of the partially hydrogenated β-alkylporphyrin 67 (a
chlorin) are exclusively opened next to the reduced five-membered ring.219 For
pheophorbide 68 an intriguing dependency of the site of oxygenation from the
metal atom (zinc vs. cadmium) has been observed (Figure 18).227,228 This reaction
was also studied mechanistically.229

Some further oxygenation protocols leading to ring-opened tetrapyrroles
and/or their corresponding metal chelates have been reported. A sterically encum-
bered octaalkyltetraphenylporphyrin has been successfully oxygenated by sodium
nitrite/tfa or by m-CPBA/pyridine, resulting in the respective zinc, copper, or
nickel chelates of the persubstituted aroylbilinone.230 Trivalent thallium has occa-
sionally been reported as a powerful oxidant for the ring-opening of chlorins,
although overoxidation is a problem here.231,232 Early work on vitamin B12 analogs
revealed selective macrocycle opening with ozone,233,234 and a monoarylcorrole
was ring-opened at the direct pyrrole–pyrrole junction by molecular dioxygen to
give a biliverdin analog.235 This latter reaction has, however, not yet found
practical application.

G. Tetrapyrroles: Coupling of Dipyrrolic Building Blocks

The coupling methodologies of oligopyrroles differ with respect to the precursor
nuclearity and the desired bridges. Coupling reactions of two dipyrroles have been
achieved by direct coupling, by coupling through a one-carbon bridge, and by cou-
pling through different functionalized bridges, all using different methods. The
direct linkage of dipyrroles on the more reactive α-positions of pyrroles was first
observed in 1939 as a serendipitous finding during a debromination study on 1-
bromo-9-methoxydipyrrin 71 with elemental zinc.236 In the same year, the action
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Figure 17. Proposed mechanism for the photooxidation of magnesium tetraphenylporphyrin.
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of lead(IV) acetate on a nonbrominated dipyrrinone 73 was found to result in the
formation of a similar artificial tetrapyrrole, the so-called 2,2′-bidipyrrinone 74
(Figure 19).237 Twenty years later, a similar reductive coupling of 1,9-dibro-
modipyrrins 75 with palladium on a solid support was observed238 and further
developed as a method for the preparation of a series of β-substituted 2,2′-
bidipyrrins.239 Three more decades later, the oxidative coupling of dipyrrinone 79
was investigated with a large number of oxidants, leading to products 80 and 81
in different oxidation states (Figure 19).240

Meso-aryl-2,2′-bidipyrrins are also available from dipyrrolic precursors. A
first example, 82, was found as a byproduct from a corrole-forming reaction and
was structurally characterized.241 A more directed approach uses the template
action of divalent nickel to produce complexes 83, from which the desired
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Figure 18. Photooxygenation of different β-alkylporphyrins and chlorins.
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tetrapyrroles 84 could be obtained after oxidative coupling and hydrolytic release
(Figure 20).242

The introduction of a central CH bridge during the coupling of dipyrrolic pre-
cursors has been achieved by the use of trialkylorthoformiate reagents under
acidic conditions. Octaethylbilindione 11 has been prepared from the respective
dipyrrinone by this method,243 and chlorin 85 has been described earlier to form
under similar conditions (Figure 21).244 With careful choice of conditions the same
reagent was successfully applied to the coupling of the sensitive 2,2′-bipyrrole to
give bisnorbilin 86.143

Octaalkylbilindione 88 has been prepared from methylated dipyrrinone 87 by
direct oxidation with loss of one carbon atom. Two different protocols employing
air and strong alkali245 or chloranil246 have been reported for this transformation
(Figure 22).

In order to form unsymmetric derivatives and differentiate between the two
dipyrrolic precursors, several coupling strategies leading to different types of C1

bridges have been reported. Methylene bridges can be introduced by coupling a
dipyrrole with a bromomethyl or chloromethyl group, e.g. 89, and an unsubsti-
tuted derivative such as 90 under acidic conditions.247,248 The introduction of a keto
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Figure 20. Meso-aryl-2,2′-bidipyrrins.
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bridge in 91 was achieved by using a dimethylamido terminal group under
Vilsmeier conditions (Figure 23).248

The most frequently used and most widely applicable method for the coupling
of dipyrroles is the acidic coupling of a dipyrrolic aldehyde 92 with an α-free
dipyrrole 93 (Figure 24). This reaction typically results in the formation of a stable
methine bridge. In many cases, the sensitive α-free dipyrrole is formed in situ
from an acid labile precursor, especially from a carboxylic acid or tert-butyl
ester 95 or 96, respectively. The approach allows the construction of many
symmetric and unsymmetric derivatives of the so-called b-bilene type 94.33,249–251
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Ring-annelated species such as 97 have been accessed from suitable precur-
sors,252,253 as have been partially hydrogenated tetrapyrroles 98153 and 99,254 and
several bipyrrole-containing species, such as 100139,141 or 101147 (Figure 24).

A special coupling strategy has been reported in the context of vitamin B12

synthesis. This approach couples two dipyrroles 102 and 103 carrying a
cyanovinyl group and a lactim-ether, respectively, under alkaline conditions to
give tetrapyrrole 104 (Figure 25).151

A series of artificial tetrapyrroles with a longer chain central bridge and an
(often) extended π system has been prepared from dipyrrinone precursors 105
(Figure 26). Different reagents have been exploited in order to obtain the desired
compounds.255–259 For some of the species the presence of different stable oxida-
tion states has been confirmed. BODIPYs (BOron DIPYrrins) 106 have been used
as luminescent building blocks and introduced as functional units in a number of
large molecule constructions (Figure 27).23 Bis(dipyrrins) 107 with the dipyrroles
connected to each other at the meso position via a large spacer have been
built from dialdehyde 108 using the same synthetic strategy as for dipyrrins
(Figure 28).260 A similar approach was successfully applied to the preparation of
“Pacman” biscorroles.261
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Figure 23. Examples of unsymmetric coupling of dipyrroles through methylene and keto
bridges.
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H. Tetrapyrroles: Coupling Two Pyrrole Units with a Dipyrrole

This is the most important method for preparing open-chain tetrapyrroles. The
coupling of a dipyrrolic center to two pyrrole termini shows the largest number of
applications in the literature and allows the construction of numerous variants of
all important as well as many less usual tetrapyrrole architectures. The major
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drawback of this approach is found in the necessity to produce C2-symmetric
products. In part, this symmetry constraint can be broken by the use of unsym-
metric dipyrroles, as shown by several examples in the past (Figure 29).129,262–264

Usually, the coupling is achieved in one step through twofold condensation of
an aldehyde with an unsubstituted pyrrole or with a carboxylate, as described
above. The aldehyde function may be located on the pyrrolic or the dipyrrolic pre-
cursor; however, in some cases different yields have been reported. Only two
cases employing different strategies have been described.265,266 Many derivatives
can be found in the literature which are best organized by the type of the central
dipyrrole moiety.

2,2′-Bipyrroles have been used extensively as the central building block
for tetrapyrroles, and the preparation of many simple alkyl-substituted
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2,2′-bidipyrrins 114 has been reported from this group of precursors.27,263,267

Persubstituted derivatives with different meso-aryl groups 115 are available under
forcing conditions,263,267 and some functionalized species with biomimetic propi-
onate side chains 116 268 and with annelated carbocyclic rings 117 and 118 269–271

are known (Figure 30). Bipyrroles undergo the double condensation reaction only
if the keto function is localized at the dipyrrolic precursor. If the terminal positions
are free, as in 119,270 particularly smooth reaction conditions have to be applied,
and several byproducts form from oxidative scrambling reactions.271

Due to the biomimetic, bilirubin-like bridging pattern of the tetrapyrrolic
products, the so-called a,c-biladienes, a central dipyrromethane unit, have most
often been applied to open-chain tetrapyrrole preparations with this approach.
Different alkyl, acetate, propionate, alkoxy, and carboxylic ester side chains are
present at the β-positions of these derivatives, and hydrogen atoms,273,275,281,284
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methyl groups,32,128,272–274,276–280,283,284 or carboxylic esters276,282,283 may be used as
terminating entities, as shown in selected examples in Figure 31.

Two types of higher functionalized dipyrromethane building blocks have been
described: meso,meso-dimethyl compounds 120239,285,286 and bridged bis-a,c-
biladienes 121261 (Figure 32). Both species were prepared in excellent yields using
the above methodology. Tetrapyrroles with other extended bridges have only
occasionally been synthesized by this approach. In all known cases so far, dicarbon
units in different oxidation states constitute the central bridge (Figure 32).239,287–290
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Unique to this approach is the preparation of tetrapyrroles with a central
bridge between pyrrolic β-positions (Figure 33). Most studies use a methylene
bridge at this position, as in 122. Both possible options with the aldehyde located
at the pyrrolic as well as the dipyrrolic unit have been successfully applied.291–295

Some further reports deal with similar constructions using longer flexible alkane
linkers (C2–C8) as found in 123,291,296,297 a sulfur bridge as in 124,28 or rigid
diacetylenes such as 125.298 A chiral derivative 126 with the dipyrrins connected
by a binaphthyl bridge has been reported.299 These ligands are often referred to as
bis(dipyrrins), as their coordination behavior is more reminiscent of the single
dipyrrin subunits than of the bilins.

Functionality has occasionally been introduced with the terminal pyrrole moi-
eties or by a posterior modification. Chiral tetrapyrroles were obtained by the use
of enantiomerically pure pyrrole propionates.300 An a,c-biladiene with two termi-
nal nickel porphyrin moieties has been described.40 Benzyl, acetyl, and propionyl
substituents have been introduced at the terminal α-positions of a,c-biladienes as
probes for a macrocyclization reaction to porphyrins.301 Two oxidative protocols
have been reported for the introduction of terminal formyl groups in fully
substituted 2,2′-bidipyrrins.302 None of these reports has, however, found any
generalization in the preparation of tetrapyrroles to date.

I. Tetrapyrroles: Stepwise Coupling of Pyrrolic Precursors

Further developments in the preparation of unsymmetric open-chain tetrapyrroles
have targeted the application of sequences that build the desired compounds from
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single pyrroles in a linear strategy. Several of such approaches have been pub-
lished, and in some cases relevant material for coordination studies has been
reported. In most of the reports, unsymmetric a,c-biladienes have been prepared
for templated macrocyclization studies to yield metal porphyrins.130,132,301,303–305 In
general, the applied method involves an orthogonal protecting group strategy in
order to condense a dipyrrole with pyrrole A, and after deprotection with pyrrole
B to form the desired product. A hydrogenated chlorin precursor 127 could be pre-
pared by a similar approach,152 and two early reports confirm the accessibility of
a class of unsymmetric, meso-hydrogenated 2,2′-bidipyrrins 128 (Figure 34).141,239

III. Coordination Behavior and Complex Properties

A. Interaction of Prodigiosenes with Metal Ions

Despite the strong biomedical interest in the prodigiosene group of linear
tripyrroles, little is known about the coordination properties of these entities. Early
studies on an ethoxycarbonyl-terminated, partially hydrogenated ligand gave
analytical data in agreement with a 2:1 complex 129 for NiII and a hydrolyzed
1:1 species with CuII 130.140 The hydrolysis occurred in the second case only, and
the carboxylate anion was assumed to fill the coordination sphere of the copper
ion (Figure 35). Several studies suggested a functional role of prodigiosenes as
ligands by a measured reactivity such as ion transport154 or nuclease activity,150,306

in the presence of certain ions. Divalent copper appears to be the ion of choice in
all these studies. Only recently have the first crystallographic analyses of prodi-
giosene copper and zinc chelates appeared in the literature and confirmed the sug-
gested stoichiometries of the compounds.307 While zinc(II) chelate 131 was found
to reside in the expected tetrahedral arrangement and with two protonated,
pendant pyrroles, copper(II) complex 132 contains a N,N,N-bound two-electron
oxidized tripyrrole ligand, regioselectively hydrated at the dipyrrin α-position.
This hydroxy group is believed to originate from the redox cycling of molecular
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oxygen and CuI ions, producing hydrogen peroxide, with copper(I) being formed
in an initial step by partial copper oxidation of the prodigiosene ligand. A similar
CuI/O2 driven redox cycling is presumably responsible for the DNA strand
scission, i.e. nuclease activity, of this and related species.

B. Tripyrrinone and Tripyrrin Metal Chelates

Although natural tripyrroles with a tripyrrindione core, biopyrrins 3 and 4, have
been known to coordinate to ions, metal chelates of these or artificial tripyrrindiones
have not yet been isolated. Some description of the optical properties of zinc and
copper derivatives may be found in the literature,98 but neither crystallographic nor
analytical data have so far been reported. Copper and iron complexes of tripyrrin-1-
ones 133–135 and 136 have been found occasionally as oxidative degradation
products of metal chelates of N-confused porphyrin,100,101 carbaporphyrin,102 and
meso-aminoporphyrin (Figure 36).103 Copper chelates 133–135 were investigated
in more detail with respect to the regiochemistry of the ring-opening,103 and to
demetalation/remetalation possibilities, and several examples of tripyrrin-1-one
complexes with a N,N,N-bound zinc(II), nickel(II), palladium(II), and platinum(II)
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Figure 35. Metal complexes with prodigiosene ligands.
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ion were obtained.101 Structural characterization has been performed for the iron (see
Section V.A), copper, and palladium derivatives. Another structural analysis is avail-
able for nickel chelate 138, which was prepared from 44 (Figure 37).116 The basic
structures of 138 and the palladium example 137 deviate mainly by the different
degrees of tripyrrole nonplanarity, which appears to be of sterical origin.

Tripyrrin-1-one carboxylic acids 139 have been found to form a variety of
metal derivatives 140 which are insoluble in water (Figure 38).92,93,95 Further work
revealed two distinct groups of species. With iron(II), cobalt(II), rhodium(III),
iridium(IV), nickel(II), palladium(II), platinum(II), copper(II), zinc(II), cad-
mium(II), mercury(II), tin(II), lead(II), and UO2

2+ ions, typical transition metal
complexes were described, the transformation being accompanied by extensive
changes in the IR and UV-visible spectra. NH4

+, alkali, and alkali earth ions, on
the other hand, react with 139 to give sparingly water-soluble compounds, for
which a helical arrangement of several tripyrrinone acid molecules around the
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metal ion was proposed.104,105 No crystallographic analysis has been reported, and
details of the aggregation process have not been unraveled. A UV-visible titration
study later revealed L1M1 stoichiometries for transition metal and alkali metal
chelates, and a L2M1 stoichiometry for the calcium(II) compound.110

The copper(II) and zinc(II) chelates 141–147 of several tripyrrin-1-ones with
carboxylate, sulfonate, and/or alkyl substitution have been prepared by the extrac-
tion of the corresponding ions from aqueous solutions (Figure 39). The products
have been described as rather labile, and in the case of copper were found to be
very sensitive to oxidation by excess copper(II) and by air. The chelates show
L1M1 stoichiometry and the expected structures for NH dideprotonated tripyrrin-
1-one ligands chelating the metal ion in a N,N,N mode. For zinc derivative 148,
however, the tripyrrole is only monodeprotonated, and the lactam ring resides
preferentially in the tautomeric hydroximino form. The pH dependence of this tau-
tomeric equilibrium was determined by a spectrophotometric titration.113 Such
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138 and 137. (Adapted from Refs. 101 and 116.)
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tripyrrin-1-ones and related aryl-substituted dipyrrinones have also been studied
in the context of their ability to function as ion transporters for a large number of
metal cations.308–311

Tripyrrins with terminal alkyl substitution were studied in coordination com-
pounds in some detail. Fully protonated tripyrrin moieties, as formed under the
condensation conditions in neat trifluoroacetic acid, decompose very quickly in
the presence of nucleophiles and base. The successful preparation of the first
examples involved the divalent palladium, zinc, and copper derivatives, which
with the corresponding acetate salts gave trifluoracetato complexes 149–154,
167–170, and 176, 177 (Figure 40 and Table 1).119–122 Ni(II) could be introduced
by the same approach, but the intermediate nickel chelate required an exchange of
the anionic ligand (presumably trifluoracetate) with a cyanate ion to give 186/187
in order to gain sufficient stability for the necessary chromatographic separa-
tion.312,313 Nickel isocyanates may be cleanly demetalated using excess cyanide
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Figure 39. Zinc and copper chelates of tripyrrin-1-ones 141–148.
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Table 1. Metal, ligand, and coligand of known four-coordinate metal
tripyrrins from Figure 40.

M X L Ref.

149 Pd OAcF L1 119
150 Pd OAcF L2 120
151 Pd OAcF L3 318
152 Pd OAcF L4 121
153 Pd OAcF L5 121
154 Pd OAcF L6 121
155 Pd tcm L3 316
156 Pd tcm L6 316
157 Pd dca L1 316
158 Pd dca L6 316
159 Pd OAc L1 120
160 Pd Cl L1 120
161 Pd Br L1 120
162 Pd I L1 120
163 Pd N3 L1 120
164 Pd NCO L1 120
165 Pd NCS L1 120, 316
166 Pd NCSe L1 316
167 Zn OAcF L1 121, 122
168 Zn OAcF L2 122
169 Zn OAcF L3 122
170 Zn OAcF L5 121
171 Zn tcm L1 122
172 Zn dca L3 122
173 Zn N3 L1 122
174 Zn NCS L1 122
175 Zn NCSe L1 122
176 Cu OAcF L1 121, 122
177 Cu OAcF L3 122
178 Cu tcm L3 122
179 Cu dca L3 122
180 Cu Cl L1 122, 317
181 Cu NCSe L1 122
182 Ni Cl L1 312, 319
183 Ni Cl L3 319
184 Ni Br L1 312
185 Ni I L1 312
186 Ni NCO L1 313
187 Ni NCO L3 313
188 Ni CN L1 313
189 Ni NO3 L3 319
190 Ni sal L3 313
191 Ni ox L1 319
192 Mn NCO L3 314
193 Mn NCS L3 314

(Continued )
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41/Coordination Interactions of Linear Oligopyrroles 383

and have been used as the only source of free base tripyrrin ligands. Remetalation
with acetate salts of divalent manganese, iron, cobalt, and cadmium proceeds
smoothly and allows access to metal tripyrrins 194, 197, 203/204, and 206/207 as
the acetato complexes.314,315 The diversity of the metal tripyrrins described to date
is mainly based on the large variety of axial ligands which may be introduced by
simple extraction with an aqueous solution of the appropriate alkali salt.122,314–316

By this means, halide, pseudohalide, and a variety of oxo anions have been intro-
duced as coligands to metal tripyrrins. For palladium halide derivatives, two alter-
native routes for ligand exchange have been reported to give advantageous results.
Iodopalladium tripyrrin 162 was made under Finkelstein conditions with sodium
iodide in dichloromethane, and the chloro and bromo derivatives 160/161 were
obtained using the corresponding trimethylsilylhalide at low temperature
(Figure 40 and Table 1).120 All these compounds contain metal ions only in the +2
oxidation state. Electrochemical data are available for a set of chloro complexes
with Pd(II), Ni(II), Zn(II), Cu(II), and Co(II). Only copper ions may be reduced to
the monovalent state within the tripyrrin environment. Spectroelectrochemical
studies revealed exclusively ligand-centered oxidation and reduction steps for all
other compounds.317

The tripyrrin molecule is formally derived from the macrocyclic parent por-
phyrin by the loss of one of the four C4N rings. Chemically, however, the trpy lig-
and differs largely from the porphyrin with respect to ligand stability and the open
cis-situated coordination site at the central ion. With regard to the meridional
N,N,N coordination and the monoanionic nature, the tripyrrin ligand is closely

Table 1. (Continued )

M X L Ref.

194 Mn OAc L3 314
195 Fe NCO L3 314
196 Fe NCS L3 314
197 Fe OAc L3 314
198 Co OAcF L1 121
199 Co Cl L1 314, 317
200 Co I L1 314
201 Co NCO L3 314
202 Co NCS L3 314
203 Co OAc L1 314
204 Co OAc L3 314
205 Co NO3 L1 314
206 Cd OAc L1 315
207 Cd OAc L3 315
208 Cd sal L1 315
209 Cd acacF L3 315
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related to the class of pincer ligands. The major difference with the tripyrrin sys-
tems studied so far appears to be the presence of two terminal methyl moieties
which shield the one coordination site situated in the N3M plane of a given com-
plex. Neutral palladium(II) complexes of such α,ω-dimethyltripyrrin ligands are
typically characterized by the steric repulsion which is present between the
anionic coligand (in particular the donor atom of that coligand) and the two methyl
groups situated at the termini of the open-chain tripyrrole (methyl termini). The
steric overcrowding at the open site of the linear tripyrrole leads to strained, non-
planar structures, and in one case even fluxional behavior has been observed, i.e.
a dynamic interconversion process between two different nonplanar conforma-
tions 210-I and 210-II (Figure 41).119–121,318 These two limiting conformations have
so far been the only ones observed for neutral palladium tripyrrin species, and they
have been named strained pseudoplanar and helical, in accordance with the cor-
responding tripyrrole conformation. In the pseudoplanar conformation, the Pd2+

ion is bound in an intermediate situation between distorted square-planar and
distorted tetrahedral, while for the helical form a planar coordination of the

Figure 41. Structural aspects and dynamics of neutral palladium tripyrrins (crystallographic
figures adapted from Refs. 120 and 316).
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palladium(II) ion results. The pseudoplanar scenario is present in the majority of
compounds,120 while the helical form has mainly been observed with the trifluo-
racetato ligand. In addition, a linear coligand containing a small donor atom
increases the chance to observe (trpy)Pd species in the helical conformation. The
N-donor pseudohalides thiocyanate and tricyanomethanide have been used suc-
cessfully for this purpose. The related dicyanamido ligand, on the other hand, pro-
duces palladium tripyrrins which reside exclusively in the pseudoplanar form.316

The inner strain of palladium tripyrrins supports ligand exchange processes and
has been used to prepare a variety of cationic derivatives (see Section IV.A).

In contrast to the situation with palladium, nickel(II) tripyrrins usually contain
a high-spin-configurated d8 ion in solution and in the solid state, with a structure
described as unstrained pseudoplanar, as demonstrated for cyanato derivative 186
in Figure 42. The coordination environment of the nickel ion in these species is
strongly distorted toward a tetrahedron.312,313,319 The only known exceptions are
cyano complexes 188 and 211, in which low-spin nickel(II) ions are present. In
both species strained pseudoplanar conformations with distorted square-planar
coordination of the nickel ions are realized, regardless of the terminal or the bridg-
ing binding mode of the cyano ligand (Figure 42).319 A typical probe for distin-
guishing between the strained and the unstrained pseudoplanar forms, besides the
spin-state-dependent Ni–N distances, is the distance between the methyl termini
of the tripyrrin ligands and the donor atoms of the coligand. For example, this dis-
tance is 3.406–3.503 Å for the unstrained cyanato derivative 186, but only

Figure 42. Structural aspects of high-spin and low-spin nickel(II) tripyrrins. (Adapted from
Ref. 319.)
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2.993–3.018 Å for the strained cyano complex 188. Another marked difference in
this regard is the finding that metal tripyrrins in the strained pseudoplanar confor-
mation do not accept a fifth donor atom (for an exception see Section IV.A), while
unstrained pseudoplanar examples readily bind to one, but not two, additional
donor or solvent molecules, and form products with five-coordinate nickel.
Thermodynamic data are available for the binding of pyridine N-oxide to a
chloronickel tripyrrin.312

Four-coordinate complexes of the tripyrrin ligand with divalent cobalt, cop-
per, and zinc centers also tend to form unstrained pseudoplanar molecules.
Examples are the halide and pseudohalide species 173, 180, 184, and 200, sum-
marized in Figure 43. As for the nickel chelates, these complexes tend to bind a

Figure 43. Four-coordinate tripyrrin (pseudo)halide complexes with different 3d metal
centers. (Adapted from Refs. 122, 312 and 314.)
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fifth donor atom. This tendency, however, is less pronounced for the smaller
copper and zinc ions. If bidentate ligands such as nitrate, salicylate, oxalate, or
acetate are employed, nickel and cobalt tripyrrins prefer a chelating η2-coordination
and formation of five-coordinate species with a strained trigonal pyramidal
structure, as in 189, 191, and 205 (Figure 44). Linear or stretched polydentate
ligands, on the other hand, yield 1D coordination polymers with the metal
tripyrrin building block in an unstrained trigonal bipyramidal situation (see
Section VIII.A).121,122

Attempts to crystallize simple iron or manganese tripyrrins have not been
successful so far. These compounds are reported to be extremely sensitive with
respect to dissociation as well as oxidation, so long-term crystallization attempts
usually resulted in the decomposition of the material. In one instance, however,
the slow crystallization of an iron tripyrrin with isocyanate coordination yielded a
small amount of very sensitive dark violet crystals that were shown by XRD to
consist of the µ-oxo derivative 212 (Figure 44). Compound 212 is so far the only

Figure 44. Metal tripyrrins of iron, cobalt, and nickel in different trigonal bipyramidal forms.
(Adapted from Refs. 314 and 319.)
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example of a metal tripyrrin with the metal in an oxidation state other than +2.
Further spectroscopic data of 212 were not reported.314

Ligand exchange experiments on cadmium tripyrrins disclosed a marked
tendency toward pentacoordination, which is achieved by the formation either
of chelates or of 1D coordination polymers arising from the size of the central
metal. The attempted introduction of chloro, iodo, or cyanato ligands, instead,
led mainly to decomposed material, while the use of 1,1,1-trifluoracetylaceto-
nate, salicylate, and acetate ligands resulted in stable, pentacoordinate, and
monomeric complexes such as 208 or 209, with the external ligand bound as a
four- or six-membered O,O-chelate ring (Figure 45).315 With the pseudohalo-
genido ligands thiocyanate, selenocyanate, and azide as well as with the weakly
coordinating trifluoroacetate, 1D coordination polymers with a variety of chain
structures were obtained (see Section VIII.A). Treatment with fluoride and
other basic anions like hydroxide, phenoxide, or tert-butoxide does not result
in the expected formation of the ligand exchange product or in the breakdown
of the sensitive tripyrrolic ligand framework, but yields the sterically congested
2:1 product, bis(tripyrrinato)cadmium(II) 213, as the only isolated compound
in an almost quantitative yield. Compound 213 is the only tripyrrinate with a
hexacoordinate metal center observed so far. The compound is very stable and
was characterized by means of solution spectroscopy and single crystal X-ray
diffraction (Figure 45). The result of the X-ray crystallographic analysis
demonstrates the chiral nature of single molecules of 213 in the solid state. This
chirality stems from the helical distortion of both tripyrrin ligands, which in
turn is the structural answer to the presence of a steric constraint at the
open face of this ligand. In solution, however, the compound was reported to
racemize rapidly.320

Figure 45. Examples of five- and six-coordinate cadmium tripyrrins 208, 209, and 213.
(Adapted from Refs. 315 and 320.)
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A small number of reports have appeared concerning coordination compounds
of other tripyrroles. Two types of partially hydrogenated tripyrrins were employed
as ligands. Nickel(II) complex 214 (Figure 46) was reported to function as a sta-
bilized storage form of the corresponding, highly sensitive free base tripyrrin 7,
which is used as an intermediate for the preparation of sophisticated, functional-
ized chlorins.124,125 Tetrahedral cobalt(II) and zinc(II) complexes were prepared
from meso-hydrogenated tripyrrene 8, a precursor for unsymmetric porphyrins,
and characterized in solution as the L2M1 species 215.128

Several examples of tri- and tetrapyrrolic ligands with N,N,N,O coordination
have been reported. This coordination is known for carbonyl, carboxylate, and
sulfonate terminated tripyrrin-1-one complexes. Structural proof beyond these
species has been obtained accidentally in those cases summarized in Figure 47.
Nickel(II) salts react with biladien-5-ones to give tripyrrin chelates 216 and 217.321

Both compounds show evidence of an oxidative introduction of a hydroxo or
methoxo group, respectively, during the metalation process, as seen above for the
copper chelate of prodigiosene 132. Metal chelates of a meso-alkylated tetrapyr-
role were obtained, and two stereoisomers 218 and 219 were characterized.226 A
copper(II) complex of a meso-oxotripyrrin 220 forms from the tripyrrane precur-
sor under oxidative conditions. Demetalation/remetalation allows the preparation
of isostructural zinc(II) and cobalt(II) chelates of this new ligand.114

A hybrid dipyrrin/pyrrole/Schiff base ligand was observed as a square-planar
nickel(II) complex 221 from an unexpected hydration/condensation sequence and
was analyzed by structural means (Figure 48).322

C. Bis(arylimino)isoindoline Complexes

Middle and late transition metal ions as well as most noble metals have been
employed in general studies concerning the preparation and properties of bai
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complexes. Many of these studies are strongly focussed on an application such as
catalysis or bioinorganic modeling. Most of the compounds described so far are of
either the L1M1 or the L2M1 stoichiometry. The first metal chelates of unsubsti-
tuted parent ligand H(bpi) 48 were described by Elvidge and Linstead in 1952.173
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Figure 48. Unexpected formation of tripyrrole imine complex 221.
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Two species were obtained by the action of nickel(II) acetate on 48 and assigned
to L1M1 and L2M1 compounds 222 and 223, respectively, on the basis of analyti-
cal data. The tetracoordinate structure of 223 was later corrected in favor of the
octahedral species (Figure 49).184 In this second report about metal bai com-
pounds, further L2M1 compounds [M = Fe(II), Co(II), Zn(II), and Cd(II)] 224–227
were discussed, and characterized by optical, magnetic, and analytical methods. At
ambient temperature, octahedral coordination and high-spin configurations were
found throughout the series, and double protonation was observed if perchlorate
salts and no additional base were employed in the coordination of H(bpi) 48.
Results from optical and vibrational spectroscopy on these protonated complexes
pointed to the presence of two NH groups per molecule. The location of these pro-
tons was first assumed at the central pyrrole nitrogen of the ligands, as depicted
for 228 in Figure 49, since this is the most basic site of the bpi anion.184 Later work
provided crystallographic proof for the protonation of the bridging imino groups
(see below).323

Detailed analyses of the electronic and magnetic structures of L2M1-type bpi
complexes 223–225 and 229 with the divalent ions of nickel, iron, cobalt, and man-
ganese, respectively, and of several simple alkylated bpi derivatives have been per-
formed, and the room temperature susceptibility data as well as optical spectra of
these series of compounds proved the presence of high-spin species throughout.
Electrochemical data were provided for compounds with the 4-Mebpi ligand.183
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Figure 49. Early assignments of metal chelates 222–228 with the bpi and H(bpi) ligands.
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Paramagnetic NMR spectra could be fully assigned on the basis of data obtained
by high-field, high-resolution 2H NMR experiments. (bpi)2Zn 226 was studied as a
diamagnetic reference compound for corrections, and EPR data were obtained for
cobalt derivative 225 (Figure 50 and Table 2). In addition, the first crystallographic
analysis of a L2M1 bai chelate, (3-Mebpi)2Mn 230, was reported. The geometry
about the metal center is a distorted octahedron. Because the two 3-methylpyridyl
groups of a single bpi unit are unable to span the metal, their average trans angle
is reduced from 180° to about 160°, and the planarity of the conjugated π system
of 230 is lost in favor of a slightly helical conformation due to steric congestion.324

(bpi)2Fe 224 and a derivative (244) carrying a methyl group at the isoindoline
backbone  were later characterized structurally.194,325 Both derivatives showed
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Table 2. Metal ion and substitution pattern of known
L2M1 complexes 229–243 with bpi and alkylated bpi
ligands (see Figure 50).

M R1 R2 R3

229 Mn H H H
230 Mn H H Me
231 Fe Me H H
232 Fe H Me H
234 Fe H tBu H
235 Fe H H Me
236 Co Me H H
237 Co H Me H
238 Co H tBu H
239 Co H H Me
240 Ni Me H H
241 Ni H Me H
242 Ni H tBu H
243 Ni H H Me

N

N

N

NN

N
N

N N

N
M

R1

R2

R3

R1

R2

R3

Figure 50. General view of simple L2M1 compounds (see Table 2 for metal ions and
substituents).
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iron–nitrogen bond lengths of about 2.0–2.3 Å, characteristic of high-spin Fe(II).
A Mössbauer study on 224 confirmed this assignment (Figure 51).

Acetatonickel(II) complex 222 of the L1M1 type, already described in the first
report of metal bai chelates, had been obtained again as a byproduct of (bpi)2Ni
synthesis, and was characterized electronically as a high-spin species at ambient
temperature.184 Further L1M1 chelates 245–247 with the acetate coligand and M =
Co(II), Cu(II), and Zn(II) have been described as isolated products from the tem-
plate synthesis of bpi (Figure 52).191 Ni(II), Co(II), and Cu(II) proved to be good
template ions and gave good yields in this transformation, while for Zn(II) only
20% of the product could be obtained. Divalent nickel was also successfully used
in the template syntheses of several other bai ligands from 2-amino-3-methylpyri-
dine, 2-amino-4-methylpyridine, 2-amino-5-methylpyridine, 2-amino-5-chloropyri-
dine, and 2-aminothiazole, but was unsuccessful with 2-amino-6-methylpyridine,
2-amino-4,6-dimethylpyridine, 2-amino-4-methylthiazole, aniline, 3-aminopyri-
dine, 4-aminopyridine, and 2-aminopyrimidine. The diversity of metal bai com-
plexes was further increased by the description of successful ligand exchange
reactions of acetate against azide for the simple nickel and copper chelates 248
and 249.191 In later work, ligand exchange was undertaken on (bpi)Ni(OAc) 222,
and new halide, pseudohalide, and cyanamide compounds were reported as well-
studied products. The latter cyanamides, such as 250, were reported to contain a
low-spin Ni(II) ion, which is easily solvated to form five-coordinate high-spin
species (Figure 52). Thermodynamic parameters have been measured for this
association process, and the results suggest that both electronic and steric factors
play important roles in determining the stability of the solvated complexes.326

The chemistry of copper bai complexes was developed mainly in the context
of bioinorganic mimicking of redox enzymes and of the interaction of Cu(I)
with dioxygen. Acetato complex 251 was prepared from the components by a

Figure 51. Molecular structures of (bai)2Fe compounds 224 and 244. (Adapted from
Refs. 194 and 325.)
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stoichiometric reaction, and gave carbonyl copper(I) species 252 upon reduction
with sodium amalgam in the presence of CO (Figure 53). 252 reacts with dioxy-
gen under the formation of two products: a carbonato-bridged dimer 253 and a
tetranuclear hydroxo cluster 254 with the partially oxygenated bpi ligand.327 Both
products were identified by single-crystal analyses.
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Figure 53. Cu(I)/O2 reactivity in the 4-Mebpi system.
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Figure 52. Template synthesis of acetato metal bai complexes, and ligand exchange
chemistry on [(bpi)Ni(OAc)] 222.
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Two different bai-based model systems for galactose oxidase (GO), a fungal
H2O2-producing enzyme, have been reported. A structural model 255 containing a
distorted pentacoordinate copper(II) ion in a N3O2 ligand field was prepared
from 5-Mebpi and a deprotonated dibenzoylmethane ligand. EPR analysis of a
microcrystalline sample of this compound showed a dipolar spin coupling, which
was explained by the formation of weakly associated dimers in the crystal lattice.328

Acetato complex 251 with the 4-Mebpi ligand could be crystallized with one addi-
tional water ligand in a different five-coordinate N3O2 environment. This com-
pound has been studied as a spectroscopic model of the GO active site with respect
to the influence of cyanide and other anion binding on EPR and optical spectra.329

For quercetin dioxygenase, another copper-dependent oxidoreductase, a functional
model complex 256, was reported.330 Compound 256 formed upon treatment of
mesitylcopper(I) with flavonol H(fla) in the presence of H(bpi) 48 as a diamagnetic
complex, which on reaction with molecular oxygen underwent oxidative splitting
of the C2–C3 bond of the pyranone ring of the flavonolate ligand to give the
copper(I) chelate [(H(bpi))Cu(O-bs)] (O-bs = O-benzoylsalicylate) and carbon
monoxide. The reaction of [Cu(an)4]ClO4 (an = acetonitrile), H(fla), and H(bpi)
with dioxygen at room temperature affords the paramagnetic copper(II) complex
[(H(bpi))Cu(fla)]ClO4, and after elimination of HClO4, [(bpi)Cu(fla)] 257 is
formed. The latter undergoes cleavage of the pyranone ring upon oxygenation at
80 °C to give [(bpi)Cu(O-bs)] and carbon monoxide. [(bpi)Cu(fla)] and its perchlo-
ric acid adduct serve as good catalysts for the oxygenation of flavonol to O-benzoyl-
salicylic acid. Figure 54 provides an overview of the different oxygenase models.

More structural information on copper bai species is available through an
acetato copper(II) complex with a benzoannelated ligand,331 a chiral polysubsti-
tuted example,203 and a twofold hydrated pentacoordinate cation as perchlorate.332

Another, quite instructive study compares the conformation and catalytic
performance of two simple acetato copper(II) complexes with a bpi- and a thiazole-
based bti ligand, 258 and 259, respectively (Figure 55).196 Both species are selec-
tive catalysts for the allylic peroxidation of cyclohexene, with bpi derivative 258
showing the higher activity. Structurally, this derivative is characterized by a sig-
nificant nonplanar distortion of the conjugated heterocyclic ligand framework,
while bti derivative 259 is essentially planar, due to reduced steric encumbrance
at the site of the anionic coligand. This effect is even more pronounced for bai
ligands with terminal methyl substituents and has been observed in palladium
complexes 260 and 261 (Figure 55).199 However, whether an increased ligand
exchange reactivity of bpi vs. bti complexes is accompanied by this increase in
intramolecular strain has so far remained unexplored.

The conformational flexibility of bai ligands and their possible presence in
protonated and deprotonated states have become particularly obvious in studies of
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zinc and cadmium chelates. The reaction of Cd(II) and Zn(II) perchlorates with
H(4-Mebpi) produced series of L2M1-type complexes with zero, one, and two
additional protons 262–267 (Figure 56).323,332 Complexes (4-Mebpi)2Cd 262, (4-
Mebpi)2Zn 263, and [(H(4-Mebpi)(4-Mebpi)Cd]ClO4 264 were characterized

Figure 55. Conformative differences of [(bpi)Cu(OAc)] 258 and [(bti)Cu(OAc)] 259, and of
the methyl-terminated palladium analogs 260 and 261. (Adapted from Refs. 196 and 199.)

N NN

N NCu

O

255 251 × H2O

O

Ph Ph

N NN

N NCu

AcO OH2

N NN

N NCu

O

256 257

O

O

N NN

N NCu

O O

O

H

II I

Figure 54. (bpi)Cu-based model compounds for different oxidoreductases.
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crystallographically, with the additional proton of the latter being located at one of
the bridging imino groups. Whereas [(H(4-Mebpi)(4-Mebpi)Cd]ClO4 264 is stable
in solution, [(H(4-Mebpi)(4-Mebpi)Zn]ClO4 265 converts to the tetrahedrally
coordinated, trinuclear complex [(4-Mebpi)4Zn3](ClO4)2 268 with a linear zinc
backbone. All protonated complexes were reported to be tautomeric in solution
because of the shuffling of the iminium protons between imine nitrogen atoms.

Besides the protonated (4-Mebpi)2M1 complexes discussed above, the syn-
thesis and structure of L1M1 complex [(4-Mebpi)Cd(NO3)2] 269 with a seven-
coordinate cadmium ion have been reported (Figure 57).180 As before, this
compound is tautomeric in solution as the NH proton moves between the bridging

Figure 56. Structures and reactivity of zinc and cadmium chelates of 4-Mebpi in different
protonation states. (Adapted from Ref. 323.)
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Figure 57. Cadmium H(bpi) chelates with high coordination numbers. (Adapted from
Refs. 180 and 197.)

imine nitrogen atoms. If the sterically encumbered 6-Mebpi ligand is employed,
cadmium and zinc atoms bind in a different N,N coordination mode using one
bridging imine and one pyridine nitrogen atom. Cadmium(II) forms the eight-
coordinate fluxional complex 270 with two protonated 6-Mebpi units and two
chelating nitrate ligands, while in the presence of zinc(II) the ligand hydrolyzes
with loss of one of the pyridylamine subunits.197

An extension of the chemistry of bai ligands was achieved by the advent of
binucleating ligand 271. Dinuclear species 272–275 were obtained by the reaction
of 271 with mononuclear acetato metal(II) compounds of the 4-Mebpi ligand of
manganese, iron, cobalt, and nickel (Figure 58). Magnetic, optical, and electro-
chemical investigations have revealed that the two metal ions in 272–275 are only
very weakly coupled, and an application of these and related dinuclear or polynu-
clear compounds as multielectron catalysts was discussed.183

Dinuclear ruthenium complexes were prepared in which the metal atoms are
bridged by bis(bpi) ligand 271 and terminated by 4-Mebpi.182 Mixed valence
(Ru(II)/Ru(III)) 276 and mixed metal complexes were prepared and their spectro-
scopical and electrochemical properties studied in the context of electron transfer
mechanisms. Mononuclear ruthenium complex 277 was found to contain a proto-
nated H(4-Mebpi) unit and three chloride anions as ligands, thus residing in the
oxidation state +3 (Figure 59). This complex catalyzes the autoxidation and elec-
trochemical oxidation of alcohols in basic alcoholic solution. The reaction is
general, resulting in the oxidation of primary and secondary alcohols, with the
principal products being aldehydes and ketones. More than 200 turnovers were
observed in the oxidation of ethanol at the ambient temperature, with little or
no loss of catalytic activity. Possible pathways for the catalytic autoxidation and
electrochemical oxidation were discussed.181

Dinuclear molybdenum(II) complexes 278–288 with a variety of different bai
ligands have been reported to form upon exchange of one of the acetato ligands
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from Mo2(OAc)4 with one deprotonated bai ligand.333 The structure of the parent
bpi compound 278 has been determined,334 and it consists of a quadruply bonded
dimolybdenum unit which is bound to three bridging acetates and one bridging bai
ligand. The bai ligand is bound to one molybdenum by an imino nitrogen and to
the other molybdenum by the isoindoline nitrogen and a pyridyl nitrogen. The
pyridyl nitrogen is bound in a position approximately coaxial with the
metal–metal bond (Figure 60). The Mo–Mo bond distance is 2.109 Å, and it has
been found that the d–d* transition of the quadruple bond is influenced by the
different heterocyclic end groups of the bai ligands in a complex fashion.335

Several studies concerning bai complexes with low-spin d8 metal ions have
been reported. Such ions tend to form square-planar or square-pyramidal coordi-
nation compounds for electronic reasons and are thus well suited for the prepara-
tion of L1M1-type species. Rhodium(I) 289–292 and iridium(I) complexes
293–297 have been reported with a variety of different bai ligands, mainly with
the bpi framework (Figure 61).185 Different neutral coligands have been used to
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stabilize these compounds, with CO being the best choice in both cases. For
rhodium(I) derivative 289 the oxidative addition of methyl iodide was studied.
The expected product 298 undergoes insertion reactions to acyl complexes 299
and 300 upon addition of further CO, or P(OMe)3, respectively.

Divalent palladium also forms neutral square-planar complexes with an
anionic coligand occupying the fourth coordination site. Species with bpi- and
bti-type ligands have been reported, and several crystallographic studies
provided insight into metal–ligand interactions and crystal-packing phenom-
ena.195,199,204,336 Figure 62 presents selected examples 301–304 of such crystallo-
graphic analyses. For some of these palladium chelates, catalytic activity was
reported in the hydrogenation of alkenes195 and in C–C coupling reactions (see
Section IV.C).

The cobalt-catalyzed oxidation of hydrocarbons by molecular oxygen repre-
sents one of the largest-scale applications of homogeneous catalysis and is widely
used in industry, such as for the synthesis of adipic acid from cyclohexane. A sig-
nificant increase in selectivity in the decomposition of cyclohexyl hydroperoxide
to cyclohexanol and cyclohexanone in the presence of transition metal (particu-
larly cobalt) complexes of bai derivatives was reported repeatedly in the patent lit-
erature337–340 and set off significant activity in the field of bai-based oxidation
catalyses that continues today. In the original reports it was stated that cobalt bpi
catalysts are very active and long-lived, allowing cyclohexylhydroperoxide to be
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Figure 60. Dimolybdenum bai chelates 278–288.
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converted in a selective, low-temperature process. The structure of one of the pre-
catalysts, the L2M1 derivative [(3-Mebpi)2Co], had been determined crystallo-
graphically. Under reaction conditions, it was assumed that the active form of the
catalyst has lost one bpi ligand.341 This assumption was later confirmed by the syn-
thesis and characterization of active cobalt(III) alkylperoxide species (Figure 63
and Table 3).194,342 An X-ray structure was obtained of one tert-butylperoxo deriv-
ative, 306. This analysis revealed a distorted octahedral environment with a
chelating carboxylate moiety and an apically bonded tert-butylperoxo group. The
reactivity of cobalt(III) alkylperoxo complexes toward hydrocarbons was found
to be dependent on their thermal decomposition rate, with bpi complexes being
the most reactive. In addition, the activity of the cobalt bpi catalysts proved to
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Figure 61. Chemistry of iridium and rhodium bai species.
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be essentially independent of the substitution pattern in the ligand. Saturated
hydrocarbons are oxidized by Co(III) tert-butylperoxo complexes into alcohols,
ketones, and tert-butylperoxo products. The hydroxylation reaction preferen-
tially occurs at the more nucleophilic C–H bonds with extensive epimerization at
the hydroxylated carbon atom. Hydrocarbons having labile allylic or benzylic
C–H bonds react already at room temperature to give a large amount of allylic
or benzylic tert-butyl peroxide. Olefins having no allylic hydrogen atom are

Figure 62. Selected molecular structures of neutral palladium bai complexes 301–304.
(Adapted from Refs. 195, 204, and 336.)
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Figure 63. General view of cobalt(III) alkylperoxo complexes for the catalytic oxidation of
hydrocarbons (for substituents see Table 3).
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preferentially transformed into epoxides. The catalytic hydroxylation of alkanes
by tert-BuOOH in the presence of cobalt(III) bpi complexes has the same charac-
teristics as the stoichiometric reaction. The homolytic decomposition and reactiv-
ity of cobalt(III) alkylperoxo complexes were discussed in the context of the
Haber–Weiss mechanism of alkyl hydroperoxide decomposition and of hydrocar-
bon hydroxylation by first-row transition metal peroxides. A photochemical vari-
ant of this reaction has also been worked out.343 Figure 63 and Table 3 show
typical cobalt(III) catalysts.

Besides their use in the technical process described here, achiral and chiral
cobalt and iron bpi chelates such as 320, 321, and 322 (Figure 64) have most
recently been investigated as useful and selective catalysts for the living radical

Table 3. Substituent pattern of known cobalt(III) alkylperoxo
complexes 305–319 (see Figure 63).

R1 R2 R3 R4 R5

305 H H H tBu Me
306 H H H tBu Me
307 H H H CMe2Ph Me
308 H H H CMe2Ph Ph
309 H Me H tBu Me
310 H Me H tBu Ph
311 H Me H tBu tBu
312 H Me H CMe2Ph tBu
313 Cl H H tBu Me
314 Br H H tBu Me
315 Me H H tBu Me
316 Br H Me tBu Me
317 H H Me tBu Me
318 H Me Me tBu Me
319 H tBu Me tBu Me

N

N

N

N N

O

O
Co

321

N

N

N

N N

O
Co

320

N

N

N

N N

O

O
Fe

322

Ph

Ph

O

OMe

OMe

Ph

Ph

Figure 64. Selected cobalt and iron bpi catalysts 320–322.
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Figure 65. Molecular structures of dinuclear palladium complexes with achiral and chiral
bop ligands (crystallographic figures adapted from Refs. 207 and 208).

polymerization of acrylates,202 the stereoselective cyclopropanation of alkenes,
and the stereoselective hydrosilylation.203 These results demonstrate the great
potential of this group of complexes in modern catalysis research.

D. Complexes of Bis(oxazolinyl)pyrroles

Bis(oxazolinyl)pyrroles [H(bop)] are the most recent extension to the tripyrrin
class of ligands in coordination chemistry. These ligands allow the relatively sim-
ple introduction of chirality at the terminal positions and are therefore particularly
valuable in molecular catalysis. Three slightly different types of H(bop) ligands
have been reported. Ligands 54a and 54b consist of a pyrrole center with two
directly attached oxazoline moities, and have been studied in the coordination to
divalent palladium. A dinuclear complex 323 was obtained from achiral ligand
54a, demonstrating that for steric reasons only two of the three nitrogen donors
can bind to the same metal ion (Figure 65).207,208 As the dinuclear species forms a
double-helical structure, the use of the chiral ligands (R,R)- and (S,S)-54b yields
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mixtures of double-stranded helicate diastereomers 324 which have been sepa-
rated and investigated in detail with respect to structure and dynamics. In addition,
dinuclear complex 323 was found active in the catalytic Suzuki cross-coupling
reaction (see Section IV.C).

H(bop) ligands 55, which contain bridging methylene groups between the het-
erocyclic components, have been described as complexes with palladium, zinc, and
rhodium. Chloro palladium(II) chelates 325 form from the respective ligand after
deprotonation and treatment with [PdCl2(cod)] in fair-to-acceptable yields. Peculiar
dehydrogenation and formation of the complexes with conjugated ligands 326 has
been observed in this system. The transformation occurs in the presence of oxygen
or of excess palladium and is highly chemoselective. Crystallographic analyses of
members of nonconjugated and of conjugated complexes confirm significant pla-
narization and rigidification during this process (Figure 66).209 If zinc is coordi-
nated to 55a, complex 327 with a conjugated ligand is formed immediately. Other
than 326, however, 327 is not an oxidized but rather a rearranged form of the
original framework. A similar rearrangement was found in the palladium series.344

Figure 66. Planarization of palladium and zinc bop species (crystallographic figures
adapted from Refs. 209 and 344).
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Rhodium(I) complexes 328 have been prepared analogously from deproto-
nated ligands and [RhCl(CO)2]2 or [Rh(acac)(CO)2], for a number of different
derivatives (Figure 67). Upon heating the compounds at 100 °C in toluene over
several hours, a rearrangement to isomeric species 329 occurs, similar to that
described above for zinc complex 327. Compound 328 (R = iPr) reacts with
methyl iodide in the expected way by oxidative addition to rhodium(III) complex
330. CsBr3, on the other hand, converts 328 (R = iPr) into dibromo rhodium(III)
compound 331 with a rearranged bop ligand.210

The third subgroup of H(bop) ligands are the chiral, twofold benzoannelated
species 56 (Figure 14). With respect to the rigidity of the conjugated backbone,
these ligands are closely related to the rearranged and even closer to the oxidized
derivatives mentioned above. Pincer ligands 56 have so far been described only in
the context of chromium-catalyzed asymmetric Nozaki–Hiyama allylation and
related processes.211,212,345

E. Behavior of Bilirubin and Biliverdin Toward Metal Ions

A role of the natural bile pigments biliverdin 9 and bilirubin 10 in the secretion of
trace metals was assumed early on the basis of changes in the optical spectra of
medicinal preparations. Later on, numerous attempts to quantify the interactions
of bile pigments with different transition metal ions and to clarify the unknown
structures of these complexes were undertaken. Zn2+ was the first ion for which a
distinct binding to bilirubin 10 and mesobilirubin in a biomimetic buffer was
confirmed spectrophotometrically.346 Many other di- and trivalent 3d and 4f
cations also led to marked changes in the optical spectra under similar conditions.
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However, the complexes formed were unstable in most cases.347 Sm3+ was found
to form a stable adduct with bilirubin 10, and the first structural assignment of a
L1M2 complex of this ion, 332 was deduced from the results of a spectrophoto-
metric titration of 10 with samarium acetate (Figure 68).348 Subsequently the 1:2
stoichiometry of 332 was confirmed and similar chelates with Zn2+, Cd2+, and Fe2+

ions were identified. Stability constants were obtained by spectrophotometric
titrations, and a quite small stability window of around pH 8 was found to be a typ-
ical feature of these compounds.349–352 In aprotic media, however, the interaction
patterns are obviously different due to intramolecular hydrogen bridges of 332 and
similar chelates, and bilirubin 10 has been found to form stable trinuclear species
such as 333 with Zn2+, Cd2+, and Co2+ under these conditions (Figure 68).353

In a surface-confined state, however, the coordination behavior of bilirubin 10
differs markedly from the above findings. Raman studies of 10 absorbed on silver
(SERS method) indicate the formation of L1M1 complexes in the presence of
excess metal cations. In the case of the divalent Fe2+, Co2+, Ni2+, and Cu2+ ions,
bilirubin acts as a tetradentate nitrogen donor like in 334, while for Ag+ and Au3+

an open conformation as in 335 and binding to only two nitrogen atoms is reported
(Figure 69).354,355

In addition, the former species displays a pronounced sensitivity toward redox
transformations, and in the copper case the reversible oxidation to a complex of
biliverdin 9 was reported. Copper(II) was indeed found earlier to oxidize bilirubin
10 to biliverdin 9 in aqueous solution as well as in DMSO,352 and a spectrophoto-
metric titration of bilirubin 10 with the tetrachloroaurate anion also confirmed the
initial formation of biliverdin 9. Further addition of [AuCl4]

−, however, resulted in
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a new spectral pattern which was assigned to a gold(III) complex of the oxy-
genated bilipurpurin 336 (Figure 70).356 Bilipurpurin 336 and biliviolin 337 are the
two most important natural degradation products of biliverdin 9 and bilirubin 10,
and have long been known to exist as metal-binding dyes in oxidized bile.111,357,358

Bile extracts show a characteristic fluorescence in the present of zinc cations.
In 1934, Lemberg prepared the first pure zinc and copper complexes of biliverdin
dimethyl ester 13 and proved that the zinc derivative is in fact not fluorescent
under inert conditions.359 Fluorescence occurs upon aerial oxidation of chelate
338 and has been assigned from the optical spectra to the 2 e−, 2 H+ oxidized
biliviolin species 339 (Figure 71). This assignment was later confirmed by the
preparation and investigation of model compounds.111,358

Metal complexes of biliverdin 9 itself were described rather late for Zn2+, Cd2+,
and Cu2+ ions, and spectrophotometric titrations have confirmed the expected 1:1
stoichiometry in all cases.352 Biliverdin dimethyl ester 13, the corresponding diethyl
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surface.
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ester, and respective meso forms such as 57 were used instead in order to establish
complexes of this ligand framework with the divalent transition metal ions Mn2+,
Co2+, Ni2+, Cu2+, and Zn2+, and detailed studies of the electronic structures of these
species have been reported. In addition to these investigations, a related O-lactim
ether derivative was shown to be capable of coordinating to divalent copper and
zinc ions.214,360,361 Iron was found to form unstable material only under forcing
conditions. While the metalated species with divalent metal ions are usually
monomeric in solution, a dimeric structure is reported for the Mn3+ derivative 340
(Figure 72).362,363 This compound has recently found application as a superoxide
dismutase (SOD) mimetic. As the most recent additions, palladium and platinum
complexes of biliverdin 9 were obtained and investigated by spectrophotometric
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Figure 71. Aerial oxidation of zinc biliverdin dimethyl ester 338 to the fluorescent biliviolin
complex 339.
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Figure 73. Assumed resonance structure and molecular structure of [(oeb)Ni] 342
(crystallographic figure adapted from Ref. 366).

titrations. The compounds were assigned to species 341 with the metal ions in the
oxidation state +3.364,365 Results from model studies (vide infra), however, give rise
to the assumption that these species are better understood as complexes of divalent
metal ions with a biliverdin radical ligand.

F. Mononuclear Tetrapyrrole L1M1 Complexes and Associates

As described in the foregoing section, biliverdin and its carboxylic ester and
lactim ether derivatives bind to transition metal ions to form complexes with a
simple L1M1 composition. Structural information about complexes with this lig-
and framework was obtained from model studies using bilindione ligands such as
octaethylbilindione [H3(oeb)] 11 with simpler alkyl substituents. Bonnett and
coworkers described the first transition metal chelates (manganese, cobalt, nickel,
copper, and zinc) with this ligand (Figure 73). An iron derivative could not be
obtained.243,366,367 Nickel derivative [(oeb)Ni] 342 was characterized crystallo-
graphically and a more detailed investigation toward the electronic structure was
performed. The oeb ligand was found to bind in a noninnocent, radical dianionic
fashion to a nickel(II) ion, and only a minor contribution of a nickel(III) state was
deduced from EPR spectra. The same conclusions had been drawn earlier by
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Fuhrhop and coworkers based on spectroscopic investigations into related nickel
complexes of mesobiliverdin diethylester and biliverdin diethylester.361 An X-ray
diffraction study on 342 revealed steric interactions between the terminal oxo
groups and a helical distortion of the tetrapyrrole ligand. The nickel ion binds to
the four nitrogen atoms in a slightly distorted square-planar fashion with small
Ni–N distances of 1.875 and 1.897 Å, indicating a low-spin character of the
metal ion. The radical character of the ligand, however, cannot be extracted from
the structural parameters of the ligand backbone.

In later studies further transition metal complexes of oeb 11 and related
bilindiones were investigated in more detail, mainly by the group of Balch.10

Manganese derivatives usually contain an intact trianionic ligand and a five-
coordinate, trivalent manganese ion, with the fifth coordination site being occu-
pied either by the keto terminus of a second complex moiety 343 or by a solvent
molecule (methanol, pyridine 344). Several examples have been structurally char-
acterized.368,369 A manganese(II) complex 345 of a biliverdin ester had been
described before to change its optical spectra with the pH of the solution. This
observation was interpreted in terms of a conformational change of the ligand and
of the metal binding, as depicted in Figure 74.243

Figure 74. Structures and dynamics of manganese complexes 343–345 with bilindione
ligands (crystallographic figures adapted from Refs. 368 and 369).
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Several reports dealing with iron derivatives can be found in the literature, and
the first isolated complexes have more recently been reinvestigated. The iron
chemistry of open-chain tetrapyrrole ligands relates directly to the heme degrada-
tion process and poses a special challenge due to the sensitivity of the compounds.
Section V discusses biological findings and the model chemistry of open-chain
iron tetrapyrroles related to iron biliverdin IXα.

Cobalt complexes of oeb 11 have been prepared by careful hydrolysis of the
respective verdoheme analogs, as shown in Figure 75.368,370 The primary product
[(oeb)Co] 346 displays a thermal spin equilibrium with a singlet ground state and
a triplet excited state. These states have been assigned to the formulations low-
spin-CoIII-oeb3- and low-spin-CoII-oeb2-, respectively, the latter with the radical
dianionic oeb ligand seen earlier in nickel complex 342. The complex redox
behavior of 346 has been investigated in some detail, and an oxidized species
[(oeb)Co(I3)] 347 with a two-electron-oxidized, monoanionic tetrapyrrole ligand
(so-called oebOX) and a weakly bound triiodide ligand at the divalent cobalt atom

Figure 75. Structures and oxidation characteristics of oeb cobalt complexes (crystallo-
graphic figures adapted from Refs. 368 and 371–373).
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was analyzed spectroscopically and crystallographically.371 This ligand may be
regarded as a model for biliviolin 337 (Figure 75). Compound 347 accepts two
pyridine ligands to form the six-coordinate cobalt(III) complex 348 with the oeb
radical dianion.372 Oxidation of 346 or 347 in the presence of dioxygen leads to
ligand degradation, and a cobalt complex with two propentdyopent ligands 349
was isolated as the final product.373

The identification of nickel(II)octaethylbilindione 342 as a compound with a
radical ligand, which was discussed earlier, was confirmed by later work, and a
similar electronic structure has been found for a related palladium derivative, 350.
As for cobalt chelate 346, the nickel and palladium derivatives are easily oxidized
and reduced at the ligand to form anionic [(oeb)M]- and cationic [(oebOX)M]+

species. The latter are again stabilized by triiodide anions which are, however, not
bound to the metal centers in these cases. Both of the species 351 (Ni) and 352
(Pd) form isostructural assemblies with the triiodide anion and were structurally
investigated in the solid state (Figure 76).374 No significant bond length or angle
changes were found between the neutral and the cationic [(oeb)M] complexes of
each metal ion, which points to ligand-centered redox processes.

Figure 76. Iodine oxidation of nickel and palladium complexes of oeb 342 and 350, and
comparison of structures for palladium derivatives 350 and 352 (crystallographic figures
adapted from Ref. 374).
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[(oeb)Cu] 353 also constitutes a complex with the bilindione radical dian-
ion.369,375 A similar tetraethyl-tetramethyl-substituted compound has been electro-
oxidized and -reduced at the ligand, while an oxidation state of +2 was maintained
at the copper atom.376 Structural data of these species are, however, not available.
In the presence of dioxygen, 353 forms propentdyopent derivative 354,375 while a
twofold methoxylation at a terminal meso methine group of 355 was observed
under slightly different conditions in methanol.369 A similar dimethoxy derivative
has been described to form upon controlled oxidation of a thallium(III) bilindione
with dioxygen in methanolic solution.106 Figure 77 summarizes the findings on
copper bilindiones.

Zinc complexes such as 356 and 357 have been described with different
octa-alkylbilindiones and with the corresponding monolactim ethers. Different
from most of the known chelate complexes, the tetrapyrrole ligand of 356 binds
in a nonradical and twofold deprotonated state. The third proton is believed to
be situated in a hydrogen-bridging position between the terminal oxygen atoms.
Therefore, monolactim ethers as in 357 are preferred for the coordination to
zinc(II) and find broad application in this chemistry.246,369 An early report
describes pH-dependent changes in the optical spectra of a zinc(II) bilindione
358 and explains this feature by reversible formation of a zinc complex with an
open and a closed tetrapyrrole ligand, similar to the findings described above for
divalent manganese (Figure 78).243 Two DFT studies have been reported on
metal bilindione species, confirming the above findings that bilindione is a

Figure 77. Structure and redox behavior of copper bilindiones (crystallographic figures
adapted from Ref. 375).
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redox active ligand and exists in a radical form in simple Co, Ni, Pd, and Cu
chelates.377,378

A large number of coordination compounds of open-chain tetrapyrroles have
been obtained as products from the photooxidation or related oxygenation proto-
cols of metalloporphyrinoids. The ligands of these products are terminated by one
oxo and one formyl or aroyl group and thus serve as dianionic ligands. A non-
innocent behavior or electronic ambiguity which is typical of bilindiones is
unknown for metal chelates of this group, so that a discussion ordered after
different originating porphyrinoids is more instructive in this case.

Zinc and magnesium chelates of the ring-opened formylbilinone from proto-
porphyrin IX dimethyl ester have been described.219 Some preference has
been found with respect to the site of the ring-opening, and the two isomers
with the oxygenated termini opposite to the propionate side chains have been
reported. The model system octaethylporphyrin has been used coordinated to a
number of different divalent metal ions, and photooxidation of these complexes
led to the formation of the respective metal octaethylformylbilinones (oefb)
with magnesium(II), cobalt(II) 359, nickel(II), copper(II) 360, and zinc(II) 361
centers (Figure 79). The compounds have been carefully characterized, and their
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Figure 79. Selected metal octaethylformylbilinones [(oefb)M] (crystallographic figure
adapted from Ref. 379).

magnetism as well as their redox behavior has been studied. A structural charac-
terization has been achieved for the copper and the zinc derivatives 360 and
361.219,243,379 The first preparation of an iron derivative of an open-chain tetrapyr-
role ligand was also achieved by this route (Section IV). Some special observa-
tions have been made with the cobalt, copper, and zinc derivatives of oefb
359–361. [(oefb)Co] 359 is capable of binding molecular dioxygen in pyridine
solution in a reversible process. [(oefb)Cu] 360, on the other hand, decarbonylates
in the presence of dioxygen and yields a copper verdoheme analog.379 The zinc
chelate has been reported to change its optical spectra with pH. This feature was
interpreted in terms of a reversible change of the ligand conformation and metal-
binding mode, as shown above for zinc and manganese(II) chelates of bilindione
ligands.219 An X-ray diffraction study, however, proved that a pH-dependent
dimerization/monomerization equilibrium between the forms 361 × MeOH and
362 is responsible for the observation (Figure 79).380

Metal chelates of carbonyl-terminated bilinones obtained by oxidizing metal
porphyrinoids have occasionally been reported from other oxygenation protocols.
Nickel and copper complexes of a dodecasubstituted porphyrin open to give
benzoylbilinone derivatives 363 with mCPBA in pyridine.230 The oxidative
ring-opening of nickel meso-amino-octaethylporphyrin with iron(III) in alcoholic
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solution results in the formation of ethoxycarbonylbilinone 364.381 In a similar
way, the ring-opening of copper meso-hydroxy-octaethylporphyrin and its trifluoro-
acetate was reported to yield dinuclear complex 365 (Figure 80).382 All these
products were identified by X-ray crystallographic studies.

While the photooxidation protocol has been widely applied to β-substituted
metalloporphyrins, the transfer of this method to tetraarylporphyrins and in
particular to metal tetraphenylporphyrins [(tpp)M] has been reported in only a
limited number of cases. [(tpp)Mg] opens photooxidatively to give the correspon-
ding benzoylbilinone 366. The magnesium ion is labile, and 366 was shown to
undergo transmetalation with copper(II) to give copper chelate 367.383 If the met-
alloporphyrin is activated by nucleophilic addition of n-BuLi at a meso position,
the subsequent photooxidative ring-opening occurs at a neighboring methine
group in a regiospecific fashion. The products 218 and 219 from this transfor-
mation now employ the benzoyl oxgen atom as the fourth donor for the nickel(II)
or copper(II) ion rather than the fourth N atom from the pendant pyrrolinone
moiety (Figure 81).226 This behavior is presumably a result of protonation and
electroneutrality issues.

The zinc complex of tpp has been found to yield a hydrated product 368 after
photooxidation which dimerizes by several hydrogen-bonding interactions, as
shown in Figure 82.384 Compound 368 is capable of reversibly losing a molecule
of water under different conditions (heat, solvent change), and the first applica-
tions of the associated coordination, thermo- and solvato-chromic features of the
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compound as sensoric moments,385 as well as its use as a conductivity switch,386

have been reported.
Another group of metal complexes with open-chain tetrapyrrole ligands is

available from the attack of different nucleophiles on verdoheme analogs.
Verdoheme is an intermediate in the natural heme degradation process and differs
from heme by the exchange of one meso-situated CH group with an O+ function.
The positive charge thus located at the porphyrin perimeter directs the attack of
nucleophiles toward a position adjacent to the oxonium bridge. Consequently,

418 Bröring
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Figure 82. Hydrated zinc benzoylbilinone 368 in monomeric and dimeric form, with
hydrogen-bonding network (aryl groups omitted for clarity; crystallographic figure adapted
from Ref. 384).
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metalated bilinones with a heterofunctionality as the second terminus result after
ring-opening. Mainly zinc(II) complexes have been reported so far from this
approach. First examples were obtained by the nucleophilic attack of ammonia
and of simple amines on zinc verdoheme dimethyl ester and on the corresponding
meso form.387,388 Products 369 are mixtures of two regioisomers, as expected from
the unsymmetric substitution pattern of the starting material. A systematic explo-
ration of the action of different O-, N-, and S- nucleophiles on zinc(II) and
cobalt(II) complexes of an octaethyl-substituted ligand has been reported in a series
of papers. Alkoxide addition results in the formation of monolactim ethers of
zinc(II) and cobalt(II) bilinones.389 A similar S-lactim ether and a dimethylamino
derivative were obtained with zinc as the central ion.390 Then again, cyanide addi-
tion to zinc derivative 370 did not produce a single product but rather a complex
mixture of mono-, di- and trisubstituted species.391 Some of the products could be
isolated and characterized. Figure 83 summarizes results from these studies.

Occasionally, partially hydrogenated or reduced bilindione ligands related to
the chlorins have been described as metal complexes. The examples known to date
have, however, not been investigated in much detail, and structural information is
absent. A stercobilin type ligand 371 has been shown by spectroscopic means to
coordinate to copper and zinc ions in an unknown fashion.392 The nickel and
palladium complexes 372 of a threefold deprotonated tetraoxo derivative have
been reported to reside in the metal(II)–ligand radical form.243 Zinc and copper(II)
chlorins have been ring-opened to hydrogenated formylbilinones 373.219 Zinc
oxochlorin 374 loses the metal ion after thallium trifluoroacetate treatment with
spontaneous oxidative ring-opening. A similar benzoannelated nickel chelate 375
yields methoxybilinone 376 if oxidized with the same reagent and further by a
coupled oxidation with O2 and ascorbate.232 Figure 84 provides an overview of
these investigations.

While oxo-terminated open-chain tetrapyrroles of the biliverdin type are char-
acterized by a conjugated ligand backbone and thus by a certain conformational
rigidity, the π-system of twofold methyl- or alkoxycarbonyl-terminated species is
always discontinued at the central b-position, thus forming ligands composed of
two methylene-linked and electronically decoupled dipyrrin subunits. The addi-
tional flexibility gained by this change in the framework results in the observation
of coordination compounds in different binding modes and stoichiometries, simi-
lar to the chemistry of the bilirubin chromophore discussed above. Hydrogen-
terminated a,c-biladienes tend to form macrocyclic metal corroles by oxidative
ring closure reactions in the presence of transition metal ions. Dehydrogenated
a,b,c-bilatrienes with methyl termini are also very reactive with respect to a
variety of different electrocyclic ring closure transformations and cannot be
obtained as metal chelates (see Section VII). b-Bilenes, on the other hand, react

41/Coordination Interactions of Linear Oligopyrroles 419

b867_Vol-08_Ch-41.qxd  6/10/2010  4:50 PM  Page 419



similarly to substituted dipyrrins in the presence of metals, and the formation of
distorted tetrahedral zinc(II) and cobalt(II) chelates 377 in a L2M1 stoichiometry
has been reported (Figure 85).128,272

a,c-Biladiene derivatives with methyl termini have occasionally been investi-
gated as ligands in coordination compounds in order to study possible intermedi-
ates in the templated macrocyclization of such compounds to porphyrinoids under
oxidizing conditions. The binding of one or two metal ions to a,c-biladienes in the
stretched or in the coiled conformation, respectively, is mainly conducted by the
coordinative preferences of the metal ion. The thermodynamics of the metalation

420 Bröring

Figure 83. Products from addition/substitution reactions on zinc verdoheme analogs, and
molecular structure of a water-bridged zinc bilinone dimer with several cyano groups (alkyl
substituents omitted; crystallographic figure adapted from Ref. 391).
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reaction and the influence of the metal ions on the stoichiometry of the products
have been investigated in DMF solutions on decamethyl-a,c-biladiene for divalent
ions of nickel, copper, zinc, cadmium, and mercury by a combined calorimetric
and spectroscopic study.393 Nickel(II) and copper(II) bind to these ligands in a
L1M1 mode, while for zinc(II) and cobalt(II) L2M2 species have been reported276,394

(see Section III.H for more examples). The twofold methylation of the central
b-position, on the other hand, has no significant influence on the coordination
properties of a,c-biladienes (Figure 86).239

Linear tetrapyrroles carrying a meso-situated oxo functionality at either the
central or a side position have been employed occasionally in coordination studies.
The readily accessible bilane precursors have been used and oxidized in situ to the
respective biladienes before addition of the metal ion carrier. The divalent ions of
cobalt, nickel, palladium, and copper form L1M1 complexes such as 379 and 380
with the expected N4 coordination.321,395 Exceptions are found for nickel chelate
216, in which the metal binds to a side-oxygenized and hydrated biladiene ligand
in a N3O fashion, and for an analogous methanol solvate (Figure 87).321

Formally, the removal of the central methylene bridge of biladienes yields
2,2′-bidipyrrins, a nonnatural class of linear tetrapyrroles for which many coordi-
nation compounds have been reported. L1M1 complexes of these ligands are
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M II

R R

M = Ni, Cu
R = H, Me

Figure 86. Mononuclear nickel(II) and copper(II) complexes of a,c-biladienes 378.

Figure 87. Structures of selected mononuclear L1M1 complexes of tetrapyrroles with meso
oxo functionality. (Adapted from Ref. 321.)
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less prone to oxidative macrocyclization reactions, because the termini of 2,2′-
bidipyrrins in metal complexes are further apart from each other than in related
a,c-biladiene chelates. Metalated 2,2′-bidipyrrins have a long history. The first
examples were reported in the 1930s in the context of reduction experiments with
halogenated dipyrrins.236,238 Johnson and Price developed the chemistry of 2,2′-
bidipyrrins systematically, with the goal of producing corroles from these
tetrapyrroles by a metal-templated oxidative macrocyclization. Work from the
Johnson group described a number of L1M1 coordination compounds with the
divalent ions of nickel, palladium, and copper and with 2,2′-bidipyrrins carrying a
range of different substituents and termini (Figure 88). A cyclization in the desired
way, however, could not be realized.239

The first crystallographic investigations and the proof of stable, noninverting
helical structures in solution were reported only during the 1990s. Methyl-
terminated nickel, palladium, and copper chelates of symmetric and unsymmetric
2,2′-bidipyrrins with alkyl and mixed alkyl/aryl substitution were investigated and
shown to display helical solid state structures throughout (Figure 89). The ethyl
substituents of diamagnetic nickel and palladium chelates display diastereotopi-
cally split signals in solution 1H NMR spectra up to 370 K, indicating static helices
even for the large palladium ion. Spectroelectrochemical investigations have
shown that two oxidation and two reduction processes occur. All processes are
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Figure 88. Early metalated 2,2′-bidipyrrins of the L1M1 type.

Figure 89. Molecular structures of nickel, palladium, and copper octaethyl-10,10′-dimethyl-
2,2′-bidipyrrins. (Adapted from Refs. 396 and 397.)
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purely ligand-centered and reversible, although some variation has been observed
in the reduction steps of copper derivatives. Other than for a,c-biladienes,
however, an electrochemical ring closure reaction within the group of methyl-
terminated 2,2′-bidipyrrin chelates has not been observed.271,396,397

The molecular geometry of these simple 2,2′-bidipyrrin complexes has been
fine-tuned by the choice of the termini as well as by additional carbocyclic sub-
stituents which serve as clamps and restrict intramolecular movement. H-terminated
2,2′-bidipyrrin complexes such as 381 are characterized by small helical distor-
tions and a fast helix inversion in solution, while all alkyl-terminated dervatives
investigated so far are rigid under the same conditions (Figure 90). Tert-Butyl
groups at the terminal positions of a 2,2′-bidipyrrin have been reported to inhibit
metal coordination entirely, so that neither L1M1 nor dinuclear L1M2 or L2M2

species were obtained from this tetrapyrrole.243,270 Besides the obvious strain
imposed by the tert-butyl substituents in the binding event, these groups seem to
reduce the accessibility of the dipyrrin N-donor atoms and thus kinetically prevent
the binding of metal ions. A similar stability or an enforced CH activation of the
tert-butyl substituent has been reported for several related heterocyclic N-donor
chelate ligands.123,201,398–400 In a different approach, an eight-membered carbocycle
has been employed as a central clamp. This restraint tears the terminal methyl
groups apart from each other and thus results in a slight planarization of the over-
all structure. A palladium derivative of this ligand, 382, has been reported.269 As
above, a precedent oligoheterocyclic species with a similar restraint is known.401

Complexes with ligand frameworks other than those of the a,c-biladienes and
2,2′-bidipyrrins have scarcely been reported to date. A copper complex of an

424 Bröring

Figure 90. Helical distortions of the H-terminated nickel-2,2′-bidipyrrin complex 381 and
the clamp-restrained palladium derivative 382 (end-on views; crystallographic figures adapted
from Refs. 241 and 269).
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ethylene-bridged bis(dipyrrin) has been mentioned,239 as has been a zinc chelate of
a partially hydrogenated a-norbilene.140 Little spectroscopic evidence and no
structural data are available for either species. A study concerning copper nucle-
ase activity of the naturally occurring tetrapyrrole 383 in the presence of copper
ions has appeared, but nothing is mentioned with respect to the coordination mode
or stoichiometry of the active species.150 A similar ligand framework, however, is
present as a partial structure in palladium derivative 384, the only structurally
characterized metal complex of a hexapyrrolic ligand (Figure 91).30

Several transition metal chelates of strongly hydrogenated open-chain
tetrapyrrolic ligands have been reported in the context of vitamin B12 research. A
protocol for the reversible ring-opening and closure of some similar neutral
Co(CN)2 and positively charged Ni species yields open-chain derivatives 385 and
386 (Figure 92).233,234 Divalent nickel provided a good template ion for the cycliza-
tion of another open-chain B12 precursor, 387, and has been structurally charac-
terized.151,402 Yet another ligand framework is present in the Ni, Pd, and Pt
complexes 388, which were also structurally characterized and discussed in
the context of the influence of the metal ion size on the magnitude of helical
distortion.403

The helical molecular structure of all these mononuclear tetrapyrrole com-
plexes and the issue of stereochemistry have been the topic of a number of differ-
ent studies on open-chain tetrapyrrole coordination chemistry. The central
question concerning the stability of the helical form and the rate of helix inversion
has been discussed in several contributions. H-terminated 2,2′-bidipyrrin com-
plexes of nickel and of trivalent iron (see Section V.B) have been shown by
qualitative VT 1H NMR studies to invert fast on the time scale of the NMR exper-
iment, and no coalescence could be observed for these species. Alkyl-terminated
derivatives, on the other hand, are rigid and show no dynamics up to the upper
temperature limit of the experiment.270,396,397 A nickel-2,2′-bidipyrrin with alkyl
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and aryl substitution has been separated into its enantiomers chromatographically,
and CD spectra were obtained from the chiral material.396 Enantiopure material
was subjected to prolonged heating in high-boiling solvents, but no signs of helix
inversion have been found below the decomposition temperature. Stereoselective
synthesis of a helical chiral metal complex with an open-chain tetrapyrrole lig-
and has been achieved by using a set of β-bridged bis(dipyrrin)s with a chiral
binaphthyl-type strap such as 126. Zinc chelates of such ligands, e.g. 389, form
enantiomerically pure with up to 99% ee, depending on the lengths and flexibility
of the bridging linker (Figure 93).299
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Figure 93. Molecular structure of the enantiomerically pure zinc bis(dipyrrin) 389. (Adapted
from Ref. 299.)
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Conformational dynamics were studied in depth on zinc bilinone 357 and
related species with different substituents at the pyrrole rings. A slow inversion of
the helix was found by variable 1H NMR spectroscopy at low temperature (223 K).
The rate of the process can be lowered with the size of the terminal pyrrole sub-
stituents (reorganization effect). More interestingly, the inversion rate can also be
accelerated by the addition of donor ligands, particularly amines and amino acid
esters. Further quantitative investigations confirmed that this acceleration is cat-
alytic in the external donor, and a kinetic model has been proposed (Figure 94).
This finding is an important issue in the context of the use of such tetrapyrrole
complexes as sensor molecules.246,404

Chiral discrimination has been observed to occur during the coordinative
binding of chiral guests to dynamic zinc bilinone hosts such as 390. Using amino
acid esters or chiral aliphatic amines, the point chirality of the guest is effectively
transferred to the helical chirality of the host in a diastereospecific way. The
degree of chiral induction has been quantified by CD spectroscopy and depends
largely on the nature and binding capability of the guest.405,406 In addition, the
choice of solvent was found to vary the efficiency of the chirality transfer in a pre-
dictable fashion.407 Some covalent dimers and trimers of zinc bilinones, such as
391 (Figure 95), have been prepared and used in related binding studies. It has
been found that the conformations of the monomeric forms tend to form homohe-
lical structures upon binding of a small molecule. The synchronous alignment of
the helices enhances the sensoric moment, i.e. the change in CD effect upon bind-
ing. Consequently, these compounds have been discussed in terms of model
systems for allosteric binding of small N donor molecules.408,409 In another
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contribution, several chiral substituents were introduced as the alkoxy moiety of
the zinc bilinone (e.g. 392 in Figure 95). The substituents were found to induce a
significant chiral discrimination on the helical structure in solution.410 The effect
is even stronger if an allosteric enhancement is used,411 and a number of com-
pounds with chiral bridges between two zinc bilinone subunits, such as 393, have
been prepared and studied. These compounds have found applications in sensing
and molecular recognition of the chirality of amino acid esters,412,413 as well as in
liquid crystals.414

G. Dinuclear Tetrapyrrole L2M2 Complexes

The capability of bilirubin to bind simultaneously to more than one metal cation
has been discussed earlier, and related species have been reported for several arti-
ficial a,c-biladiene and 2,2′-bidipyrrin ligands, mainly with zinc ions.236,273 As for
the natural species, the coordination mode and structural details were speculative
at the beginning, and a L2Zn2 binding mode has been proposed based on combus-
tion and optical data. In-depth studies on the distinction between the L1M1 and the
L2M2 binding modes were undertaken on an α,ω-dimethyl-a,c-biladiene deriva-
tive using vapor pressure osmometry, ligand field spectroscopy, NMR and powder
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X-ray diffraction techniques, and zinc and cobalt(II) dervatives 394 and 395 were
found to exist in the L2M2 mode in solution as well as in the solid state.277,394 At
about the same time, copper ions were observed to bind to a 2,2′-bidipyrrin ligand
in either a L1Cu1 or a L2Cu2 mode 396, depending on the pH of the reaction mix-
ture.239 Similar 3D molecular structures were proposed for these compounds, as
depicted in Figure 96.

A pH-dependent dynamic process similar to the findings on 396 has also been
observed spectroscopically with manganese(II) and zinc complexes of bilindione
ligands such as 345 or 358 (Figures 74 and 78). This dynamic, however, has not been
interpreted in terms of dimer formation. Instead, a conformational change of the lig-
and and concomitant reduction of the coordination number is reportedly responsi-
ble.214,219 The first single-crystal X-ray diffraction analysis on a dinuclear L2M2

species was reported in 1976 and proved the often-stated pH-dependent equilibrium
of zinc bilins for formylbilinone complexes 361 and 362 (Figure 79).380 During the
last decade several single-crystal X-ray diffraction studies on dinuclear metal bilins
have appeared in the scientific literature and have supported the general formation
of a bis-helical conformation. Dimeric zinc decamethyl-a,c-biladiene 397 has been
characterized crystallographically, and the two dipyrrin subunits of each tetrapyrrole
ligand were found to reside in an almost orthogonal arrangement. This relaxed con-
formation results in a zinc…zinc distance of 4.38 Å (Figure 97).415,416 A very similar,
but less symmetric, molecular structure with a metal…metal distance of 4.33 Å
has been observed for a cobalt(II) a,c-biladiene derivative 398.27 A dinuclear zinc
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2,2′-bidipyrrin complex 399 with a smaller bridge between the dipyrrin subunits was
found to crystallize in a stretched conformation with a zinc…zinc distance of
4.89 Å.27 An annelated carbocyclic ring at the bipyrrolic unit of 2,2′-bidipyrrins
serves as a clamp and results in reduced flexibility of the ligand. A zinc complex of
such a ligand, 400, has been reported to form a compressed helicate (zinc…zinc dis-
tance of 3.44 Å). This effect is even larger with the corresponding copper chelate
401, where a copper…copper distance of only 3.01 Å has been found.269 This value
is below the van der Waals distance for copper but is still too large for covalent
Cu–Cu bonding interactions. On the other hand, the introduction of a fifth donor
atom such as in the 10-oxobiladienes can lead to stretched conformations. This has
been demonstrated for cadmium chelate 402, where pentacoordinate metal ions in a
distance of 5.12 Å are present (Figure 97).395

While α-bridged bis(dipyrrin) ligands tend to form L1M1 complexes with most
transition metal ions, β-bridged tetrapyrroles such as 122–126 (Figure 33) are
much more prone to bind to two ions in either a L1M2 or a L2M2 fashion.295

Attempts to develop tetrapyrrole-based helicates have therefore turned more
recently to this latter group of ligands. In β-bridged (bis)dipyrrins, the two chelat-
ing dipyrrin units coordinate to the same or two different metals, depending on the
size and flexibility of the bridge. As a rule, short- and medium-length bridges
result in exclusive formation of dinuclear helicates while longer and more flexible

430 Bröring

Figure 97. Molecular structures of dinuclear bis(dipyrrin) helicates 397–402 (peripheral
substituents omitted; adapted from Refs. 27, 269, 395, and 415).
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bridges yield mixtures of mono- and dinuclear coordination compounds. These
results were obtained in a study on zinc, copper(II), and cobalt(II) chelates, as
sketched in Figure 98.291 For binap-bridged ligands the aspect of flexibility has
been found to be of major importance. Methylene derivative 126 forms a clean
L1M1 compound 389, while more rigid as well as a more flexible forms with zero
and four CH2 units in the bridges, respectively, produce mixtures of mono- and
dinuclear species.299 In the case of a directly connected 3,3′-bidipyrrin ligand (i.e.
for n = 0 in Figure 98), a trinuclear species L3Zn3 403 was reported (Figure 99).417

Methylene-bridged members have been employed in most of the reported coor-
dination studies on β-bridged bis(dipyrrin)s, and crystallographic analyses were
obtained on dinuclear nickel(II),418 cobalt(II),419 and zinc(II)292,293,419 chelates such
as 404–406 (Figure 100). In addition, optical and vibrational spectra have been
recorded, and detailed TD-DFT calculations have been undertaken to elucidate the
physicochemical properties of these new materials.420 A triple helicate/mesocate
system was described, and the zinc chelate 407 of an unsymmetric methylene
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Figure 98. Formation of mono- and dinuclear coordination compounds from β-bridged
bis(dipyrrin)s as a function of the lengths of the bridging unit.

Figure 99. Molecular structure of trinuclear zinc chelate 403. (Adapted from Ref. 417.)
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α,β-bridged ligand has been found to crystallize in only one of the two possible
conformations.264,421

Two reports can be found in which bridges other than the simple saturated
hydrocarbon have been used (Figure 33). A sulfur atom connected (bis)dipyrrin
ligand 124 was used in the coordination to zinc ions.28 The resulting complex dis-
plays a molecular structure similar to that of methylene derivative 406. In another
instance, several rigid bridges based on oligoacetylenes such as 125 were used and
the tetrapyrroles coordinated to zinc and cobalt(II) ions.298 Dimeric cobalt chelates
similar to 405 result for bent bridges, and a trimeric zinc compound similar to 403
(Figure 99) has been found for linear ligand 125 (Figure 33). These elongated
bridges leave hollows in the crystal lattice, thus giving hope for an application in
supramolecular materials (see Section VIII).

Stereochemical aspects of the dinuclear helicates formed from zinc ions and
methylene-bridged bis(dipyrrins) have been discussed in three contributions. The
presence of helical chiral molecules in solution has been proven in one case by
NMR spectroscopy using lanthanide shift reagents.422 For a series of β-bridged
bis(dipyrrin) ligands carrying chiral peripheral groups such as tetra-amide 408
(Figure 101), the diastereoselectivity of the helicate formation upon the addition
with zinc ions was investigated,300 and the stereochemical stability of the products
was established in solution by separation using chiral HPLC.423

H. Oligonuclear Noble Metal Species

The coordination of tetrapyrrolic ligands to noble metal atoms may be expected to
yield helical chiral porphyrinoids. Such derivatives would be intriguing

432 Bröring

Figure 100. Results from X-ray crystallographic studies (peripheral substituents omitted) on
dinuclear helicates with β- and α,β-bridged bis(dipyrrin) ligands 404–407. (Adapted from
Refs. 264, 292, 418 and 419.)
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bioorganometallic compounds with perspectives in enantioselective catalysis, and
several attempts to obtain species of this class have been undertaken in the past.
The coordination chemistry of these metals, however, and in particular the
observed coordination modes, have been found to differ largely from those of the
3d metals. With the exception of examples for divalent palladium and platinum,
no simple noble metal compounds with N4 coordination have so far been obtained,
and even with palladium some unexpected behavior was reported.

Rhodium(I) and iridium(I) are well known to prefer square-planar coordina-
tion. Both ions have been employed in coordination studies with 2,2′-bidipyrrin
ligands.424–426 Mononuclear complexes HL1M1 and dinuclear species L1M2 have
been observed and isolated. Figure 102 summarizes the formation and reactivity
of rhodium and iridium 2,2′-bidipyrrin coordination compounds, and Figure 103
gives molecular structures of two examples of the L1M2 type.

Rhodium(I) and iridium(I) form mono- and dinuclear complexes with 2,2′-
bidipyrrins in which the metal ions are always coordinated in a distorted square-
planar geometry. Mononuclear HL1M1 species 409 of rhodium and iridium form
exclusively upon the use of particular metal precursors, i.e. [Rh(cod)Cl]2 and
[Ir(cod)OMe]2, respectively. If the combination of metal and anionic coligand is
switched, i.e. if [Rh(cod)OMe]2 and [Ir(cod)Cl]2 are used, dinuclear species 410 are
obtained as the only isolated products. No rationale has been provided so far for this
peculiarity. The exchange of the cod ligands in 409 and 410 for two CO is generally
possible and results in very robust dinuclear and very labile mononuclear products.
Dinuclear rhodium carbonyl derivative 411a may also be obtained directly by the
use of [Rh(CO)2Cl]2 in the presence of a solid base. All dinuclear complexes
with either cod or CO coligands, such as iridium derivative 411b, display a syn con-
formation with short M…M contacts in solution and in the solid state (Figure 103).

Rhodium carbonyl complex 411a has been used as starting material for ligand
exchange studies with different monophosphanes and diphosphanes. Excess tri-
phenylphosphine displaces the sterically less hindered CO ligand on both rhodium
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atoms to give symmetric derivative 412, while the more basic trimethylphosphane
and tri-isopropylphosphane can only be used in stoichiometric amounts and form
inseparable mixtures of derivatives of 412 with one and two phosphane ligands
(Figure 102; L = PR3, L′ = CO). 2D correlation NMR studies have confirmed a syn
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and 413 in the syn and anti conformations. (Adapted from Refs. 425 and 426.)
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conformation of the tetrapyrrole in all cases. If chelating diphosphanes such as
dppm or dppe are employed, the tetrapyrrole switches to an anti conformation. As
the X-ray crystallographic analysis on 413 shows, the 2,2′-bidipyrrin is now
stretched out and the two rhodium atoms are bridged over the same side of the
tetrapyrrole by the diphosphane clamp. Again, only the less hindered CO ligand
has been exchanged. All attempts to form simple L1M1 species with N4 coordina-
tion to monovalent or trivalent rhodium and iridium ions have failed so far, despite
the fact that the transformation of L1M2 to L1M1 is well established in the chem-
istry of the related porphyrins.

While the compounds with rhodium and iridium ions still follow the general
principles of the chemistry of these ions with porphyrinoid ligands, several other
cases have been reported in which the coordination mode has been entirely unpre-
dictable. One such case was observed during a study of the synthesis of copper
complex 367 (Figure 81). In the presence of excess copper(II) ions and water this
complex is hydrated at a meso position, and a second copper atom binds to the
hydrated ligand to form the new dinuclear species with a Cu2O2 core. Upon crys-
tallization, this dinuclear complex dimerizes via an additional, but weak, Cu2O2

interaction to give tetranuclear species 414 (Figure 104).383 A similarly hydrated
aroylbilinone ligand has been reported for a mononuclear zinc chelate. This
species, however, dimerizes directly via multiple H-bonding interactions to give
368 (Figure 82).

Another tetranuclear cluster was observed as a byproduct during the synthesis
of (oeb)Pd 350. Mixed-valence species 415 contains two divalent and two mono-
valent palladium ions, the latter being connected to each other by a covalent
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Figure 104. Molecular structures of tetranuclear dimer 414. (Adapted from Ref. 383.)
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bond.427 Compound 415 is remarkably stable and survives even chromatographic
conditions, presumably because the (PdI)2 subunit is perfectly shielded by the two
tetrapyrrole π systems. The reactivity of 415 was studied in some detail and
revealed further peculiarities (Figure 105).428 In the presence of pyridine, 415
was found to decompose with the formation of the radical palladium(II) oeb
complex 350. If iodine and water are present, however, the oeb tetrapyrrole frame-
work undergoes an unprecedented rearrangement, yielding the novel palladium
chelate 416.

The coordination compound of a linear tetrapyrrole with the highest nuclear-
ity has been isolated from the reaction of a 2,2′-bidipyrrin with [Ru3(CO)12] in
boiling toluene. After chromatographic workup a red compound was isolated in a
13% yield, which was identified by single-crystal X-ray diffraction as pentanu-
clear ruthenium carbonyl complex 417 (Figure 106).429 As for Pd4 derivative 415,
the remarkable stability of the cluster compound arises from an efficient shielding
of the linear Ru5H2 core, which in this case is affected by the tetrapyrrole and the
11 CO coligands. Two features of 417 deserve special attention. First, this com-
plex comprises three different types of metal–tetrapyrrole interactions, i.e. four

436 Bröring

Figure 105. Structure and reactivity of tetranuclear palladium chelate 415 (crystallographic
figure adapted from Ref. 427).

Figure 106. Molecular structure of pentanuclear ruthenium carbonyl cluster 417 (alkyl
groups omitted; adapted from Ref. 429).
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classical Ru–N coordinative bonds, two Ru–C4N–η5 bonds, and one organometal-
lic Ru–C(sp3) bond. In addition, the ruthenium atoms are in different formal oxi-
dation states, i.e. 2 × Ru(0) at the ends and 3 × Ru(II) in the center. Second, the
NH protons of the ligand have remained in the cluster framework as bridging
hydride ligands. These hydrides were unambigously identified by NMR spec-
troscopy and confirm that NH activation processes occur during ruthenium
complexation.

IV. Pincer-Like Palladium Complexes

A. Cationic Species

Cationic N donor chelate complexes and organometallics of divalent palladium
have found many uses in academic as well as applied chemistry. Prominent exam-
ples are found in the polymerization or oligomerization of alkenes and in
alkene/CO copolymerization reactions which are successfully catalyzed by acti-
vated palladium complexes with diimine or other N,N chelate ligands, and which
yield a plethora of functional polymers with specialized and commercially inter-
esting properties. In addition, many stoichiometric and catalytic C–C and C–E
bond-forming and isomerization reactions and a vast number of C–H activation
processes and cyclopalladation reactions have been investigated within this class
of transition metal complexes, and several of these transformations have been
proven valuable in the syntheses of small molecules. More fundamental studies,
concerning e.g. functionalization strategies, ligand exchange processes, structure/
reactivity correlations, fluxional behavior, or electron transfer issues, are also well
documented in the scientific literature, particularly for cationic bipy, terpy, and
pincer-type palladium(II) species. In the series of tripyrroles, cationic palladium
complexes have become available with methyl-terminated tripyrrin and bti lig-
ands. Transition metal complexes of α,ω-dimethyltripyrrin or bti ligands are char-
acterized by the steric repulsion which is present between an anionic coligand (in
particular the donor atom of that coligand) and the two methyl groups situated at
the termini of the open-chain tripyrrole. The steric overcrowding at the open site
of the linear tripyrrole leads to strained, nonplanar structures, as shown for some
neutral derivatives above, and eases the formation of cationic species.

The formation of cationic palladium(II) tripyrrin complexes by salt metathesis of
the respective trifluoroacetates 149 and 150 with different salts of weakly coordinat-
ing anions was reported.430 With nonhydrolizable counterions, cationic mono- and
dinuclear complexes 418–421 are observed, depending on the nature of the anion
and the solvent (Figure 107). Mononuclear cations 420 and 421, which are formed
only with the BArF anion [= tetrakis(3,5-bis(trifluoromethyl)phenyl)boranate], were
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assumed to carry a weakly bound molecule of dichloromethane at the fourth coordi-
nation site. When treated with diazoalkanes, these cations are sufficiently reactive to
form carbene complexes 422 and 423 (Figure 107).431 Coordination compounds of
alkylidene ligands with the d8 transition metal ions Rh(I) and Ir(I) have become avail-
able in recent years, and the structural and spectroscopic properties as well as reac-
tivity patterns are known for several examples. In addition, a large and constantly
growing number of Pd(II) and Pt(II) complexes of Fischer- and Arduengocarbenes
have been reported in much detail. Surprisingly, though, Pd(II) complexes of non-
heteroatom-stabilized carbene ligands have remained unknown so far, with the
exception of 422 and 423. Pd(II) carbenes have, however, been postulated as the reac-
tive intermediates in the Pd(II)-catalyzed cyclopropanation of alkenes.

Four-coordinate Lewis base adducts with CH3NC, tBuNH2, PMe3, PEt3, and
PiPr3 424–432 have been prepared from mononuclear cations 420 and 421 and

438 Bröring

Figure 107. Salt metathesis and carbene complex formation on palladium tripyrrins
(crystallographic figure adapted from Ref. 431).
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were analyzed by X-ray diffraction.430 With two equivalents of PMe3, five-
coordinate 18 VE (valence electron) complexes 433 and 434 were obtained;
these are stable in the solid and in solution (Figure 108).432 The square-pyramidal
coordination of 433 and 434 results in an unstrained molecular structure and in
elongation of the apical Pd–N bond to about 2.3 Å. Pd(II) ions usually form very
stable square-planar 16 VE complexes, due to a high-energy nonoccupied
4d(x2–y2) orbital. Ligand exchange reactions on these tetracoordinate complexes
always proceed via an associative mechanism, with a square-pyramidal or
trigonal-bipyramidal 18 VE species being the reactive intermediate. As shown
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Figure 108. Molecular structures of four- and five-coordinate palladium tripyrrin complexes
(crystallographic figures adapted from Refs. 430 and 432).
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by electrochemical methods, anionic 18 VE complexes play a major role in all
important palladium-catalyzed C–C coupling reactions. In the past, many such
five-coordinate Pd(II) species have been characterized in the solid state by X-
ray diffraction. In solution, however, these compounds are mainly dissociated,
and only four-coordinate 16 VE species could be observed directly. Again,
tripyrrin derivatives 433 and 434 are the only exceptions to this rule. In addition,
the exclusive formation of a stable five-coordinate complex seems to be charac-
teristic of the PMe3 ligand and was observed also in a series of cationic cobalt
tripyrrines.433

With one half equivalent of NaBArF, only every second trifluoracetato ligand
of 149 and 150 is exchanged, and the system stabilizes in dimeric double-decker
trifluoracetates 418 and 419 with attractive structures (Figure 109). From these,
dichloromethane complexes 420 and 421 can be obtained simply by adding the
remaining equivalents of the reagent.430 bti palladium complexes, on the other
hand, are less reactive, and always form the chlorobridged double-decker com-
pound 435 from a neutral precursor, regardless of the stoichiometry of the reac-
tion.434 A cationic mononuclear palladium bti species has been obtained from this
double-decker with acetonitrile and additional NaBArF, while harder O donor
ligands failed in this reaction. The ultrasoft TeMe2 ligand, on the other hand, was

440 Bröring

Figure 109. Selected representations from X-ray crystallographic analyses of cationic
palladium tripyrrin and bti complexes with double-decker structures. (Adapted from Refs. 430
and 434).
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reported to displace the bti ligand and form a cationic complex [PdCl(TeMe2)3]
+

under these conditions.435

B. Intramolecular CH Activation

Palladacycles constitute an important class of organometallic species. Despite their
historical role in the development of organometallic chemistry, cyclometalated
palladium(II) compounds have found entry in many different fields, such as organic
synthesis, catalysis, and materials science. In addition, many of the nowadays-
indispensable palladium-promoted organic transformations are considered to pro-
ceed via palladacyclic intermediates. A cyclopalladation reaction was reported to
occur yielding square-planar 6-Mebpi complex 436, in which a deprotonated isoin-
doline anion coordinates as a tridentate pyridinium C,N,N pincer ligand
(Figure 110).197 The finding is in contrast with the classical N,N,N coordination
observed with sterically hindered bti ligands and indicates an increase in intramol-
ecular strain in going from the bti or tripyrrin to the bpi ligand framework. The
related reaction of H(6-Mebpi) with palladium acetate results in the high-yield
formation of the cyclometalated and insoluble tetranuclear dimer 437.198 This latter
transformation was monitored by 1H NMR spectroscopy and was found to proceed
stepwise via a classical Werner-type N,N,N chelate and a mononuclear cyclometa-
lated C,N,N chelate species.

An H(4,6-Me2bpi) ligand was studied in which the steric encumbrance of the
N,N,N and the C,N,N coordination scenario is of comparable strength. Both of the
forms 438 and 439 could be isolated and characterized crystallographically.436 It
was reported that the addition of a second equivalent of palladium acetate to 438
resulted in irreversible formation of cyclometalated dimer 439. Further studies
with bai ligands with different degrees of intramolecular strain gave classical
Werner-type compounds 440, 441, and 442. Neither unstrained complex 440 nor
pyrazine derivative 442 could be triggered to bind a second Pd(II) ion, and it was
concluded that the second metalation step supports the C–H activation but does
not induce it. In addition, compound 441 showed that the reactivity of the system
is not sufficient for C–C activation (Figure 111).198

These findings on cyclometalated palladium bai complexes led to the devel-
opment of a strategy for the preparation of unsymmetric C,N,N pincer complexes
by a stepwise condensation to bis(arylimino)isoindolines and successive cyclo-
palladation. Several new species from this class were prepared, characterized,
and visualized by X-ray crystallographic analyses.205 The simple phenylimino-
substituted bai ligand H(phpi) reacts with palladium(II) acetate upon cyclopalla-
dation to yield the expected complex 443, but is subject to side reactions. As a
product from one such side reaction, a dimetalated species 444 was detected
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crystallographically. If the coordination site for a second palladium atom, i.e. the
2-position of the phenyl group, is substituted by methyl or even by iodo, the
respective ligands H(2-tolti) and H(2-Iphti) react cleanly and produce the desired
mononuclear products 445 and 446 in acceptable yields. In this system, the
iodophenyl group is not attacked by palladium(II) acetate but can easily be used
for oxidative addition to the zerovalent palladium precursor [Pd(PPh3)4] to yield
an exo complex 447 (Figure 112).

The use of a H(bti) ligand with methyl groups at terminal positions led to the
Werner-type compound 304 only. When these methyl groups were exchanged for
tert-butyl substituents, however, the reaction took a different course, and a new
compound 448 with C(sp3)–H-activated tert-butyl group and S-coordinated
thiazole donor in the cis-position was isolated (Figure 113).201 The reaction was
carried out using three equivalents of palladium acetate and was reported to pro-
ceed smoothly in a range of different solvents (acetonitrile, toluene, methanol,
dichloromethane, etc.) at ambient temperature without any detected side products.

442 Bröring

Figure 110. Cyclopalladation reactions with the H(6-Mebpi) ligand (crystallographic figures
adapted from Refs. 197 and 198).
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Both the C(sp3)–H activation and the S(thiazole) coordination at palladium(II) are
rare features in palladium chemistry. The thiazole was found to be bound only
very weakly, and clean exchange of this donor with CO and pyridine to give 449
and 450, respectively, has been observed.

C. Active Catalysts

Pincer complexes of palladium(II) are of general interest in the context of catalytic
C–C coupling reactions. While so far no reports on catalytic properties of palla-
dium chelates with “real” tripyrrole ligands have appeared, the more robust bai
and bop systems have been the subjects of a number of reports. Compound 323
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Figure 113. C(sp3)–H activation and chemistry of hemilabile cyclometalated palladium bti
448 (crystallographic figures adapted from Ref. 201).

Figure 112. Cyclometalated palladium chelates 443–447 from unsymmetric bai ligands.
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was found to be a highly active catalyst in the Suzuki-type coupling of phenyl-
boronic acid with aryl bromides at relatively moderate temperature (Figure 114).
The new catalyst was found to be very stable under the conditions of the Suzuki
coupling, and no palladium black was formed during the reaction. The catalytic
reaction was followed by GC-MS, and 100% conversion was obtained with both
activated and deactivated bromides after 1–6 hours. Decrease of the catalyst/
substrate ratio to 10–5 still gave an 82% isolated yield of 4-bromoacetophenone and
54% 4-methoxyacetophenone after 4 hours, amounting to turnover numbers of
82,000 and 54,000, respectively. In contrast to the reactivity toward aryl bromides,
the catalyst proved to possess only very low activity toward the corresponding
chlorides, with the reaction effectively stopping after a few cycles at 110 °C.437

Compound 445 has been used as a precatalyst for Heck and Stille-type cou-
pling reactions, as depicted in Figure 115. The catalytic performance was studied
as a function of electronic and steric factors of the substrate. In the Heck reaction,
the reactivity decreases as expected in the order iodoaryl > bromoaryl >
chloroaryl, whereas an increase in steric repulsion has only a minor effect on the
outcome of the reaction. The activity of 445 as a precatalyst is higher compared to
palladium acetate, but does not reach the performance of some other palladium
complexes that have been studied earlier. A similar picture is provided by the
attempts to catalyze Stille coupling reactions. In this case, however, the influence
of steric bulk was reported to be much more pronounced than for the Heck reac-
tion. In all cases, the reaction mixtures turned dark upon heating, and the addition
of mercury stopped the transformations immediately, indicating that the active
species throughout is elemental palladium.205

The activity of 451 in the catalytic hydrogenation of C=C double bonds was
tested for the reaction with styrene, 1-octene, and cyclohexene. As expected, the
reaction proceeds fast for styrene and very slowly for the internal alkene, cyclohex-
ene. A mechanistic scheme taking into account the possibility of imino N protona-
tion during the cycle has been proposed (Figure 116). The stability of the palladium
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Figure 114. Catalytic performance of palladium bop dimer 323.
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Figure 115. Catalytic performance of cyclometalated palladium bai 445.
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complex, the reproducibility of the reaction kinetics, the different behavior toward
the three olefins chosen as substrates, as well as the possibility of isolating the non-
decomposed catalyst after several catalytic runs, provide circumstantial evidence for
molecular catalysis with the bpi–palladium complexes in this case.438

Similar results were obtained with dendron-substituted complexes 452 and
453 (Figure 117).439 A remarkable feature of these catalysts carrying dendritic
wedges is the rapid isomerization of 1-octene to 2-octene, which for the second
generation dendrimer catalyst 453 leads initially to an almost complete shift of the
C=C double bond (> 80%) before the hydrogenation of the olefin(s) sets in.

Finally, bop complexes 325a and 325b were tested in catalytic asymmetric
Michael addition of ethyl 2-cyanopropionate to methyl vinylketone (catalyst
loading: 1 mol%) and were found to give maximum ee values of 43% and 21%,
respectively, at low conversions (Figure 118).209

V. Biomimetic Iron Complexes

A. Intermediates and Products from Ring-Opening Reactions

Heme oxygenases (HOs) are a family of enzymes which catalyze the oxygen-
dependent degradation of heme to biliverdin IX 9, CO, and iron. Three molecules
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Figure 117. Dendritic palladium bpi hydrogenation catalysts 452 and 453.
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of O2 and seven reducing equivalents are required for this transformation. In mam-
mals, HO has a key function in physiological heme metabolism, whereas in cer-
tain pathogenic bacteria it is used for iron uptake from heme obtained from the
host. In contrast, in higher plants, cyanobacteria, and algae, HO functions in the
biosynthesis of linear tetrapyrroles such as the phytochrome chromophore, or phy-
cocyanobilin. More recently, an additional role of certain HOs in the production
of CO as a neurotransmitter has been speculated on. This natural heme degrada-
tion process is still one of the major driving forces for linear tetrapyrrole research,
in particular with respect to their coordination properties. The mechanism of the
transformation of heme to biliverdin IXα 9 is complex and has been studied ever
since the enzymatic nature of the reaction was unraveled in 1963. The current pro-
posal for vertebrate HO action consists of three distinct oxygenation steps and is
shown in Figure 119.5,8,9 Several details of this scheme are, however, still a topic
of lively debate.440

An iron biliverdin intermediate has been proposed as the direct precursor to
biliverdin,12 but all initial attempts to prepare such iron bilindione derivatives or
related tetrapyrrole iron complexes failed because of the remarkable and unex-
pected instability of the products.214,219 Recent protein crystallographic studies

448 Bröring

Figure 119. Distinct steps of HO action.
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have now established the presence of iron biliverdin IXα and free biliverdin IXα
in the protein matrix at different stages of the reaction.6,7 Details of these studies
show the influence of the increase of required space for the ring-opened com-
pounds upon the flexibility of the protein pocket and suggest a stepwise mecha-
nism in which iron is released from the complex before dissociation of the
biliverdin. An iron biliverdin moiety bound in the protein pocket of rat HO-1 is
shown in Figure 120.

Whereas all attempts to prepare iron biliverdins directly by the coordination
of iron to linear bilindiones or formylbilinones failed, the biomimetic oxidative
ring-opening of a verdoheme analog was successful and led to the observation
of iron bilin model compounds with the oeb ligand. Figure 121 summarizes the
results obtained on products of iron(II) octaethylporphyrin 453. Upon treatment
of the intact porphyrin 453 with O2 and a reductant (ascorbate, hydrazine) in
pyridine, an immediate reaction to oxophlorin 454441 and a further reaction with
concomitant CO extrusion to verdohemochrome 455 occur.442 Compound 455
has been characterized as a diamagnetic, low-spin iron(II) complex. NMR inves-
tigations of the reaction mixture, however, indicated the presence of a paramag-
netic contaminant which was identified as iron(III) bilindione complex 456. If
the pyridine-containing solvent is removed from solutions of 456 in vacuo, the
compound is found to undergo a dimerization to bilindione complex 457. Dimer
457 was the first-ever crystallographically characterized iron bilindione
species.442
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Figure 120. Iron biliverdin IXα embedded in the active site of rat HO-1 (PDB code 1J2C;
adapted from Ref. 6).
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Iron(III) derivatives 456 and 457 turned out to be very labile and sensitive
to O2. The oxidative decomposition of 456 and 457 in the absence of excess
reduction equivalents splits off one of the terminal pyrrole subunits and leads to
tripyrrinone carboxylate species 136.443 Tripyrrinone 136 is also formed directly

450 Bröring

Figure 121. Reactivity scheme and structures of crystallographically characterized products
of coupled oxidation processes starting from iron octaethylporphyrin 453 (crystallographic
figures adapted from Refs. 442–444 and 446).
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from oxophlorin 454 under the same conditions. Upon exchange of the pyridine
coligands with chloride anions, anionic iron chelate 458 formed, and was analyzed
by means of X-ray crystallography.

When iron(II) verdohemochrome 455 was treated with O2 in the presence of
chloride or bromide anions, dichloroiron(III) verdohemochrome complex 459 or
the corresponding bromo derivative was isolated. These iron(III) species were
readily reduced, with loss of one halogen atom to chloro (or bromo) iron(II)
derivative 460.444 Treatment of 460 with pyridine recovers the starting pyridine
adduct 455, while the addition of sodium methoxide in methanol yields an inert
and insensitive Fe(II)–monolactim ether complex, which was isolated and crys-
tallographically characterized as dimer 461. The reaction of verdohemochrome
455 with sodium methoxide and of 459 with potassium hydroxide have been
studied in more detail by proton NMR spectroscopy.445 Compound 455 has been
found to open its macrocycle upon treatment with the methoxide nucleophile to
yield monolactim ether 462, which is then subject to pyridine ligand exchange
processes. Iron(III) derivative 459 reacts with the hydroxide ion via two inter-
mediate steps (ligand exchange and deprotonation) to give anionic hydroxo-
iron(III) bilindione 463. The exchange of chloro vs. hydroxo ligands at the iron
center was reported to occur with a large change in the resonance spectra, indi-
cating a change in the electronic fine structure of the compound during this
process.

Finally, if chloroiron(II) verdohemochrome 460 is treated with dioxygen in
chloroform solution, the macrocycle opens spontaneously to give oxidized
bilindione chelate 464.446 Compound 464 is stable and insensitive to oxidation and
was characterized crystallographically. Upon reduction with a zinc amalgam a
new species is formed, which was isolated and analyzed as dimer 457.

Apparently, the reactivity of the iron(II) porphyrin is markedly enhanced
after the first oxygenation step to afford oxophlorin 454. Further products then
form, following different decomposition and ring-opening cascades, depending
on the respective conditions. Oxophlorin 454 thus plays the role of the activated
species in the decomposition processes, similar to α-meso-hydroxyheme in
the natural HO-catalyzed reaction (Figure 119). The activation of the por-
phyrin macrocycle may also be achieved by the introduction of a meso-situated
amino functionality, as in 465. Under simple aerobic conditions, 465 cleaves
its macrocycle with remarkable ease.447 Detailed NMR investigations have
led to a proposed pathway for this decomposition, as depicted in Figure 122.
Tripyrrinone complex 136 was identified as the final product, and a
tetrapyrrolic N3O coordinated species 466 was trapped and analyzed
crystallographically.103
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B. Direct Metalation of 2,2′′-Bidipyrrins

Other than for the bilinones and related formylbilinones which cannot be meta-
lated directly to give the iron chelate species, iron(III) complexes of hydrogen-
terminated 2,2′-bidipyrrins were obtained from a metal insertion reaction, as
shown in Figure 123. However, a successful preparation was achieved only if the
ligand was prepared in situ from mono- and dipyrrolic components directly before
the addition of a mixture of iron(II) and iron(III) precursors. This scheme was first
developed for the synthesis of chloroiron derivative 467 of octaethyl-2,2′-
bidipyrrin. In the reaction mixture, 467 is rather unstable and decomposes quickly
in an aerobic and protic environment. The crucial point in the preparation turned
out to be a quick crystallization step. As a clean compound and in the absence of
protons and oxygen, 467 was reported to be a well-behaved complex which could
be characterized in depth and employed in a number of reactivity studies. Anion
exchange and introduction of the axial ion fluoride, bromide, and iodide ligands
have been achieved using typical reagents and conditions for such transforma-
tions. The preparation of the complete series of halide complexes 467–470 is
summarized in Figure 123.448

Results from single–crystal X-ray diffraction studies and powder diffraction
data provide evidence for the presence of two crystal morphologies for the chloro,
bromo, and iodo derivatives 467, 469, and 470, respectively. In both forms, the
molecules organize in weakly associated and slipped π-stacked dimers. These
dimers, however, pack in either one (iodo complex 470) or two orientations
(chloro complex 467), resulting in a triclinic or monoclinic crystal system, respec-
tively, as depicted in Figure 124. Bromo derivative 469 was found to crystallize in
either structure. Intriguingly, the molecular parameters of the FeN4Br subunit
differ significantly for these two isomorphs, as does the crystal density.448,449

The different packing pattern thus appears to depend on the different steric
requirements of the halide ligands.

452 Bröring

Figure 122. Intermediates of the aerobic ring cleavage of iron meso-aminoporphyrin 465.
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Figure 123. Preparation of chloroiron 2,2′-bidipyrrin 467 and salt metatheses to give
halogen derivatives 468–470.
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Figure 124. Representations of the crystal packing in monoclinic and triclinic crystals of
halogenoiron 2,2′-bidipyrrins 467, 469, and 470 (ethyl substituents omitted; adapted from
Refs. 448 and 449).
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The molecular structures of 467, 469, and 470 are very similar and are gener-
ally characterized by very short iron–nitrogen distances, in combination with
elongated iron-halide bonds as compared to other iron porphyrinoids (Figure 125).
Mössbauer and SQUID measurements performed on microcrystalline samples
revealed the presence of an unexpected intermediate-spin ground state (S = 3/2)
and a thermal excitation to a high-spin state (S = 5/2), and showed that the amount
of high-spin admixture at a given temperature decreases with increasing size of the
axial halide ligand. In solution, however, only a high-spin state (S = 5/2) can be
observed for all species over the whole temperature range.

Fluoro derivative 468 was reported to be extremely sensitive to hydrolytic
decomposition and could be crystallized only in the presence of excess reagent,
i.e. CsF. Compound 468 forms 1D chains composed of Cs+ ion-bridged anionic
difluoroiron 2,2′-bidipyrrin moieties and some solvate molecules (Figure 125).
The six-coordinate iron(III) atom in 468 × CsF now displays significantly elon-
gated Fe–N bond lengths, and a Mössbauer analysis provided evidence for the
expected high-spin ground state (S = 5/2). The compound slowly transforms in
solution, as shown by 1H NMR spectroscopy. This transformation yields a single
new species with twice the number of resonance signals, and a comparison with
the NMR spectra of the other halogen species 467, 469, and 470 indicated the dis-
sociation of one of the fluoride anions and the formation of a pentacoordinate iron
species.448

By treatment of the halogen derivatives with hydroxide ions, or simply by
using a stronger base during the workup of the iron insertion step, µ-oxodiiron

454 Bröring

Figure 125. Selected molecular structures for mono- and polymeric iron 2,2′-bidipyrrin
complexes. (Adapted from Ref. 448.)
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derivatives have been obtained.450 These species are well known in porphyrin and
salen chemistry but have not been observed so far with bilindione ligands. With
respect to the sensitive halogen derivatives 467–470, such oxo-bridged dinuclear
chelates are reported to be less labile and allowed the preparation of alkyl-
substituted iron 2,2′-bidipyrrins beyond the octaethyl derivative. The known
examples 471–474 are summarized in Figure 126. All compounds are weakly
paramagnetic at ambient temperature, as expected for dinuclear high-spin (S =
5/2) iron(III) complexes with antiferromagnetic exchange and an exchange cou-
pling constant in the order of –120 cm−1 (for the spin Hamiltonian Ĥ = –2JŜ1 × Ŝ2).
Compounds 471–474 thus show behavior analogous to those of iron porphyrins
and iron salens.

Figure 127 provides an overview of the structural complexity of the µ-oxo
dimers of iron 2,2′-bidipyrrins.450,451 The most intriguing structural details are the
different relative arrangements of the two tetrapyrrole helices of each molecule. In
all cases pockets of different size and shape are formed close to the briding
oxygen atom. These pockets are filled with guests, either solvent molecules
(dichloromethane, water, pyrrole) or an ethyl side chain of a neighboring complex
molecule. In two cases a hydrogen bridge between the guest and the host-oxygen
atom was observed. For such hydrogen-bridged species elongated Fe–O bonds
and reduced Fe–O–Fe angles result.

Chloro compound 467 and oxo-bridged dimer 471 were studied to probe the
possible influence of steric strain on the lability of the bound iron atom in linear
tetrapyrrole complexes. In the presence of air, the iron chelates react stepwise with
nucleophiles (methanol or imidazolate) at the tetrapyrrole terminal α,ω-positions,
presumably through the hexacoordinate species [Fe(bdp)MeOH)2]

+ and
[Fe(im)2(bdp)]-, respectively. The successive increase of strain at these positions is
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Figure 126. Overview of known µ-oxo di(iron 2,2′-bidipyrrin) complexes 471–474.
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proposed to result in increasingly labile intermediates that spontaneously release
the iron ion from the mono- or disubstituted tetrapyrrole ligands. In both cases, the
respectively substituted free ligands 475–478 were isolated and characterized as
the major products of the decomposition step (Figure 128).

VI. Fluorescent Boron Derivatives (OligoBODIPYs)

Boron dipyrrins (BODIPYs, also called boron dipyrromethenes or boraindacenes)
constitute a class of boron chelates with a dipyrrin ligand (usually with a BF2

subunit) that are currently attracting increased interest in many research areas
owing to their advantageous photophysical properties.23.452,453 BODIPYs are very
versatile and have found use as light-stable functional dyes in a variety of differ-
ent applications, such as laser dyes, fluorescence switches, or biomolecular labels.
While many simple BODIPY derivatives are known and numerous compounds

456 Bröring

Figure 127. Molecular structures of µ-oxo di(iron 2,2′-bidipyrrin) complexes 471–473 with
different hosts (dcm = dichloromethane; adapted from Refs. 450 and 451).

Figure 128. Products 475–478 from oxidative demetalation of iron 2,2′-bidipyrrins.
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are even commercially available, only a limited number of BF2 complexes with
linear tetrapyrroles have been described so far. The first such complex was the
difluoroboron derivative of octaethylbilindione ligand 479, which forms as a
strongly fluorescent species upon treatment of H3oeb 11 with boron trifluoride
etherate and triethylamine.367 A crystallographic analysis was performed and
revealed that the central dipyrrin unit of the tetrapyrrole ligand 479 is borylated
(Figure 129). A series of other bilindiones as well as some partially hydrogenated
species of the urobilin type have also been used in coordination studies with boron
trifluoride.254,454 These reports discuss the formation of two isomeric forms, one
with a central BF2 unit and one unsymmetric, in which one pyrrole and one lac-
tam ring are coordinated. This new coordination mode leads to complete fluores-
cence quenching and has been enforced by the exchange of one NH vs. a NMe, O,
or S functionality. Examples 480a–480d are shown in Figure 129. As a useful
property, these compounds show characteristic through-space 19F–1H couplings in
the 1H NMR spectra which have allowed analysis of different solution structures
in some depth.

While bilindiones have been found to bind exclusively to one BF2 unit,
two such entities may be introduced into artificial linear tetrapyrroles of the 
2,2′-bidipyrrin type. Species such as 481 (Figure 130) may also be regarded as
covalent dimers of the basic BODIPY luminophore and have therefore been
named BisBODIPYs. The solid state molecular structure of these dimers and the
relative orientation of the subunits have been illustrated by several X-ray
diffraction studies which showed that the BODIPY subunits of the molecules are
conformationally restricted in a chiral, almost orthogonal arrangement.455 Two of
the fluorine atoms are found in close contact with each other and a 19F NMR
experiment has shown a characteristic through-space coupling between these
atoms in solution. Further 19F–1H and 19F–13C through-space couplings are found
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Figure 129. BF2 chelates of bilindione ligands 479 and 480 (crystallographic figure adapted
from Ref. 367).
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in other spectra and have been investigated in detail and used for a solution struc-
ture determination.456,457 All BisBODIPYs exhibit a clear exciton splitting in
the absorpiton spectra with maxima at about 490 and 560 nm, and are highly
luminescent with an intense emission band at around 640 nm. The Stokes shift,
which is the difference between the maximum of the lowest-energy absorption
band and the maximum of the emission band, has a typical value of 5–15 nm for
simple BODIPYs, whereas this value increases to 80 nm or more for the dimers,
along with a slight decrease in fluorescence quantum yields and lifetimes. In addi-
tion, some triplet state is excited in the dimers while only singlet photophysics is
known for simple BODIPYs.458 A derivative with biomimetic di(methylpropi-
onate) substitution has also been described. Hydrolysis of the ester groups does
not, however, result in the desired dicarboxylate but in slow decomposition. The
formation of an oxo-bridged species 482 as an early intermediate in this process
has been made probable by a crystallographic study (Figure 130).268

Dinuclear boron species with 2,2′-bidipyrrin ligands consist of electronically
decoupled but exitonically correlated BODIPY units and may be regarded as inter-
mediate between linear tetrapyrrolic and functionally bridged bis- and
oligoBODIPY dyes. The latter class employs the robust BODIPY unit as a build-
ing block in different molecular architectures. The designed combination of two
or more of these chromophors allows one to tune special properties for a number
of topical fields of application, such as sensors, energy transfer, or light-emitting
polymers. Bis(BODIPY)s on the basis of binaphthyl bridges 483 were developed
as dyes for optoelectronics and have been investigated as chirality sensors.459,460 A
related architecture with a bridging 2,2′-bipyridine subunit 484 has been reported
to act as a photometric sensor for metal cations.461 BisBODIPY 485 contains a

458 Bröring

Figure 130. Molecular structures of BisBODIPY 481 and hydrolysis product 482 based on
2,2′-bidipyrrin ligands. (Adapted from Refs. 268 and 455.)
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long and rigid di(phenylacetylene)-type linker and has been employed as a radio-
metric sensor for mercury.462 Figure 131 gives selected examples for this class of
tetrapyrroles.

The relatively simple preparation of monofunctionalized BODIPYs and their
strong photoluminescence have led to different oligomeric architectures for the
study of intramolecular energy transfer. Such compounds have often been called
energy transfer cassettes and may be divided into two classes: through-space
energy transfer cassettes463–467 and through-bond energy transfer cassettes.468–478

The former class has been used mainly in studies toward an understanding of the
geometrical requirements for multiple dye antenna systems, while the latter class
is currently discussed as being particularly valuable for applications in biosensing.
Figure 132 summarizes examples from both groups of functional dyes.

Several studies describing the use of BODIPY units in the backbone of homo-
and copolymers have appeared in the scientific literature. Poly(aryleneethyny-
lene)s co-containing BODIPYs were synthesized and studied with respect to NLO
properties.479 Transition-metal-catalyzed polycondensation reactions were used to
prepare similar homo- and copolymeric BODIPYs from a di-iodinated monomer.
Depending on the bridging units, these polymers show very similar or slightly
different photophysical properties with respect to the monomer, and the fluores-
cence quantum yields remain remarkably high upon polymerization.480–483 Three
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Figure 131. Meso-bridged BisBODIPY dyes 483–485 for sensor applications.
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examples of alternating fluorene and BODIPY-containing polymers were prepared
under Suzuki conditions and studied for their optical properties. These polymers
were found to display a sensitive fluorescent response to fluoride and cyanide
anions, while no interaction with chloride, bromide, or iodide anions could be

460 Bröring

Figure 132. Selected examples for bis(BODIPY) dyes used in energy transfer studies.
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monitored.484 Copolymers of BODIPYs and dithiophene units have been prepared
and were tested for application in OLEDs.485,486 Polymers with BODIPY units as
side chains have also been reported,487,488 and one example of a polymer with the
boron atom in the main chain is known.489

VII. Macrocyclization Reactions

A. To Give Porphyrins

The formation of porphyrins upon metal ion insertions in methyl-terminated
linear tetrapyrroles was reported as early as 1961.272 This transformation, which
originally led to copper porphyrins, has found multifaceted interest as a highly
variable and reliable preparative entry to tailor-made porphyrins, and the system-
atic exploration of the scope and limitations of tetrapyrrole cyclization to por-
phyrins has been documented in many publications over about 40 years. As a
general view the macrocyclization way to porphyrins proceeds by either the a,c-
biladiene route or the b-bilene route (Figure 133). The two approaches give
equally good results and have been extensively reviewed in the past.490–493

Therefore, only the basic concepts and findings will be summarized here.
The cyclization of β-substituted α,ω-dimethyl-a,c-biladienes and α,ω-

dimethyl-b-bilenes occurs spontaneously at ambient temperature upon treatment
with excess Cu(II) ions and air in solution.33,129,132,249,266,494–498 For all simple
tetrapyrrole precursors copper porphyrins form and may be demetalated in a
second step to give the free base porphyrins. The second methyl group is gener-
ally lost during the reaction and does not remain in the product under standard
conditions. Terminal alkylacetate, alkylpropionate, or benzyl groups have been
employed, and several intermediates as well as rearrangement products could be
isolated from these attempts.301,499,500 Some of these compounds, 486–488, are
shown in Figure 134 and point to particular reaction pathways during the por-
phyrin formation process. The reaction is very smooth and allows the introduction
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Figure 133. Schematic view of the a,c-biladiene and the b-bilene routes to copper
porphyrins.
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of a large number of different β-substituents and patterns. Only side chains with
an increased sensitivity to oxidation processes such as vinyl groups may not be
used. In addition, chlorin derivatives have been prepared from partially reduced
precursors by this methodology.252,501

The course of the macrocyclization reaction depends strongly on the choice of
the metal ion. Porphyrins form exclusively if copper(II) is used, while with nickel(II)
only corrin-type products are isolated (see below). Trivalent ions of rhodium and
chromium have been reported to perform well in the transformation to porphyrins,
although for the latter the products do not contain a metal ion.502,503 Oxidative condi-
tions of any sort appear to be vital for a successful porphyrin synthesis. Remarkably,
the ring closure of an α,ω-dimethyl-a,c-biladiene has been achieved without any
metal ion present by electrochemical means.504 This points to the role of the metal ion
as a supporting template, which is not necessarily required.505

13C isotope labeling studies have been undertaken in order to gain insight into
the mechanism of the ring closure reaction.506,507 The results prove that only one of
the terminal methyl groups remains in the porphyrin as a meso methine moiety.
From these studies and in agreement with the isolated intermediates from above,
the mechanistic scheme in Figure 135 was proposed. In a first step a bilatriene 489
with a fully conjugated backbone forms upon oxidation of both a,c-biladiene and
b-bilene precursors. The two routes thus meet very early in the reaction sequence,
which explains the similar performance of the two linear tetrapyrroles. The bila-
triene is proposed to exist in a helical conformation even without metal ion coor-
dination. Such a templating action does not appear necessary but would certainly
help to put the methyl termini in close contact. This bilatriene should also be very
prone to one electron oxidation, and after deprotonation of the oxidized form an
activated methylene-terminated π-system 490 is formed, which is proposed to
undergo a fast electrocyclic ring closure. Further oxidation and dehydrogenation

462 Bröring

Figure 134. Selected examples 486–488 of isolated intermediates and rearrangement
products from the copper(II)-mediated ring closure of a,c-biladienes.
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steps as well as a nucleophilic substitution at the pending methyl group finally
result in the observed porphyrin.

B. To Give Corroles and Other Porphyrinoids with a
Direct Pyrrole–Pyrrole Bond

Due to the unsymmetric C19 perimeter of the corrole macrocycle, there are generally
two different linear tetrapyrroles which may serve as precursors for macrocyclization
reactions to give this ligand: the methyl-terminated 2,2′-bidipyrrins and the hydro-
gen- or halogen-terminated a,c-biladienes. The first successful synthesis of a corrole
followed the second route and used copper(II) ions as template and as oxidant.273 As
for the porphyrin synthesis, the choice of the metal ion is vital and dictates the out-
come of the reaction. Nickel and palladium ions gave products with unclear consti-
tution, while for copper, cobalt, and iron corroles 491 were obtained in good yields
(Figure 136).508,509 Cobalt corroles played a major role in the early development of
this chemistry due to their relevance to potential vitamin B12 syntheses.

The strategy to form macrocycles by the oxidative formation of the direct
pyrrole–pyrrole bond starting from a templated tetrapyrrole ligand has been
reported as a successful strategy also for the syntheses of corrphycenes such as
492. Two protocols are known to fulfill this task, both using copper(II) ions as the
template and redox active reagent.287,288 A macrocyclic nickel complex without a
fully conjugated ligand backbone, 10,10′-dimethylisocorrole 493, could be pre-
pared by the same strategy (Figure 137).285,286 This example indicates that electro-
cyclic reactions may be of lesser importance in this chemistry than is usually
believed. All the above reactions proceed in minutes and at ambient temperature,
and an open-chain metal complex or related intermediate could be isolated for any
of the linear tetrapyrrole precursors.

Early attempts to prepare metal corroles from α,ω-dibromo-2,2′-bidipyrrin
complexes and formaldehyde failed, and instead gave the first metal chelates of

41/Coordination Interactions of Linear Oligopyrroles 463

Figure 135. Mechanistic proposal for the formation of porphyrins from methyl terminated
a,c-biladienes.
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10-oxacorroles.273,510 A study devoted to the preparation of related heterocorroles
494 succeeded in the syntheses of 10-oxa-, 10-aza-, and 10-thia-corroles, as
shown in Figure 138. Treatment of α,ω-dimethyl-2,2′-bidipyrrins with divalent
metal ions of zinc, copper, nickel, and palladium under the conditions used for the
porphyrin synthesis from a,c-biladienes left the methyl termini untouched and
yielded only the metal complexes of the linear tetrapyrroles.

The failure of metal corrole formation from methyl-terminated 2,2′-
bidipyrrins was later related to the reaction conditions. Under more forcing con-
ditions, i.e. at >150 °C and in the presence of air, manganese corroles 495 were
obtained as the only nonpolymeric products (Figure 139).511 Octa- and decasub-
stituted species form in yields of about 20% and were structurally characterized as
the iodo manganese(IV) complexes.512,513 The reaction has been applied also to the
preparation of a biomimetic corrole with propionate substitution, albeit with a

464 Bröring

Figure 137. Formation of metal porphyrinoids 492 and 493 from 1,2-ethylene- and 
2,2-propylene bridged bis(dipyrrin)s.
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Figure 138. Single- and multistep formation of metalated heterocorroles 494 from
halogenated 2,2′-bidipyrrins.
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bidipyrrins.
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reduced yield.268 Besides the manganese(II)/air system, copper(II) salts are also
active in the formation of copper corroles 496 at elevated temperatures. Here, the
absence of air is crucial; otherwise overoxidation products such as oxacorroles 497
and oxocorroles 498 form (Figure 139).514 The superoxide anion may be used as an
alternative oxidant at ambient temperature. The copper, nickel, and palladium
complexes of the decasubstituted 2,2′-bidipyrrin react with superoxide to form cop-
per corrole and nickel as well as palladium 10-oxocorrole 498, respectively.302 A
10-oxocorrole product also forms if vanadyl(IV) acetylacetonate is used as the
templating agent at 150 °C in air. For this template, a second product was found and
characterized structurally as vanadyl corrphycene 499.515 As both methyl carbon
atoms are still present in 499, this finding points to a difference in the reaction
mechanism in terms of a twofold redox activation step for vanadium(IV).

The corrole formation from α,ω-dimethyl-2,2′-bidipyrrins was proposed to pro-
ceed via a mechanism similar to that accepted for the porphyrin formation discussed
above. Other than in this case, however, a templating ion is necessary because 2,2′-
bidipyrrins exist in a linear, stretched conformation and will not form macrocycles
but rather polymers upon oxidation. In addition, the fully conjugated bidipyrrin
chromophore is less prone to oxidation compared with the bilatriene moiety, so that
higher temperatures or very strong oxidants are required to activate the tetrapyrrole.
As for the porphyrin synthesis, the final step in the M/O2-induced corrole-forming
reaction is the loss of one of the methyl termini and aromatization of the tetrapyr-
role. If rhodium or iridium ions are used as templates, this methyl group remains
untouched and has been found in product complexes 500 (Figure 140).424–426

First attempts to form macrocycles from the hydrogen-terminated 2,2′-
bidipyrrin complex 467 of iron have been reported (Figure 141). When 467 is
treated with excess iodide in air, 470 is formed first by ligand exchange, followed
by a slow oxidative ring closure to give norcorrole 501. Compound 501
itself tends to dimerize and forms the mixed valence species 502 as the final,
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Figure 140. Macrocyclic rhodium(III) and iridium(III) chelates 500 from 2,2′-bidipyrrins.
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crystallographically characterized product.516 In a different example, 10-acetyl-
corrole complex 503 of iron was found if the iron insertion reaction of an in-situ-
formed 2,2′-bidipyrrin was carried out in the presence of acetone. A multistep
mechanistic scheme was proposed for this transformation; however, no proof has
so far been given for it.517

Besides bilatriene- and bidipyrrin-based linear tetrapyrroles, a third class of
tetrapyrroles, the bisnorbilins of basic structure 86 (Figure 21), have been reported
to undergo metal-induced ring closure reactions to afford porphyrinoid products.
Crucial to this reaction is the presence of one or two vinylogous aldehydes as ter-
minal groups. As before, the employment of different metal ions results in the for-
mation of different porphyrinoids, as depicted in Figure 142. Divalent copper and
nickel ions transform monoformyl derivative 504 into formylisocorrole com-
plexes of which copper derivative 506 could be isolated.148 Palladium acetate
instead induces a condensation to a rare porphyrinoid isomer, isoporphycene 507.
Similar metal isoporphycenes 508 with one additional formyl group form during
the action of copper acetate, palladium acetate, or nickel acetate on disubstituted
bisnorbilen 505.146,149

C. To Give Corrins and Hydroporphyrins

One of the key transformations during the total synthesis of vitamin B12 is the ring
closure to the corrin system, which was finally realized in the way shown for
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Figure 141. Macrocycle formation starting from iron 2,2′-bidipyrrin 467.
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bisnorcobyrinic acid derivative 509 in Figure 143. As a biomimetic approach to
this step, different ring closure alternatives starting from metal chelates of linear
tetrapyrroles have been investigated in great detail. The employment of different
metal ions and reaction conditions has allowed the preparation of the highly
reduced macrocycle of vitamin B12 as well as of a wealth of related corrinoids with
different degrees of reduction. The total synthesis of vitamin B12 including the
many model studies performed during the process of it,518–521 as well as a set of
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Figure 142. Bisnorbilin-originated macrocyclic complexes 504–508.
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model reactions starting from a,c-biladiene precursors, have been comprehen-
sively and repeatedly reviewed,492,493,522 and a summary of related work toward the
preparation of hydroporphyrinoid systems has also appeared in the literature.523

The first strategy, similar to the successful approach described above, was to use
an ethoxy instead of a methylthio derivative with the same regiochemistry. The ready
cyclization of such a precursor had been demonstrated in a much-cited paper as early
as 1964,151 wherein the cationic nickel complex 387 of a reduced tetrapyrrole forms
corrin 510 if treated under strongly alkaline conditions (Figure 144).

At about the same time, several reports of model studies on b-bilene- and a,c-
biladiene-type tetrapyrroles started to influence the field. Most remarkably, the
direct pyrrole–pyrrole junction was formed by this new approach, including
the introduction of one or two stereocenters (Figure 145). Divalent nickel and cobalt
ions served as template ions and allowed a straightforward and high-yield cycliza-
tion of mono- and dimethyl-terminated tetrapyrroles to give the corresponding cor-
rins 511–513.274,276,283,494,524–526 The substituent pattern of the tetrapyrroles was widely
varied, including such substituents as propionate and acetate esters or acids, or
alkoxy groups, in order to find suitable derivatives which react selectively in later
hydrogenation steps.262,278–280,527,528 Most recently, this chemistry has been extended
to benzopyrrolic species and zinc, copper, and lanthane template ions.529 The
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Figure 144. Nickel-templated macrocyclization to vitamin B12 model complex 510.
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attempted hydrogenation chemistry, however, did not result in the desired prod-
ucts.305,530 As a second transformation, methylations were attempted on a simple
nickel bilin of this class, and the formation of a ring-opened product carrying one or
two methyl substituents at the central meso position was reported.531

Apart from these drawbacks, a photochemical variation of this new ring clo-
sure strategy was successfully applied to partially reduced linear tetrapyrroles
such as 388 (Figure 146).532 Further research with similar systems was reported
and revealed possibilities for exchange of the photochemical trigger with a redox
step, with a proton-catalyzed reaction, or with a complex metalation/rearrange-
ment process.533–535 Different hydrocorrinoids were obtained from these studies.
Furthermore, the isolation and characterization of a chlorin as a byproduct in one
case led to the development of synthetic entries to hydroporphyrins.152

The templated macrocyclization reaction is not restricted to alkyl-terminated
precursors and has been developed further toward alkoxy-terminated species.
Such compounds can easily be obtained from natural bilirubin by simple peralky-
lation, and were cyclized to give the corresponding corrins with cobalt and nickel
template ions.213 A second important extension was found for ethoxycarbonyl-
terminated a,c-biladienes. Unlike most alkyl- or hydrogen-terminated a,c-biladi-
enes, helical complexes of ester-terminated linear tetrapyrroles can be obtained
and isolated. Thus, besides nickel and cobalt derivatives, palladium and platinum
chelates have been obtained and transformed into the corresponding macro-
cycles.282,536,537 From this class of tetrapyrroles several β-hydroxylated and β-
oxygenated derivatives related to the corrins were be obtained.538

VIII. Supramolecular Assemblies

A. Tripyrrin- and Bai-Based Coordination Polymers

Polymeric supramolecular assemblies of metalloporphyrins and metallophthalo-
cyanines have had a significant impact in the field of metal-organic functional
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Figure 146. Photochemical ring closure of metal chelates 388.
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materials. Well-established examples can be found, for example, in ferromagnetic
and ferrimagnetic 1D coordination polymers of iron and manganese porphyrins
with radical bridging ligands, or in π-stacked metallophthalocyanines which
exhibit anisotropic electric conductivity after doping with iodine. The field of
coordination polymers and metal-organic frameworks (MOFs) has seen a tremen-
dous increase in research activity. Much of this research was motivated by crystal
engineering and the preparative access to new functional materials with potential
applications in gas storage (especially for dihydrogen) and drug delivery, and as
single-chain magnets or conductors. These novel approaches have involved a
number of porphyrin ligands so far, but artificial porphyrinoids have not been
taken into account at all for this purpose. Two noteworthy exceptions to this rule
can be found in the literature: the chemistry of coordination polymers from
metalated dipyrrins and the chemistry of polymeric metallotripyrrins.539,540

The first indication of the formation of coordination polymers from tripyrrins
came from a paramagnetic 1H NMR study of homologous pseudohalide com-
plexes of a nickeltripyrrin, 186, 514, and 515. The spectral widths observed for the
thio- and selenocyanate homologs 514 and 515 were markedly reduced with
respect to NCO derivative 186, while the line-broadening developed in the oppo-
site direction. The signal pattern, however, appeared almost identical in all three
spectra. Magnetic susceptibility measurements undertaken in dilute solutions by
the Evans method indicated the expected temperature-independent behavior
and magnetic moment for 186, while for 514 a reduced magnetic moment in
combination with an unexpected temperature dependence was found. These find-
ings were attributed to the beginning of an oligomerization process of 514 and 515
in solution. The formation of coordination oligo- and polymers from thio- and
selenocyanato derivatives of nickel tripyrrins was confirmed by the results of X-
ray crystallographic work on 514 (Figure 147).313 While isocyanato complex 186
crystallizes monomeric in an unstrained pseudoplanar geometry, the thiocyanate
ligand in 514 is bound in a bridging µ(N,S) mode and connects the nickel
tripyrrins to give one-dimensional strands with pentacoordinate nickel ions. The
monomeric units are from an unstrained trigonal-bipyramidal geometry, which
appears ideally suited for the formation of such chain structures. It was, however,
noted that the Ni–N bond appears much stronger than the Ni–S bond according to
structural parameters. A similar coordination mode of the NCSe- anion had been
observed for 211.

While the helical polymeric chains of 514 pack densely in the crystal lattice
and leave little free space between the strands, the employment of other pseudo-
halide-bridging ligands results in the stabilization of functionalized inner
surfaces. Dicyanamido and tricyanmethanido ligands, called dca and tcm, respec-
tively, have been proven to be particularly useful in this regard. The treatment of
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cyanato derivative 187 with the sodium or potassium salt of either of these anions
results in the immediate formation of a solid which can be filtered and washed to
yield analytically clean material. Redissolution of the microcrystalline or amor-
phous material is possible in methanol, and careful crystallization yielded highly
crystalline nickel(II)-based coordination polymers. Figure 148 presents two struc-
turally distinct examples for a dicyanamido derivative 516 and a tricyanmethanido
species 517.313 Both materials are characterized by functionalized inner surfaces,
which differ from each other by both the functionalization and the dimensionality.
The monomeric subunits of 516 and 517 show structural parameters typical of
high-spin nickel(II) species. Unlike before, however, the binding between the
nickel ion and the two external donors is of comparable strength. The dca and tcm
bridges lead to large Ni…Ni separations of about 8.4 Å, and the tripyrrolic ligands
of adjacent nickel tripyrrin subunits are separated by about 8 Å. The nickel
tripyrrin planes in tricyanmethanido derivative 517 are arranged in a coplanar
fashion and without any torsion, whereas in 516 a tilt of 10° and a torsion angle
of 40° are observed. This difference can be explained by the steric influence of the
third, noncoordinating cyano group of 517. These rather small differences
between the intrastrand structures of 516 and 517 markedly influence the relative
arrangement of the pillars. The empty space between adjacent nickel tripyrrin
planes in a single chain of 516 is partially filled by two nearby pillars that come
very close and whose nickel tripyrrin units interdigitate at interstrand π–π
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Figure 147. Crystallographic unit cell with strands of coordination polymer [(trpy)NiNCS]n

514 (β-ethyl groups omitted for clarity; adapted from Ref. 313).
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distances of about 3.4 Å. As the next pillars are significantly further away, a 2D-
layered pillar structure results. Interestingly, the divalent central nitrogen atoms of
the dicyanamido bridges are oriented toward the gaps between these layers, thus
producing a functionalized cleft. Complex 517 instead forms a structure with
almost isolated polymer chains in which six pillars arrange to form a trapezoid
pore with dimensions of about 6.2 × 4.7 Å. The noncoordinated cyano group of
two of these pillars points directly into this pore, resulting in functionalization of
the pore with N…N distances of 5.8 Å. The potential of such arrangements in the
field of anisotropic ion conductors is evident from Figure 148.

Hydrogen bridges are another bonding scheme found within the class of nickel-
tripyrrin-based coordination polymers. The constitutionally most simple example
was observed for the aqua complex of a chloro nickel tripyrrin 182 which forms 1D
strands by H-bridges between the water ligand of one complex unit and the chloro
ligand of an adjacent one.319 Interestingly, the so-formed supramolecular structure
is isostructural with the arrangement of isothiocyanate polymer 514 (Figure 149).
A second, more complex example has been found during attempts to use cyanomet-
alate anions as bridging ligands in a brick-and-mortar approach. Thus, a 2:1 mix-
ture of 518 and sodium tetracyanonickelate crystallizes from a methanol/toluene
mixture as the pentanuclear dication [{(trpy)Ni(MeOH)}4{Ni(CN)4}]2+, which is
connected to four adjacent [Ni(CN)4]

2− dianions via hydrogen bonds and forms a
3D coordination network in the crystal (Figure 149).313
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Figure 148. Organization of polymeric chains of tripyrrin nickel dca and tcm complexes
516 and 517. (Adapted from Ref. 313.)
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The approach using bidentate pseudohalides and cyanometalates — in partic-
ular, the favorable dicyanamide and tricyanmethanide anions — in combination
with metal tripyrrin precursors was also investigated with other divalent metal
ions. Zinc and copper ions show a tendency to form predominantly tetracoordinate
species in the tripyrrin environment, in the unstrained pseudoplanar type, regard-
less of the external ligand (tricyanmethanido, dicyanamido, NCSe, N3). UV-
visible spectroscopic investigations, however, indicate some weak association of
methanol in this solvent and the formation of pentacoordinate species from both
transition metal ions. Coordination polymers have indeed been found by single-
crystal X-ray diffraction in two cases: a dicyanamido derivative of zinc 519 and a
heterodinuclear chain of a dicyanoargentate copper(II) species 520. The spatial
relation of the (trpy)M subunits and the arrangement of the polymeric chains in
the crystal lattices are shown in Figure 150. The zinc ion in 519 is coordinated by
five nitrogen atoms in a distorted trigonal-bipyramidal geometry with the two
imino type donors of the trpy ligand occupying the apical positions. The (trpy)Zn
fragment is almost planar with the zinc ion only 0.0007 Å above the tripyrrin
N,N,N plane. The polymeric chain of 519 is formed by a torsionless and coplanar
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Figure 149. 1D and 3D nickel tripyrrin polymers of 182 and 518 with hydrogen bridges.
(Adapted from Refs. 313 and 319.)
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arrangement of the (trpy)Zn subunits. The dicyanamido ligand is µ-1,5-bridging
two subunits in such a way that the central nitrogen atom appears turned to the
side. The space which is formed between opposite (trpy)Zn plates is filled by adja-
cent polymeric columns, similar to that observed for dicyanamido nickel deriva-
tive 516. The alkyl side chains of the (trpy)Zn subunits of the next two
neighboring strands are interdigitating with the (trpy)Zn plates, thus forming lay-
ers of pillars, which show clefts in the crystal. Interestingly, and as indicated in
Figure 150, the central nitrogen atoms of the dicyanamido bridges are localized on
the surfaces of these clefts. The coordination environment of the copper(II) ion in
polymeric 520 is very similar to that for zinc(II) in 519. Five N donor atoms form
a slightly distorted trigonal bipyramide around the copper center, and the out-of-
plane deviation of the copper ion from the tripyrrin N,N,N plane is negligible at
0.0301 Å. The unsymmetric bridging mode of the [Ag(CN)2]

− ligand is docu-
mented in the unequal N–Cu–N angles of the triangular base, and in the difference
of the Cu–N bond lengths of 2.085 and 2.149 Å. Each copper(II) ion has two intra-
chain Ag(I) neighbors within a distance of 5.064 and 5.242 Å. The dicyanargen-
tato ligand is not linear but is slightly bent, and the two ends bind with different
angles and lengths to the copper centers of the trpyCu units. Adjacent trpyCu
planes of each copper(II) ion in 520 are arranged without torsion, but not in a
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Figure 150. 1D coordination polymers of zinc and copper tripyrrins 519 and 520. (Adapted
from Ref. 122.)
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coplanar fashion. Different from 519, the steric demand of the tripyrrin backbone
of 520 thus leads to densely packed zigzag chains without open spaces.122

As described above, the advent of free-base tripyrrins has led to the availabil-
ity of further metallotripyrrin subunits as potential monomers for supramolecular
aggregates. Ethereal solutions of free-base tripyrrins were prepared by treatment
of nickel isocyanate complexes [(trpy)Ni(NCO)] with excess cyanide. From these
solutions sensitive metallotripyrrins with cobalt(II), iron(II), and manganese(II)
ions [(trpy)MX] and with a choice of external ligands X could be obtained in
pure, crystalline form. [(trpy)Fe(NCO)] undergoes a redox transformation to µ-
oxoiron(III) species 212 upon crystallization, and was structurally characterized as
such with an almost linear Fe–O–Fe subunit (Figure 44).314 A very similar
coordination and association has been described for dinuclear chloro iron(III) bpi
derivative 521 (Figure 151), albeit with tilted Fe–O–Fe bonding.541

Donor association was studied by UV-visible spectroscopy employing differ-
ent solvents, and showed that all manganese(II) and iron(II) species are very prone
to the formation of pentacoordinate species, whereas the cobalt(II)-containing
compounds have an intermediate tendency to do so. Nevertheless, complex frag-
ments of all three metal ions form 1D coordination polymers with dicyanamido
ligands, and were investigated by means of IR and SQUID measurements.

The introduction of the large cadmium(II) ion into the tripyrrin N,N,N coor-
dination site was accomplished by the use of cadmium acetate as the metal
precursor. Ligand exchange experiments using sodium salts of different anions
disclose a marked tendency toward pentacoordination, which is achieved by the
formation either of chelates or of 1D coordination polymers arising from the
size of the central metal.315 Thus, attempted introduction of chloro, iodo, or
cyanato ligands leads mainly to decomposed material, while the use of 1,1,1-
trifluoracetylacetonate, salicylate, and acetate ligands results in stable, penta-
coordinate, and monomeric complexes. With the pseudohalogenido ligands
thiocyanate, selenocyanate, and azide as well as with the weakly coordinating
trifluoroacetate, trigonal bipyramidal species form as 1D coordination polymers
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Figure 151. Molecular structure of µ-oxo-di[(bpi)chloroiron(III)] 521. (Adapted from Ref. 541.)
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522–525, respectively, with a variety of chain structures (Figure 152). The most
interesting compound in this series is azido derivative 524, which is present in
crystal as a coordinatively and hydrogen-bonded methanol adduct with a dimeric
repeating subunit.

In addition to the tripyrrin-based aggregates, three examples of bai-based
coordination polymers are found in the literature. The polymeric copper bti with
acetate bridges crystallizes together with monomer 259.196 In contrast to the
almost ideally planar four-coordinate structure of monomeric 259, the copper
atoms in the polymeric chains display fivefold coordination and a ligand polyhe-
dron which is an intermediate form between a trigonal-bipyramidal and a square-
pyramidal geometry. While the arrangement of the three heterocycles of the bti
ligand remains almost planar, the acetato ligand is tilted out of this plane, there-
fore making space for the coordination of the second acetato oxygen atom of a
neighboring coordination unit. Significantly, the Cu–O bond lengths of 2.08 and
2.23 Å are longer than in the square-planar monomer 259, and indicate substantial
intermolecular bonding, leading to the polymeric assembly (Figure 153). A related
cobalt(II) bpi complex 526 aggregates as a coordination polymer in which each Co
atom is coordinated by two bridging acetate groups and one bpi ligand (Co–O =
2.043, 2.022 Å). The polymeric nature of 526 was reported to be responsible for
the low solubility of bpi cobalt acetato complexes in general.202 The polymer
chains of both bai-based polymers adopt folded structures similar to cadmium
tripyrrin 525, and as represented in Figure 153.
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Figure 152. Different 1D chain structures of cadmium tripyrrin polymers with bridging
selenocyanate 523, azide 524, and trifluoroacetate ligands 525. (Adapted from Ref. 315.)
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A different approach to coordination polymers was briefly reported in one
instance. The reaction of bischelating ligand 271 with nickel chloride in a 1:1 ratio
results in the formation of a metal-organic polymer 527 (Figure 154).192 Only the
optical spectrum of this new coordination polymer was reported.

B. Bis(arylimino)isoindolines in Dendrimers

Many ligands and catalytically active metal complexes have been immobilized on
the inside or outside of dendrimers. The aim of these research activities has been
the development of catalysts which combine the advantages of homogeneous
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Figure 153. Polymeric acetato complexes of copper bti 259 and cobalt bpi 526 (crystallo-
graphic figures adapted from Refs. 196 and 202).

Figure 154. Coordination polymer 527, formed from bischelating bpi ligand 271 and
nickel(II).
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catalysis (high activity and selectivity; directed catalyst design) with those of het-
erogeneous catalysts (e.g. facile catalyst separation and recycling). In principle,
the position of the catalytic sites in high density at the periphery of dendritic
macromolecules may significantly alter the activity and selectivity when com-
pared with the respective mononuclear catalysts. Three approaches to organization
of bpi ligands and palladium complexes by dendritic hosts have been reported.
They differ generally by the type of the chemical linker and by the order of steps
during the assembly of the supermolecules.

A successful approach to dendritic bpi ligands employed the highly efficient
coupling of alkynyl linker units to carbosilane dendrimers and dendrons. The suit-
ably functionalized bpi ligands 528a and 528b were prepared by nucleophilic sub-
stitution of 4-nitrophthalodinitrile with 4-butynol, followed by double
condensation with 2-aminopyridines. Lithiation of 528a with LDA and reaction
with Si–Cl or Si–OTf (OTf = triflate) end groups in core or peripheral positions of
dendritic carbosilanes gave endo or exo bpi functionalized dendrimers, respec-
tively, such as 529 (Figure 155), 530 (Figure 156), and others.542 All functional
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Figure 155. Preparation of alkinyl-bpi appended [G-1]-carbosilane dendrimer 529.
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dendrimers were metalated by reaction with [(PhCN)2PdCl2] in dichloromethane
to give the corresponding pallada-dendrimers.

A related alternative was reported using ethyleneglycol-modified bpi ligands
for the immobilization in carbosilane dendrimers.543 The fixation of the linker
was again carried out at the stage of the phthalodinitrile precursor by nucle-
ophilic ipso-substitution. Following the condensation with the aminopyridine, the
ethylene-glycol-functionalized H(bpi) derivative 531 was treated with the zero-
generation carbosilane dendrimer [G-0]4-exo-Cl 532 and yielded the functional-
ized dendrimer 533 (Figure 157). Palladium(II) was again successfully introduced
by reaction of the ligands with [(PhCN)2PdCl2] in benzene using triethylamine as
auxiliary base.
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Figure 156. [G-2]-Carbosilane dendrimer 530 with 16 H(4-Mebpi) ligands.
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In the third report, polyether dendritic wedges — the so-called Fréchet
wedges — were attached to bpi ligands, and the corresponding Pd(II) complexes
were synthesized and studied as hydrogenation catalysts (see Section IV.C). The
fixation of dendrons at the ligand framework was carried out at the stage of the
phthalodinitrile precursor of the bpi ligands, again by nucleophilic substitution of
4-nitrophthalodinitrile, with the in-situ-generated alcoholates. The reaction of 1,3-
dibenzyloxy-2-propanol [G-1] 534 and the coupling of Fréchet’s first and second
generation arylether dendrons [(3,5)-G-1]-OH 535, [t-bu-(3,5)-G-1]-OH 536, and
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Figure 157. [G-0]-Carbosilane dendrimer with four bpi units by ethylene glycol linkage.
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[(3,5)-G-2]-OH 537 gave the corresponding O-coupled phthalodinitrile deriva-
tives 538–541. The synthesis of bpi ligands 542–545 was then achieved in the last
step by reaction with two molar equivalents of 2-amino-5-bromopyridine
(Figure 158). All the ligands were cleanly metalated to give the corresponding pal-
ladium(II) complexes. In contrast to the unsubstituted complexes, the dendrimer-
functionalized derivatives 452 and 453 hydrogenate styrene and 1-octene without
decomposition (see Section IV.C), and catalyst 453, carrying the second genera-
tion dendron, displayed sufficient stability to be isolated and reused several
times.439
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Figure 158. Preparation of bpi ligands 542–545 carrying Fréchet wedges.
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C. Tetrapyrroles in Supramolecular Assemblies

Attempts to use tetrapyrrolic entities for supramolecular engineering started
with the finding of tetrapyrrole-based helicates and have been reported so far
only for di- and trinuclear metal complexes of three different classes of
bis(dipyrrin)s. A dinuclear copper helicate 401 with a sterically restricted 2,2′-
bidipyrrin ligand was reported to pack in a peculiar fashion and form solvent
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Figure 159. Di- and trinuclear tetrapyrrole species 401 and 546–548, and selected views of
their crystal structures (crystallographic figures adapted from Refs. 269 and 298).
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channels in the crystalline state.269 Di- and trinuclear zinc and cobalt chelates of
expanded, β-bridged bis(dipyrrin)s 546, 547, and 548 show similar behavior and
have been analyzed crystallographically in some detail. In these cases porous
solids with tunnels or with solvent-filled channels result from the packing of
molecules (Figure 159).298

A set of meso-bridged bis(dipyrrin)s with expanded bridges 107 and 549–551
has been prepared, and the metal complexes of these ligands were tested in
supramolecular assemblies and nanostructures. A dinuclear zinc(II) chelate 552
was found to reside in either of two stereochemically distinct forms: a rac and a
meso form. NMR analyses provide evidence for slow exchange of the stereo-
chemistry by the independent rotation of each of the bis(dipyrrinato)zinc subunits
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Figure 160. Molecular and supramolecular behavior of di- and polymeric zinc chelates of
stretched tetrapyrroles.
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within the nanoring.260 For ligands with a more stretched architecture, such as
549–551, the formation of spherical nanoparticles from 1D polymeric coordina-
tion compounds has been detected (Figure 160).544 First coordination oligomers of
this type have most recently been isolated by a statistic approach using a linking
bis(dipyrrin) and an end group.545 Albeit only little is known so far about such
and other tetrapyrrole-based nanostructures, there seems to be much potential for
controlling the fabrication and morphology of such nano-objects through this
coordination chemistry approach in the future.

IX. Concluding Remarks

The coordination chemistry of linear open-chain tri- and tetrapyrrole ligands is
currently developing into a very broad area ranging from biomedical and micro-
biological applications through synthetic improvements in macrocycle prepara-
tions and luminescent material for modern photophysics to catalysis and
nanoscience. The basics of the coordination chemistry of such ligands are well-
understood for the most important examples only — the tripyrrins, bais, bilins,
and the bidipyrrins — but still not sufficiently developed for most of the many
possible ligand architectures. Furthermore, most of the many linear tetrapyrroles
known from preparative studies have not been or have only been little investigated
within coordination compounds. This is particularly true for the natural tripyrroles
and for tetrapyrroles designed using the bis(dipyrrin) concept. The possibilities
still to open up in the field of linear oligopyrrole metal chelates leave much space
for future work on stereochemically and electronically interesting species with
unforeseen reactivity, and the opportunity to use these compounds in life science,
materials, and nanotechnology will be the topic of interdisciplinary studies in the
near future.
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A
Acyclic anion receptors, 167–168. See also

Pyrrole-based π-conjugated acyclic
anion receptors

Aldehydes, substituted BODIPYs and, 8–12
Aliphatic aldehydes, substituted BODIPYs

and, 8–12
Alkenyl-substituted BODIPYs, 42–48
Alkynyl-substituted BODIPYs, 42–48
Amide NH site

amidopyrrole-based receptors and, 176,
183

as donor for hydrogen bonding, 167–168
guanidinocarbonyl-based anion receptors

and, 170
Amidopyrrole-based receptors, pyrrole-based

π-conjugated acyclic anion receptors
and, 175–181

Amino acid carboxylates, and binding by
ristocetin, 167

Amphiphilic receptors, pyrrole-based π-
conjugated acyclic anion receptors and,
224–225

Anion receptors. See Pyrrole-based π-
conjugated acyclic anion receptors

Anion-responsive aryl-bridged bispyrroles,
pyrrole-based π-conjugated acyclic
anion receptors and, 200–203

Anion-responsive supramolecular gels,
pyrrole-based π-conjugated acyclic
anion receptors and, 219–224

Aromatic conjugation of BODIPY-analogs
benz[c,d]indole (extended systems) and,

112–114
and bis-BODIPY systems, 117–119
di(iso)indomethene dyes (extended

systems) and, 112
and phenanthrene-fused systems,

114–116

and porphyrin-fused systems, 116
restricted systems, 104–112

Aryl-bridged bispyrroles, pyrrole-based
π-conjugated acyclic anion receptors
and, 200–203

Aryl-bridged dipyrrolylquinoxalines,
pyrrole-based π-conjugated
acyclic anion receptors and,
190–200

Aryl lithium reagents, and fluoride atom
substitution in BF2-group with aryl
groups, 91–92

Aryl-substituted BODIPYs, 42–48
3,5-Aryl-substituted BODIPYs from aryl-

pyrroles, 48–52
Aryl-substituted, pyrrole-based

π-conjugated acyclic anion
receptors, 211–219

Aza-BODIPY dyes
benz[c,d]indole-based, 130–131
cyclized, 131–133
miscellaneous metals and, 133–134
restricted systems and, 126–130
tetra-aryl systems and, 119–126

Azadipyrromethene chromophores. See
Aza-BODIPY dyes

Azobenzene derivatives as analogs, BODIPYs
and, 144–145

B
Bai-based coordination polymers,

supramolecular assemblies and,
470–478

Benz[c,d]indole, and aromatic conjugation of
BODIPY-analogs, 112–114

Benz[c,d]indole-based, aza-BODIPY dyes and,
130–131

BF2-group (BODIPYs). See BODIPY
dyes/derivatives
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Biimidazol-2-yl-BF2 complexes as analogs,
BODIPYs and, 141–142

Bile pigments. See Dipyrrin-based receptors
Bilindione, verdoheme formation by, 301, 304
Bilirubin

coordination chemistry of open-chain
oligopyrroles and, 406–410

and preparation of open-chain oligopyrrole
systems, 361–362

Biliverdin
coordination chemistry of open-chain

oligopyrroles and, 406–410
dimeric complexes (metal complexes) and,

310–312, 318–321
free ligand (metal complexes) and,

307–310
iron complexes (metal complexes) and,

321–328
and metal complexes of formylbiliverdin,

328–334
monomeric complexes (metal complexes)

and, 312–318
and preparation of open-chain oligopyrrole

systems, 361–362
Biomimetic iron complexes

direct metalation of 2,2′-bidipyrrins in,
452–456

intermediates/products from ring-opening
reactions in, 447–452

Biotechnology probes and BODIPY, 80–86
Bis-BODIPY systems, and aromatic

conjugation of BODIPY-analogs,
117–119

Bis-zwitterions, guanidinocarbonyl-based
anion receptors and, 171–172, 174

Bis(arylimino)isoindoline complexes
coordination chemistry of open-chain

oligopyrroles and, 389–404
[H(bai)] and preparation of open-chain

oligopyrrole systems, 356–360
Bis(arylimino)isoindolines in dendrimers,

supramolecular assemblies and,
478–482

Bis(oxazolinyl)pyrroles
coordination chemistry of open-chain

oligopyrroles and, 404–406

[H(bop)] and preparation of open-chain
oligopyrrole systems, 359, 361

BODIPY dyes/derivatives
2-ketopyrrole complexes as analogs,

143–144
3,5-aryl-substituted from aryl-pyrroles,

48–52
analogs with extended aromatic

conjugation (benz[c,d]indole-based
dyes), 112–114

analogs with extended aromatic
conjugation (bis-BODIPY systems),
117–119

analogs with extended aromatic
conjugation [di(iso)indomethene
dyes], 112

analogs with extended aromatic
conjugation (phenanthrene-fused
systems), 114–116

analogs with extended aromatic
conjugation (porphyrin-fused
systems), 116

analogs with extended aromatic
conjugation (restricted systems),
104–112

azobenzene derivatives as analogs,
144–145

benz[c,d]indole-based (extended aza-
BODIPY dyes), 130–131

biimidazol-2-yl-BF2 complexes as analogs,
141–142

BODIPY-based organoboron polymer,
89–90

boryl-substituted thienylthiazoles as
analogs, 148–150

cyclized aza-BODIPY dyes, 131–133
and fluorescence control via photoinduced

electron transfer, 18–24
fluorescent boron derivatives

(oligoBODIPYs) and, 456–461
fundamental properties of, 4–6
fused perylene tetracarboxylic diimides

and, 138–140
future research of, 153
general characteristics of, 3
GFP-chromophore analogs and, 134–137
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with heteroatom substituents from
electrophilic substitution reaction,
24–28

with heteroatom substituents from metal
mediated C–H functionalization,
32–36

with heteroatom substituents from
nucleophilic attack on halogenated
BODIPYs, 28–32

with heteroatom substituents from
nucleophilic attack on meso-
position, 36–39

Knoevenagel reactions with benzaldehyde
derivatives, 52–61

meso aryl-, alkenyl-, alkynyl-substituted,
42–48

miscellaneous metals (aza-BODIPY dyes),
133–134

and miscellaneous N,N-bidentate diphenyl
boron chelates as analogs, 145–148

and modifications to meso-aromatic
substituents on core, 15–18

from palladium-catalyzed coupling
reactions at 3-/5-positions, 61–65

poly(aryleneethynylene)s (PAEs) co-
containing (2,6-positions) polymers,
86–89

pyridine-based systems as analogs,
142–143

restricted systems (extended aza-BODIPY
dyes), 126–130

and substitution of fluoride atoms in BF2-
group with alkoxide groups, 98–100

and substitution of fluoride atoms in BF2-
group with alkyl groups, 90

and substitution of fluoride atoms in BF2-
group with alkyne groups, 92–98

and substitution of fluoride atoms in BF2-
group with aryl groups, 91–92

and substitution of fluoride atoms in BF2-
group with boronium/borenium
cations, 100–101

syntheses from ketopyrroles
(unsymmetrical), 12–13

syntheses from pyrrole-2-carbaldehyde
(symmetrical), 12–15

syntheses from pyrroles/acid chlorides/
anhydrides (substituted), 7–8

syntheses from pyrroles/aldehydes
(unsubstituted), 8–12

syntheses of unsubstituted, 6–7
tetra-aryl systems (aza-BODIPY dyes),

119–126
and through-bond energy transfer cassettes,

70–86
and through-space energy transfer

cassettes, 65–70
and use of metals other than boron, 102–104
water-soluble from coupling/substitution

reaction, 40–42
water-soluble from electrophilic

substitution reaction, 39–40
Boron derivatives (oligoBODIPYs), open-

chain oligopyrrole systems and, 456–461
Boron units

and aryl-substituted anion receptors,
211–219

pyrrole-based π-conjugated acyclic anion
receptors and, 225–227

synthesis/properties of boron complexes
of dipyrrolyldiketones, 205–211

Boronium/borenium cations, fluoride atom
substitution in BF2-group of BODIPYs
with, 100–101

Boryl-substituted thienylthiazoles as analogs,
BODIPYs and, 148–150

Bromide complex, and crystallographical
structures using pyrrole β-CH site,
184–185

C
Carboxylic acids, and electrophilic substitution

reactions of BODIPYs with heteroatom
substituents, 28

Cassettes
through-bond BODIPY energy transfer

cassettes, 70–86
through-space BODIPY energy transfer

cassettes, 65–70
Catalysts of pincer-like palladium complexes,

open-chain oligopyrrole systems and,
443, 445–447
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Cationic species of pincer-like palladium
complexes, open-chain oligopyrrole
systems and, 437–441

Cations (boronium/borenium), and fluoride
atom substitution in BF2-group with,
100–101

Charge transfer (CT) complexes, and
binding affinities of dipyrromethanes,
184

Conjugated acyclic anion receptors. See
Pyrrole-based π-conjugated acyclic
anion receptors

Constants
amidopyrrole-based receptors and, 178,

180, 183, 186, 192, 194–195
anion-binding, 218–219

Coordination chemistry of open-chain
oligopyrroles

bilirubin/biliverdin behavior toward metal
ions and, 406–410

bis(arylimino)isoindoline complexes and,
389–404

bis(oxazolinyl)pyrroles and, 404–406
dinuclear tetrapyrrole L2M2 complexes and,

428–432
interaction of prodigiosenes with metal

ions, 377–378
mononuclear tetrapyrrole L1M1

complexes/associates and,
410–428

oligonuclear noble metal species and,
432–437, 432–437

tripyrrinone/tripyrrin metal chelates and,
378–389

Coordination chemistry of verdohemes. See
Verdohemes

Corrins, macrocyclization reactions to give,
467–470

Corroles, macrocyclization reactions with
direct pyrrole–pyrrole bond to give,
463–467

Coupled oxidation. See also Verdohemes
verdohemes and, 296

Coupling of dipyrrolic building blocks
(tetrapyrroles), and preparation of open-
chain oligopyrrole systems, 365–373

Coupling reaction
palladium-catalyzed at 3-/5-positions,

61–65
water-soluble BODIPYs from, 40–42

Coupling (stepwise) of pyrrolic precursors
(tetrapyrroles), and preparation of open-
chain oligopyrrole systems, 376–377

Coupling two pyrrole units with dipyrrole
(tetrapyrroles), and preparation of open-
chain oligopyrrole systems, 371,
373–376

Covalently linked dimers, and boron
substitution by vicinal hydroxyl
groups (acyclic anion receptors),
226–227

Cyclized aza-BODIPY dyes, 131–133
Cyclooligopyrrole anion receptors, 167–168

D
Dehydration of bilindione, verdoheme

formation by, 301, 304
Dendritic light harvesting system, 65–66
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene.

See BODIPY dyes/derivatives
Di(iso)indomethene dyes (extended systems),

and aromatic conjugation of BODIPY-
analogs, 112

Dimeric biliverdin complexes
{MnIII(µ-OEB)}2, 310–312
{Pd2(µ-OEB)}2, 318–321

Dinuclear complexes of open-chain
tetrapyrrole ligands, 332–334

Dinuclear tetrapyrrole L2M2 complexes,
coordination chemistry of open-chain
oligopyrroles and, 428–432

Dipyrrin-based receptors, pyrrole-based π-
conjugated acyclic anion receptors and,
181–186

Dipyrrinato complexes
abbreviations for, 236
bis(dipyrrin) numbering scheme, 255–256
boron and synthesis of, 251–252
chemical manipulations and synthesis of,

268–275
complexation geometries and synthesis of,

248–250
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demetalation of homoleptic complexes and
synthesis of, 255

discrete helical complexes and synthesis of,
256–258

electrochemical studies of, 281–283
and formation of homoleptic complexes via

heteroleptic intermediate, 278
heteroleptic complexes and synthesis of,

251–255
importance of ligand in synthesis of, 247
metal ions and synthesis (homoleptic) of,

250–251
metal-organic frameworks (MOFs) and

synthesis of, 259–268
properties/reactions of fluorescent

complexes, 279–281
stereochemistry and synthesis of,

275–278
supramolecular complexes and synthesis

of, 255–268
Dipyrrins

abbreviations for, 236
direct metalation of 2,2′-bidipyrrins

(biomimetic iron complexes),
452–456

historical aspects of, 237–238
nomenclature of, 237
properties of, 244–247
reactions of, 244–247
structural numbering scheme of, 237
and synthesis as dependent on symmetry

of, 238
and synthesis by condensation of pyrroles,

239–242
and synthesis by oxidation of

dipyrromethanes, 242–244
Dipyrrolylpyrazoles derived from

dipyrrolyldiketones, pyrrole-based π-
conjugated acyclic anion receptors,
203–205

Dipyrrolylquinoxalines (DPQs) (bridged),
pyrrole-based π-conjugated acyclic
anion receptors and, 190–200

Dipyrromethane-based receptors, pyrrole-
based π-conjugated acyclic anion
receptors and, 186–189

Dipyrromethane, BODIPY core and, 4
Dipyrromethenes, BODIPY core and, 4
DMSO

amidopyrrole-based receptors and, 179
guanidinocarbonyl-based anion receptors

and, 171, 173–174
DNA sequencing, and through-space BODIPY

energy transfer cassettes, 65

E
Electron transfer, and modifications to meso-

aromatic substituents on BODIPY core,
18–24

Electrophilic substitution reaction, and water-
soluble BODIPYs, 39–40

Electrophilic substitution reactions, BODIPYs
with heteroatom substituents, 24–39

Enzymes, heme catabolism and, 295–296

F
Fluorescence

nitro groups/heavy atom substituents and,
23–24

quenching through pyrene-attached, 196–197
and through-bond BODIPY energy transfer

cassettes, 70–86
and through-space BODIPY energy transfer

cassettes, 65–70
Fluorescent boron derivatives

(oligoBODIPYs), open-chain
oligopyrrole systems and, 456–461

Fluorescent pH probes, from phenolic
benzaldehydes, 11

Fluorescent systems. See BODIPY
dyes/derivatives

Fluoride atom substitution in BF2-group
(BODIPYs)

with alkoxide groups, 98–100
with alkyl groups, 90
with alkyne groups, 92–98
with aryl groups, 91–92
with boronium/borenium cations,

100–101
Formyl-substituted receptor molecules, and

UV spectral changes of acyclic anion
receptors, 222–223
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Formylbiliverdin, metal complexes of,
328–334

Free ligand biliverdin, 307–310
Fused perylene tetracarboxylic diimides

(PDIs), BODIPYs and, 138–140

G
Green fluorescent protein (GFP)-

chromophore analogs, BODIPYs and,
134–137

Grignard reagents, and fluoride atom
substitution in BF2-group with aryl
groups, 91–92

Guanidinocarbonyl-based anion receptors,
169–174

H
Halogenation, and electrophilic substitution

reactions of BODIPYs with heteroatom
substituents, 26–28

Heme catabolism, and coordination chemistry
of verdohemes, 295–296

Heme oxidation
abbreviations for, 294
coupled oxidation and, 296
dimeric complexes (metal complexes) and

biliverdin, 310–312, 318–321
formation by dehydration of bilindione,

301, 304
formation by porphyrin oxidation,

296–302
free ligand (metal complexes) and

biliverdin, 307–310
heme catabolism and, 295–296
iron complexes (metal complexes) and

biliverdin, 321–328
and metal complexes of formylbiliverdin,

328–334
miscellaneous complexes and open-chain

oligopyrrole systems, 335–338
monomeric complexes (metal complexes)

and biliverdin, 312–318
and open-chain tetrapyrroles from ring

opening of verdohemes, 301–307
and ring skeletal structures of tetrapyrrole

ligands, 294–295

Heteroatom substituents with BODIPY
from electrophilic substitution reaction,

24–28
from metal mediated C–H

functionalization, 32–36
from nucleophilic attack on halogenated

BODIPYs, 28–32
from nucleophilic attack on meso-position,

36–39
from nucleophilic attacks on halogenated

BODIPYs, 28–32
Hexapyrrin, amidopyrrole-based receptors and,

189
Highly oriented pyrolytic graphite (HOPG),

and polymerization of zwitterionic
guanidinocarbonylpyrrole, 174

Hippuric acid, and GFP-chromophore analogs
of BODIPYs, 135–136

HSO4
−, dipyrrinone and, 182

Hydrogen bonding
and organic capture of anions,

166–167
pyrrole NH site as donor for, 167–168

Hydroporphyrins, macrocyclization reactions
to give, 467–470

I
Imidazolinone, and GFP-chromophore analogs

of BODIPYs, 135–136
Indole moieties, acyclic anion receptors and,

169
Intramolecular CH activation of pincer-like

palladium complexes, open-chain
oligopyrrole systems and, 441–444

Iron biliverdin complexes. See also
Biomimetic iron complexes

and anions with 50% thermal ellipsoids,
323–324

{FeIII(µ-OEB)}2, 322–323
isomers of {MIII(OEB)}2, 323
oxidative formation of iron tripyrrole

complex, 323–324
pyridine solutions and dioxygen exposure,

327–328
and ring opening reactions of

XFeII(OEOP), 325–326
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role in heme cleavage, 321–322
and XFeII(OEOP) (high-spin, five-

coordinate), 326–327

J
J-Type aggregates, and UV spectral changes of

acyclic anion receptors, 225

K
Ketopyrrole complexes as analogs, BODIPYs

and, 143–144
Ketopyrroles, and syntheses of unsymmetrical

BODIPYs, 12
Knoevenagel reactions with benzaldehyde

derivatives
1,3,5,6-tetrastyryl-BODIPY dyes and,

59–61
3,5-styryl-BODIPY dyes and, 52–59

L
Ligands. See also Dipyrrins

from biliverdin/bilirubin in preparation
of open-chain oligopyrroles,
361–362

importance in synthesis of dipyrrinato
complexes, 247

ring skeletal structures of tetrapyrrole
ligands, 294–295

Ligands from biliverdin/bilirubin
(tetrapyrroles), and preparation of
open-chain oligopyrrole systems,
361–362

M
Macrocyclizations (templated), and

coordination interactions. See
Coordination chemistry of open-chain
oligopyrroles

Meso-aromatic substituents on BODIPY
core

and fluorescence control via photoinduced
electron transfer, 18–24

general characteristics of, 15–18
Meso-substituted BODIPYs
Metal complexes, formylbiliverdin/related

tetrapyrroles, 328–334

Metal coordination. See also Coordination
chemistry of open-chain oligopyrroles

bilirubin/biliverdin behavior toward metal
ions and, 406–410

interaction of prodigiosenes with metal
ions, 377–378

and organic capture of anions, 166–167
tripyrrinone/tripyrrin metal chelates and,

378–389
Metal mediated C–H functionalization,

heteroatom substituents with BODIPY
and, 32–36

M(OEB), 310–318
Monomeric biliverdin complexes, MII(OEB),

312–318
Mononuclear tetrapyrrole L1M1 complexes/

associates, coordination chemistry of
open-chain oligopyrroles and, 410–428

N
NH site. See Amide NH site
Nickel and open-chain oligopyrrole systems,

335–338
Nitration, and electrophilic substitution

reactions of BODIPYs with heteroatom
substituents, 25–26

N,N-Bidentate diphenyl boron chelates as
analogs, BODIPYs and, 145–148

Noble metal oligonuclear species, coordination
chemistry of open-chain oligopyrroles
and, 432–437

Nucleophilic attacks
on halogenated BODIPYs, 28–32
on halogenated water-soluble BODIPYs,

28–32
on meso-position in BODIPYs, 36–39
on meso-position of water-soluble

BODIPYs, 36–39

O
OEOP (monoanion of octaethyloxaporphyrin),

296–302
OEP (dianion of octaethylporphyrin), 296–302
Oligonuclear noble metal species, coordination

chemistry of open-chain oligopyrroles
and, 432–437
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Open-chain oligopyrrole systems. See also
Verdohemes

abbreviations for, 344–347
active catalysts of pincer-like palladium

complexes and, 443, 445–447
bis(arylimino)isoindolines [H(bai)]

(tripyrroles) and preparation of,
356–360

bis(arylimino)isoindolines in dendrimers,
478–482

bis(oxazolinyl)pyrroles [H(bop)]
(tripyrroles) and preparation of, 359,
361

cationic species of pincer-like palladium
complexes and, 437–441

coordination behavior. See Coordination
chemistry of open-chain
oligopyrroles

coupling of dipyrrolic building blocks
(tetrapyrroles) and preparation of,
365–373

coupling two pyrrole units with dipyrrole
(tetrapyrroles) and preparation of,
371, 373–376

dinuclear complexes of, 332–334
direct metalation of 2,2′-bidipyrrins

(biomimetic iron complexes),
452–456

fluorescent boron derivatives
(oligoBODIPYs) and, 456–461

historical aspects of study, 347–348
intermediates/products from ring-opening

reactions (biomimetic iron
complexes), 447–452

intramolecular CH activation of pincer-
like palladium complexes and,
441–444

ligands from biliverdin/bilirubin
(tetrapyrroles) and preparation of,
361–362

and macrocyclization reactions to give
corrins/hydroporphyrins,
467–470

and macrocyclization reactions to give
corroles with direct pyrrole-pyrrole
bond, 463–467

and macrocyclization reactions to give
porphyrins, 461–463

miscellaneous complexes and, 335–338
oxidative ring-opening of tetrapyrroles and

preparation of, 363–365
prodigiosenes (tripyrroles) and preparation

of, 352–353
stepwise coupling of pyrrolic precursors

(tetrapyrroles) and preparation of,
376–377

tetrapyrroles from ring opening of
verdohemes, 301–307

tetrapyrroles in supramolecular assemblies,
483–485

tripyrrin-/bai-based coordination polymers
and, 470–478

types of tri-/tetrapyrrolic species,
348–352

Organoboron polymer (BODIPY-based),
89–90

Oxidation (coupled), verdohemes and, 296
Oxidative ring-opening of tetrapyrroles, and

preparation of open-chain oligopyrrole
systems, 363–365

P
Palladium-catalyzed coupling reactions at

3-/5-positions, 61–65
Palladium complexes (pincer-like)

active catalysts of, 443, 445–447
cationic species of, 437–441
intramolecular CH activation of,

441–444
Perylene tetracarboxylic diimides (PDIs),

BODIPYs and, 138–140
Perylenediimide (PDI), and through-space

BODIPY energy transfer cassettes,
65–66

Phenanthrene-fused systems, and aromatic
conjugation of BODIPY-analogs,
114–116

Phenylene-bridged amidopyrrole dimers,
amidopyrrole-based receptors and,
175–179

Pincer-like palladium complexes
active catalysts of, 443, 445–447
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cationic species of, 437–441
intramolecular CH activation of, 441–444

Planar anions, 167. See also Pyrrole-based π-
conjugated acyclic anion receptors

Poly(aryleneethynylene)s (PAEs) co-
containing (2,6-positions) polymers,
BODIPY-based polymers and, 86–89

Polymers (BODIPY-based)
BODIPY-based polymers and, 89–90
organoboron, 89–90
poly(aryleneethynylene)s (PAEs) co-

containing (2,6-positions) polymers,
86–89

Polypyridine complexes with accessory
BODIPY chromophores, and through-
bond BODIPY energy transfer cassettes,
77–80

Porphyrin-based systems as photosynthesis
models, and through-bond BODIPY
energy transfer cassettes, 70–76

Porphyrin destruction
abbreviations for, 294
coupled oxidation and, 296
dimeric complexes (metal complexes) and

biliverdin, 310–312, 318–321
formation by dehydration of bilindione,

301, 304
formation by porphyrin oxidation,

296–302
free ligand (metal complexes) and

biliverdin, 307–310
heme catabolism and, 295–296
iron complexes (metal complexes) and

biliverdin, 321–328
and metal complexes of formylbiliverdin,

328–334
miscellaneous complexes and open-chain

oligopyrrole systems, 335–338
monomeric complexes (metal complexes)

and biliverdin, 312–318
and open-chain tetrapyrroles from ring

opening of verdohemes, 301–307
and ring skeletal structures of tetrapyrrole

ligands, 294–295
Porphyrin-fused systems, and aromatic

conjugation of BODIPY-analogs, 116

Porphyrin oxidation, verdoheme formation by,
296–302

Prodigiosenes (tripyrroles)
interaction with metal ions, 377–378
and preparation of open-chain oligopyrrole

systems, 352–353
Prodigiosin, amidopyrrole-based receptors

and, 188
Protonated dipyrrins, 182
Pyrazole-bridged bispyrrole, 203–205
Pyridine-based systems as analogs, BODIPYs

and, 142–143
Pyrrole-based π-conjugated acyclic anion

receptors
amidopyrrole-based receptors and,

175–181
anion-responsive aryl-bridged bispyrroles

and, 200–203
and anion-responsive supramolecular gels,

219–224
aryl-substituted, 211–219
dipyrrin-based receptors and, 181–186
dipyrrolylpyrazoles derived from

dipyrrolyldiketones, 203–205
dipyrrolylquinoxalines (aryl-bridged) and,

190–200
dipyrromethane-based receptors and,

186–189
guanidinocarbonyl-based anion receptors

and, 169–174
and modifications around boron units,

225–227
and solvent-assisted organized structures

from amphiphilic receptors, 224–225
and synthesis/properties of boron

complexes of dipyrrolyldiketones,
205–211

Pyrroles. See also Pyrrole-based π-conjugated
acyclic anion receptors

and GFP-chromophore analogs of
BODIPYs, 135–136

from pyrroles/acid chlorides/anhydrides,
7–8

substituted BODIPYs and, 7–12
and synthesis of symmetrical BODIPY,

12–15
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R
Restricted systems, aza-BODIPY dyes and,

126–130
Ristocetin, amino acid carboxylate binding by,

167

S
Sensor molecules, amidopyrrole-based

receptors and, 179
Serratia marcescens, 187
Solid-state molecular assemblies

of acyclic anion receptors, 212–215
of charge-by-charge assemblies of

receptor-anion complexes,
219–220

Solid-state molecular assemblies of acyclic
anion receptors. See also Pyrrole-based
π-conjugated acyclic anion receptors

Solvent-assisted organized structures from
amphiphilic receptors, pyrrole-based
π-conjugated acyclic anion receptors
and, 224–225

Square wave voltammetry (SWV), and
pyrene-substituted
dipyrrolylquinoxalines, 196–198

Substituted BODIPYs
fluoride atom substitution in BF2-group

with alkoxide groups, 98–100
fluoride atom substitution in BF2-group

with alkyl groups, 90
fluoride atom substitution in BF2-group

with alkyne groups, 92–98
fluoride atom substitution in BF2-group

with aryl groups, 91–92
fluoride atom substitution in BF2-group

with boronium/borenium cations,
100–101

with heteroatom substituents, 24–39
from pyrroles/acid chlorides/anhydrides,

7–8
from pyrroles/aldehydes, 8–12
water-soluble BODIPYs from, 40–42

Supramolecular assemblies
bis(arylimino)isoindolines in dendrimers,

478–482
tetrapyrroles in, 483–485

tripyrrin-/bai-based coordination polymers
and, 470–478

Supramolecular chemistry, of pyrrole-based π-
conjugated acyclic anion receptors. See
Pyrrole-based π-conjugated acyclic
anion receptors

Supramolecular gels (solvent-assisted),
pyrrole-based π-conjugated acyclic
anion receptors and, 219–224

Synthesis/properties of boron complexes of
dipyrrolyldiketones, pyrrole-based π-
conjugated acyclic anion receptors and,
205–211

T
TBA salts of anions, for fluorescent octane gel

transformation, 221–222
TCNQ complexes, and binding affinities of

dipyrromethanes, 184
Temperature, and UV spectral changes of

acyclic anion receptors, 222
Templated macrocyclizations, and

coordination interactions. See also
Coordination chemistry of open-chain
oligopyrroles

Tetra-aryl systems, aza-BODIPY dyes and,
119–126

Tetrabutylammonium fluoride (TBAF),
175–176

Tetrapyrrole L1M1 complexes/associates,
coordination chemistry of open-chain
oligopyrroles and mononuclear,
410–428

Tetrapyrrole L2M2 complexes, coordination
chemistry of open-chain oligopyrroles
and dinuclear, 428–432

Tetrapyrroles
coupling of dipyrrolic building blocks and

preparation of open-chain
oligopyrroles, 365–373

coupling two pyrrole units with dipyrrole
and preparation of open-chain
oligopyrroles, 371, 373–376

dinuclear L1M1 complexes/associates
and open-chain oligopyrroles,
410–428
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ligands from biliverdin/bilirubin and
preparation of open-chain
oligopyrroles, 361–362

mononuclear L2M2 complexes and open-
chain oligopyrroles, 428–432

oxidative ring-opening and preparation of
open-chain oligopyrroles, 363–365

ring skeletal structures of, 294–295
stepwise coupling of pyrrolic precursors

and preparation of open-chain
oligopyrroles, 376–377

supramolecular assemblies and, 483–485
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Preface

Although the porphyrin and tetrapyrrole research area was regarded as “fully
matured” during the 20th century, as evidenced for example by the awarding of
numerous Nobel Prizes to its principal researchers, new advances and accom-
plishments in the field still amaze us as editors. The area continues to blossom and
to expand into new areas of science and applications that would probably never
have occurred to our 20th century heroes. An earlier Porphyrin Handbook assem-
bled the large amount of factual data that had been accumulated during the 20th

century. Our new venture, the Handbook of Porphyrin Science takes a completely
new look at our research area and comprehensively details the contemporary sci-
ence now appearing in the scientific literature that would indeed have been hard
to predict even 10 years ago. In particular, fundamentally new methodologies and
potential commercial applications of the beautiful compounds that we all love are
exemplified, fully recognizing the subtitle of the series — “with applications to
chemistry, physics, materials science, engineering, biology and medicine”.

The three of us have complementary expertise in physical chemistry, synthetic
and bioorganic chemistry, and in synthetic and mechanistic organometallic chem-
istry; this has enabled us to cover the whole field of porphyrin science and appli-
cations, and to devise comprehensive volume and author content. As of the date of
writing, between the three of us, we have published more than 1600 tetrapyrrole
research articles, and hold 31 patents related to commercial applications of por-
phyrin science. So we do know our field, and this has enabled us to assemble a first-
rate group of experts who have written comprehensive up-to-date chapters with
accuracy and authority; we thank our authors for their cooperation and willingness
to go along with our highly ambitious schedule for production of these volumes.

We look forward to comments from our readers, and to suggestions that might
enable us to expand our basic interests and scientific coverage even further.
Meanwhile, we hope that porphyrin researchers, old, new and of the future, will
enjoy reading these volumes just as much as we enjoyed planning and, with the
help of World Scientific Publishing Company, producing them from manuscript to
published article, in a timely manner.

Karl M. Kadish (Houston, Texas, USA)
Kevin M. Smith (Baton Rouge, Louisiana, USA)

Roger Guilard (Dijon, Bourgogne, France)
January, 2010
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r. i. relative intensity
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TBAP tetrabutylammonium perchlorate
t-Bu tert-butyl
TFA trifluoroacetic acid
THF tetrahydrofuran
TMS tetramethylsilyl
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I. Introduction

This chapter covers UV-vis absorption spectroscopic properties of phthalocyanines
(Pcs) and related macrocycles, including tetraazaporphyrins (TAPs), naphthalocya-
nines (Ncs), and anthracocyanines (Acs). Pcs consist of four isoindole units, which
are linked angularly by four meso-nitrogen bridges, leading to a macrocyclic aromatic
molecule (Figure 1). Considering the aromatic skeleton of porphyrin as a reference, the
replacement of four meso-carbons with nitrogen atoms generates a TAP. Therefore,
Pcs, Ncs, and Acs are radially benzo-, naphtho-, and anthraco-ring-fused TAP analogs,
respectively. Hereafter, the term “Pc” also includes these analogs. Since the chance
discovery of an insoluble blue pigment in the early 20th century,1 and the subsequent
structural determination,2,3 Pc-based dyestuffs, known today as phthalocyanine blue
or phthalocyanine green, have been widely employed as robust coloring materials. In
the late 20th century, the application of Pcs expanded into various advanced materi-
als, such as dyes for read-write optical media, photosensitizers for photodynamic
therapy (PDT), photovoltaic devices, and so forth.4–18 These sophisticated molecular
functionalities are ascribed to the versatile electronic structures of Pcs and as a con-
sequence, Pcs have established a firm position as high-tech materials today.

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 3

Figure 1. Molecular geometry of a metalloPc. M represents the central element.
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More recently, chemists have been able to synthesize more complicated and
more controlled Pc derivatives, thanks to the development of advanced synthetic
strategies and purification techniques, leading to rapid progress of this academic
field over the past decade. UV-vis absorption is one of the most important proper-
ties of Pc derivatives, because the spectral shape of an absorption spectrum is
closely related to the molecular and electronic structure of the compound. It
should also be noted that absorption spectroscopy is routinely used by chemists
working in relevant fields, so that they can check their reactions quickly when syn-
thesizing novel Pc derivatives. From this point of view, electronic absorption spec-
troscopy in Pc chemistry is equivalent to NMR and IR spectroscopy in general
organic synthesis, since the appearance of the expected absorption signals provide
a very powerful first evidence for formation of the Pc skeletons.

Figure 2 depicts the absorption spectrum of ZnPc in pyridine as an example
of the typical spectral pattern of metalloPcs. The sharp, intense band observed in
the lowest energy region (674 nm) is an x/y-polarized π–π* transition, referred to
as the Q band. The broad band in the 300–400 nm region consists of more than
one component, including B1 and B2 bands, and is referred to as the Soret region.19

Several less-intense components observed at the foot of the Q band are considered
to be of vibronic origin.20 Vapor phase absorption spectra of typical metalloPcs
exhibit additional three-band components in the 200–300 nm region, which are
referred to as N, L, and C bands in the order of increasing energy.21 The charac-
teristics of the B and N bands are sensitive to the central metal, and it is suggested
that MLCT and LMCT transitions are involved in this spectral region.22

Figure 3 compares the absorption spectra of octaethyl-substituted NiTAP (solid
line) and MgTAP (dashed line) in hexane.23 Intense single Q bands appear at 590
and 596 nm for the nickel and magnesium complexes, respectively, while the near

4 Fukuda and Kobayashi

Figure 2. Absorption spectrum of ZnPc in pyridine.
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UV region shows different spectral shapes. More structure is seen in the near UV
region for the nickel complex compared to the magnesium complex. Although not
shown, the magnetic circular dichroism (MCD) signal corresponding to the Q band
is a derivative-shaped Faraday A term, indicating that the Q band arises from a tran-
sition to an orbitrally degenerate excited state. Although the general absorption fea-
tures of Pcs can be well-described by Gouterman’s four-orbital model, various
structural parameters such as the central metal and macrocyclic substituents affect
the band energy and even the constituents of the observed bands. In this chapter,
therefore, we have collected UV-vis absorption data of previously reported Pcs and
related analogs, and summarize their spectral characteristics with respect to the
molecular structures, central metals, and macrocyclic substituents.

As a general introduction, the theoretical background of the absorption spectral
properties of Pcs is described in the first section, followed by a summary of their
spectral characteristics. Pcs are classified with respect to their central metal (group),
and the way in which the central metal affects the absorption spectral properties is
discussed in detail. The relationship between the aromatic skeletal structures and the
spectral features, as well as substituent effects will also be included. Although we will
not go into detail in this chapter, MCD spectroscopy gives more information on the
electronic structures of Pcs than absorption spectroscopy, and therefore, some con-
clusions based on results from MCD spectroscopy will also be cited where necessary.
At the end of this chapter, comprehensive absorption data of the known Pc deriva-
tives are compiled (Tables 1–13), which may assist the reader in designing and/or

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 5

Figure 3. Absorption spectra of octaethyl-substituted NiTAP (solid line) and MgTAP (dashed
line) in hexane at room temperature. Redrawn with permission from Rosa, A.; Ricciardi, G.;
Baerends, E. J.; van Gisbergen, S. J. A. J. Phys. Chem. A 2001, 105, 3311–3327. Copyright
2001 American Chemical Society.
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characterizing new Pc derivatives during the course of their research. The abbrevia-
tions and nomenclatures used in these tables will be explained in the corresponding
section. Details of the spectral properties of ring-oxidized or -reduced Pc species are
omitted in this chapter, since this was covered in an earlier publication.24 Finally, the
authors would like to inform the reader that several excellent publications and review
articles regarding the absorption properties of Pc derivatives are already available. In
particular, a Russian book published in 1989 by Luk’yanets is all-inclusive and well-
categorized, and was probably the only comprehensive database of absorption data
for Pc compounds at that time.25 The fundamental chemistry of Pcs, including their
spectroscopic properties, has been reviewed by Lever.20 Stillman and Nyokong gave
a detailed account of the spectral properties of Pcs in 1989.26 Detailed discussion on
mono-, di-, and triazaporphyrin derivatives is omitted from this chapter, since the
properties of these compounds have already been summarized.27

II. Basic Theoretical Description of the Absorption
Properties of Phthalocyanines

Since the central element of neutral Pcs is formally divalent, the Pc skeleton can be
regarded as a dianion. Typical metalloPcs with D4h symmetry have an unsplit lowest-
energy band (Q band) in the visible region (ca. 650–700 nm) and less-intense B bands
in the 300–500 nm region (Soret region). Although charge transfer (CT) transitions
are also relevant for metalloPcs having unsaturated transition metal ions at the cen-
ter, most of the observed absorption bands in the UV-vis region can be ascribed to
π–π* transitions. Therefore, a “particle on a ring” model, which often appears in
basic quantum chemistry textbooks, is probably the simplest way to describe the elec-
tronic structures of Pcs. Historically, porphyrins took the lead in theoretical studies on
the electronic structures and optical transitions of this type of macrocyclic molecule.
Simpson assumed an 18-membered cyclic polyene having 18 π electrons, which
means that the symmetry of the wavefunctions of the HOMO and LUMO are e±i4θ and
e±i5θ, respectively.28 Assuming this model, one-electron transitions from the HOMO
to LUMO generate four states with the symmetries of e±iθ and e±i9θ. The former two
states are allowed, and correspond to the Soret band of porphyrins, while the latter
are forbidden, being consistent with the weak Q band of porphyrins. This model,
however, is unable to sufficiently explain the energy difference between the Soret and
Q bands (Figure 4a). Meanwhile, Platt and coworkers obtained porphyrin π-MOs
using an LCAO technique.29 On the basis of this model, the degeneracy of the
HOMO obtained by Simpson’s model is lifted due to symmetry lowering from the
cyclic polyene to the D4h porphyrin skeleton, to give two occupied MOs with a1u and
a2u symmetries. The LUMO remains degenerate and has egx

and egy
symmetries.

Although Platt’s model is superior in terms of the energy difference between the Soret

6 Fukuda and Kobayashi
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and Q bands, it does not explain the observed intensity differences (Figure 4b).
Therefore, it was necessary to combine these two models in order to understand the
absorption spectra of porphyrin. In 1959, Gouterman demonstrated how Simpson’s
model is related to the LCAO MOs. This model is referred to today as “Gouterman’s
four-orbital model.”30 Gouterman’s four-orbital model states that the two lowest sin-
glet excited states, S1 and S2, of D4h porphyrins consist mainly of a linear combina-
tion of the 1(a2ueg) and 1(a1ueg) configurations, where a2u, a1u, and eg correspond to the
HOMO, HOMO-1, and LUMO of porphyrin, respectively. In other words, one-elec-
tron excited states having the same symmetry possibly interact with each other. The
degree of this type of configurational interaction depends on the relative energy dif-
ference of the related two one-electron excited states, i.e. two degenerate excited
states with the same symmetry can interact most significantly. This relationship can
be formulated for y polarized states as:

(1)

(2)

where |Β 0
y〉 and |Q0

y〉 are defined respectively as:

(3)

(4) 〉Q a e a eu g u gy y x
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Figure 4. Early MO models of a porphyrin proposed by (a) Simpson28 and (b) Platt and
coworkers.29
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Readers should consult the original paper for the definition of tan 2ν.30 In the case
of porphyrin, 2ν ≤ 1 due to the accidental degeneracy of the a1u and a2u orbitals,
and |Q y〉 and |By〉 can be approximated as:

(5)

(6)

As a consequence, the corresponding transition energies E and dipole strengths q
for the Q and B bands are:

(7)

and

(8)

respectively, where R and r are defined as:

(9)

Since 〈a1uegx|r|S0〉 ≈ 〈a2uegy|r|S0〉, R2 ≥ r2. Therefore, much smaller transition
moments for the Q band than the B band of porphyrin are expected, which is con-
sistent with the experimental results.

Gouterman confirmed the validity of these formulas by plotting oscillator
strength vs. Q-band energy for various metallotetraphenylporphyrins. Figure 5
shows the agreement of experiment with the theoretical relationships, sup-
porting the validity of Gouterman’s four orbital model.31 When the accidental
degeneracy of the a1u and a2u orbitals is lifted, largely by changing the molecu-
lar structure, ν is no longer much less than 1. In this case, the Q transitions gain
intensity, and the Q–B energy separation increases. Figure 6 shows the four
frontier orbitals and their energies for TAP, calculated by ZINDO. Unlike
porphyrin, the a2u orbital (HOMO–1) is largely stabilized, and the accidental
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degeneracy between the a1u and a2u orbitals is lost. The a1u orbital has anti-nodes
at the diagonal meso-atoms, while the a2u orbital has significant MO amplitude
on these four atoms. The large MO amplitude (electron density) at the elec-
tronegative atoms leads to stabilization of the corresponding MOs. Therefore,
replacement of the four meso-carbons with nitrogen atoms, to give the TAP
skeleton, results in the stabilization of the a2u (HOMO−1) orbital relative to the
a1u orbital (HOMO). As a consequence, the interaction between the 1(a1ueg) and
1(a2ueg) configurations calculated for TAPs is not as significant as it is for the
porphyrins. In the case of the Q transition of TAPs calculated by the Pariser-
Parr-Pople (PPP)-SCF-MO method, the 1(a1ueg) configuration accounts for ca.
72%, while only 57% of the HOMO–LUMO transition contributes to the Q tran-
sition for porphyrin.32 The Q band also becomes purer, the larger the molecule,
so that the 1(a1ueg) configuration accounts for ca. 72, 87, 91, and 92% for TAP,
Pc, Nc, and Ac, respectively.32 These results justify Gouterman’s four-orbital
model for the Q bands, although it is known that higher-lying excited states are
necessary to correctly describe the Soret region.

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 9

Figure 5. Oscillator strength vs. energy of Q(0–0) band in metallotetraphenylporphyrins. The
line is theoretical. Redrawn from Gouterman, M. J. Mol. Spectrosc. 1961, 6, 138–163.
Copyright 1961, with permission from Elsevier.31
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Higher-level calculations are able to estimate the effect of non-π electrons
such as d electrons and lone pairs on the nitrogen atoms, which are ignored for the
Gouterman model. Figure 7 shows energy level schemes for MgTAP, ZnTAP, and
NiTAP obtained using DFT calculations (refer to Ref. 22 for details of the calcu-
lations). The hatched lines (the 4a2u, 1a1u, and 5eg orbitals) indicate that these are
the four Gouterman orbitals. The metal 3d orbitals and Nb lone pair orbitals are
indicated by heavy lines and dashed lines, respectively. From the calculated results
based on the TDDFT method, the Q transition (11Eu state) of NiTAP consists of
84% of 1a1u → 5eg and 14% of 4a2u → 5eg configurations, supporting
Gouterman’s interpretations (see Table 4 in Ref. 22). Although Gouterman’s
second-lowest transition corresponds to the 4a2u → 5eg configuration-dominated
transition, an additional two transitions (21Eu and 31Eu states) are predicted in between
the so-called Q and B transitions, which consist of almost pure 2b2u → 5eg and
3a2u → 5eg configurations, respectively. Since the transition to the 31Eu state is
predicted to be very low in intensity, the shoulder denoted as sh1 in Figure 3
arises mainly from a transition to 21Eu. Contrary to the Gouterman model, the
next-lowest state (41Eu), assigned as the B transition, contains only 38% of the
4a2u → 5eg configuration, and instead 4eg(dπ) → 2b1u(π*) and 12eu(Nb(1one
pair) → 71g(dσ*) configurations account for 44 and 14%, respectively, showing

10 Fukuda and Kobayashi

Figure 6. Four frontier MOs of ZnTAP calculated within the framework of the ZINDO
method.
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that the presence of MLCT and LMCT transitions cannot be ignored for interpre-
tation of the bands in the near UV region for NiTAPs. The other combinations of
these configurations generate an additional two excited states, 51Eu and 61Eu, of
which the latter is assigned to the N transition. In the case of MgTAP and ZnTAP,
metal-centered orbitals contribute less significantly to the absorption spectra (see
Tables 4 and 5 in Ref. 22). As a result, fewer structures are seen in the absorption
spectrum in the near UV region for octaethyl-substituted MgTAP (Figure 3). On
the other hand, the 3a2u → 5eg configuration is responsible for the B and N tran-
sitions in addition to Gouterman’s configurations (4a2u → 5eg and 1 a1u → 5eg),
since ring deformations caused in the magnesium and zinc complexes increase the
4a2u orbital energy. The same type of calculations for NiPc has been conducted by
the same group, which clarified that the B band of NiPc can no longer be described

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 11

Figure 7. Energy level scheme for MgTAP, ZnTAP and NiTAP. Double occupancy is indi-
cated for the HOMO only. The hatched lines, i.e. 4a2u, 1a1u, and 5eg orbitals, indicate that
these are the four Gouterman orbitals. The metal 3d orbitals and the Nb lone pair orbitals are
indicated with heavy lines and dashed lines, respectively. Redrawn from Baerends, E. J.;
Ricciardi, G.; Rosa, A.; van Gisbergen, S. J. A. Coord. Chem. Rev. 2002, 230, 5–27. Copyright
2002, with permission from Elsevier.
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in terms of the four-orbital model.23 In the B band region, seven excited states are
predicted, of which the 41Eu, 7

1Eu, and 81Eu states have large oscillator strengths
(see Table 5 in Ref. 23). These are of π–π* origin, and the 41Eu, and 71Eu, and 81Eu

states are assigned to B1 and B2 bands, respectively. MLCT and LMCT transitions
are involved in the higher-lying excited states.

III. Absorption Spectra of Pcs

A. H2Pc and HPc

Unsubstituted H2Pc is sparingly soluble in most organic solvents, while the solu-
bility increases remarkably for substituted H2Pcs such as tetra-tert-butyl H2Pc.
Therefore, vapor-phase21,33 or matrix-isolated34–36 absorption spectra were reported
in the early papers. Unsubstituted H2Pc shows split Q band components at ca. 693
and 656 nm in CHCl3, CCl4, and DMF.37–39 This splitting has been interpreted as
due to the diagonally occupying two protons on the pyrrolic nitrogens reducing the
molecular symmetry from D4h to D2h, thus lifting the degeneracy of the LUMO.
Clear band splitting is not observed for the Soret region at room temperature.
Although the solvent dependence of the Q band positions is small, the addition of
a strong base to the solution causes deprotonation, to give an unsplit Q band.
Whalley reported a coalesced Q band for H2Pc dissolved in pyridine, suggesting
that the two central protons of H2Pc have some acidity, and are removed from the
Pc skeleton in basic media.40 Figure 8 shows the spectral changes in the Q-band
region during the addition of NaOH/EtOH to a solution of H2Pc in PhCCl3. The
initial spectrum exhibits two clear Q-band components, having approximately
equal intensity (A). Upon addition of the base, these bands begin to coalesce to a
single absorption band (B and C). It is claimed that the two central protons are
replaced by sodium cations.41 The spectral envelope for tetra-tert-butyl H2Pc is
practically identical with that of the unsubstituted derivative, as shown in Figure 9.42

The lower energy Q band position depends slightly on the solvent, ranging from
694 to 703 nm. As a general trend, the Q bands shift to the red in the order of alka-
nes < oxygen-containing solvents < aromatic hydrocarbons < nitrogen-containing
solvents < 1-chloronaphthalene.

The Q-band splitting energy is related to the Q-band energy, and the splitting
decreases with increasing size of the aromatic skeleton. Figure 10 depicts the
absorption spectra of tetra-tert-butyl H2TAP, Pc, Nc, and Ac (from top to bot-
tom).43–45 The splitting reaches almost 2000 cm−1 for H2TAP, and decreases to
733 cm−1 for H2Pc. In the case of H2Nc and H2Ac, no splitting of the Q band is
observed experimentally, although a small splitting can be observed for H2Ac hav-
ing a Q band above 950 nm if the conditions permit, as illustrated in Figure 11.46

12 Fukuda and Kobayashi
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A solvent dependency of the splitting energy is also observed for tetra-tert-butyl
H2Nc.47 In n-octane, the Q band appears at 778 and 760 nm, while these coalesce
to single absorption at 784 nm in CHCl3. According to group theory, a molecule
with D2h symmetry has no degenerate excited states. Therefore, it is conceivable
that the observed single absorption arises from two energetically-close merged
bands. MCD spectroscopy also supports this assignment. In addition, this type
of decrease of the splitting energy with respect to the Q-band energy is observed
not only for aromatic ring-expanded series but also for Pcs having different
substituents.48

Low symmetry H2Pcs can have two tautomers depending on the location of the
two central protons. Drobizhev et al. observed the two-photon induced photo-
tautomerization of a mono-benzo-fused H2Pc derivative.49 As depicted in Figure 12,
the sample film shows two strong, narrow absorption peaks at 706 and 753 nm at
77 K (T1), indicating that the T1 tautomer is the more stable of the two possible
structures. A similar tautomerism was also observed by using resonant one-photon

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 13

Figure 8. Q-band region of absorption spectra of H2Pc. A: H2Pc in PhCCl3, B and C: after
addition of NaOH/EtOH solution. Redrawn from Ledson, D. L.; Twigg, M. V. Inorg. Chim. Acta
1975, 13, 43–46. Copyright 1975, with permission from Elsevier.
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excitation.50 The absorption spectral shapes of tautomeric isomers of low-symmetry
H2TAP derivatives were assigned by the combined use of MCD spectroscopy and
MO calculations (Figure 13).51 The spectral shapes of 1H2 and 3H2 in Figure 13
resemble that of the summation of T1 and T2 of Ref. 49 (Figure 12), indicating that
the observed spectra arise from a mixture of the two tautomers. The MCD spectra
show dispersion-type pseudo A-terms corresponding to the bands at 653 and 671 nm
for 1H2 and 3H2, respectively. The calculations predict that these originate
from 1H2Y and 3H2Y, respectively. On the other hand, band peaks at 701 and
598 nm for 1H2, and 709 and 611 nm for 3H2 can be assigned to two split Q com-
ponents, since oppositely-signed MCD signals were observed for these two cou-
pled peaks. The calculations show that these spectra arise from 1H2X and 3H2X,
respectively. Since the two possible tautomeric structures are identical for 2AdH2,
only one chemical species likely contributes to the spectrum. In the case of

14 Fukuda and Kobayashi

Figure 9. Q-band region of absorption spectra of H2Pc (solid line) and tetra-tert-butyl H2Pc
(dotted line) in 1-chloronaphthalene. Redrawn from Jerwin, K.; Wasgestian, F. Spectrochim.
Acta A 1984, 40, 159–163. Copyright 1984, with permission from Elsevier.
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2OpH2, spectral data suggest that only one of the possible two isomers, i.e.
2OpH2X, is likely to be present. These observations imply that the stability and
equilibrium constants of tautomers depend significantly on the molecular structure.

Figure 14 gives another example of spectral observations demonstrating tau-
tomeric isomers.52 The thiophene-fused derivative shows three distinct bands in
the Q-band region (Figure 14, top), indicating that the spectrum arises from a
mixture of two tautomers. Similar spectral shapes were also reported for other
thiophene-fused H2Pcs.53,54 On the other hand, absorption spectra of the dimethyl
acetylenedicarboxylate adduct, and the derivative obtained therefrom (Figure 14,
middle and bottom, respectively) appear to originate from one chemical species.

Sugimoto and coworkers prepared the stable free radical of Pc (HPc) by the
reaction of Li2Pc with iodine in acetone.55 HPc is a dark brown solid, and is almost
insoluble in most organic solvents. Figure 15 shows the reflectance spectra of
LiPc, HPc, and Li2Pc from top to bottom (see the subsequent section for LiPc and

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 15

Figure 10. Absorption spectra of tetra-tert-butyl H2TAP, H2Pc, H2Nc, and H2Ac (from top to
bottom) in pyridine. Redrawn from Kobayashi, N.; Nakajima, S.; Ogata, H.; Fukuda, T. Chem.
Eur. J. 2004, 10, 6294–6312.
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Figure 11. Absorption spectrum of symmetrically-substituted α-octa(isopentyloxy) H2Ac in
toluene. Bedworth, P. V.; Perry, J. W.; Marder, S. R. Chem. Commun. 1997, 1353–1354.
Redrawn by permission of The Royal Society of Chemistry.

Figure 12. Spectral changes during two-photon induced photo-tautomerization of mono-
benzo-fused H2Pc derivative doped in polyethylene. The sample was irradiated off-resonantly
with a femtosecond laser at 783 nm at 77 K. Redrawn from Drobizhev, M.; Makarov, N. S.;
Rebane, A.; Wolleb, H.; Spahni, H. J. Lumin. 2008, 128, 217–222. Copyright 2008, with
permission from Elsevier.
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Li2Pc).55 It can be seen from the spectra that new bands appear at 440 and 490 nm
compared to Li2Pc, in addition to broad band in the 550–800 nm region.

B. Group 1: Li2Pc, LiHPc, LiPc, Na2Pc and K2Pc

Similar to metal-free Pcs, alkali metal Pcs can have two metal cations in the central
cavity, since alkali metals are monovalent. The solubility of unsubstituted Li2Pc in
alcohols and acetone is much greater than that of H2Pc.56 However, an unsplit Q
band is reported for Li2Pc in acetone, where the absorption spectrum of Li2Pc is sim-
ilar to that of typical metalloPcs rather than H2Pc.20,57 Stillman and Thomson meas-
ured the absorption spectra of Li2Pc dissolved in DMSO in the absence and presence
of NaCN, and reported that unsplit Q bands appear at 15 350 cm−1 (651 nm) and

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 17

Figure 13. Absorption (top), MCD (middle) spectra, and calculated transition energies and
oscillator strengths (bottom) of low-symmetry H2TAP derivatives. Reproduced from Ishii, K.;
Itoya, H.; Miwa, H.; Kobayashi, N. Chem. Commun. 2005, 4586–4588.
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15 340 cm−1 (652 nm), respectively.58 By combining the results of absorption and
MCD spectroscopy, they commented that the lithium ions do not occupy the center
of the ring in the same manner as protons. However, the MCD spectra discard the
possibility that the lithium ions are not occupying the ring center. As a consequence,
they concluded that in DMSO, Li2Pc contains only one lithium ion in the center of
the ring, or that two lithium ions are disposed, to preserve an axis of symmetry per-
pendicular to the D4h ring plane. The absorption spectrum of Li2Nc is very similar to
that of Li2Pc in shape, except that the Q band shifts to the red by ca. 80 nm.59 A larger

18 Fukuda and Kobayashi

Figure 14. Absorption spectra of tribenzo[b, g, l ]thiopheno[3,4-q]porphyrazine (top), its
dimethyl acetylenedicarboxylate adduct (middle), and substituted tribenzo[b, g, l ]porphyrazine
(bottom). Nemykin, V. N.; Polshina, A. E.; Kobayashi, N. Chem. Lett. 2000, 1236–1237.
Redrawn by permission of The Chemical Society of Japan.
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absorption coefficient is observed for the Q band of Li2Nc (ca. 375 000 M−1cm−1)
compared to Li2Pc (ca. 150 000 M−1cm−1) in acetone. Li2Pc is readily demetallated
by protic solvents. Upon addition of a small amount of distilled water (pH = ca. 6)
to a solution of Li2Pc in weakly coordinating solvents (DMA or DMSO), the initial
Q band at 658 nm collapses, while new bands appear at ca. 655 and 685 nm. These
two bands diminish further, to give a single new Q band at 664 nm within 2 hours,
suggesting that the solvent molecules are protonated and act as axial ligands above
and below the Pc plane.60 Upon heating this solution, the spectrum changes into that
typical of H2Pc with D2h symmetry, with split Q bands at 685 and 658 nm being
observed. The lithium-hydrogen complex, LiHPc, is formed by the reaction of
excess of phthalonitrile with lithium amyloxide.56 LiHPc is expected to be also
formed as an intermediate during the demetalation process of Li2Pc. On the other
hand, LiHPc yields Li2Pc on treatment with lithium amyloxide. LiHPc exhibits an
unsplit Q band at 667 nm in pyridine, indicating that both the lithium cation and
proton are eliminated, and presumably the observed spectrum arises from the Pc

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 19

Figure 15. Reflectance spectra of LiPc (A), HPc (B), and Li2Pc (C). Sugimoto, H.; Higashi, T.;
Mori, M. J. Chem. Soc. Chem. Commun. 1983, 622–623. Redrawn by permission of The Royal
Society of Chemistry.
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dianion.61 Homborg prepared several lithium Pc derivatives, including (tetraalkyl-
ammonium)LiPc, AgLiPc, and CuLiPc.62 The absorption spectrum of (tri-n-dodecyl-
butyl)-ammonium LiPc in CH2Cl2 showing an unsplit intense principal band at
14 990 cm−1 (667 nm) is practically identical to that of LiHPc in pyridine, suggest-
ing presumably that the observed spectra arise from LiPc− or Pc2− species (not
shown).61,62 The double decomposition of (tri-n-dodecylbutyl)-ammonium LiPc
with either a cuprous or silver complex in nonpolar aprotic solvents yields CuLiPc
and AgLiPc, respectively, of which the former exhibits absorption peaks at 678, 648,
and 610 nm in KBr at 10 K. In contrast, AgLiPc shows band peaks at 812, 482, and
435 nm in addition to the normal peaks at 672, 645, and 607 nm in KBr, indicating
that the ring-oxidized species is involved in the spectrum.63

Mono-lithiated Pcs (LiPcs) and Ncs (LiNcs) are prepared by electrochemical
oxidation or air oxidation of the corresponding di-lithiated complex.64–73 Figure 16
shows the absorption spectra of LiPc (dashed line) and its aggregate (solid line) in
1-chloronaphthalene.59 In Ref. 59, the authors claimed that the peaks at 945 and
693 nm for LiPc can be assigned to the aggregate form, since these disappear at low
concentration, although this assignment is debatable. Substituted LiPc derivatives
have also been prepared in a similar manner to the unsubstituted derivative. Figure 17
depicts the absorption spectra of α-OBu-substituted LiNc (solid line) and the corre-
sponding H2Nc (dashed line) in THF.73 While H2Nc exhibits a strong Q band at
865 nm, the LiNc derivative shows peaks at 1005, 857, 705, and 449 nm. These
spectral features are similar to those observed for unsubstituted LiNc in various sol-
vents.70 Substituted LiPc derivatives also show similar spectral characteristics.69

Ledson and Twigg claimed that the chemical species generated by the addi-
tion of an NaOH/EtOH solution to H2Pc in PhCCl3 is Na2Pc (Figure 8c). However,

20 Fukuda and Kobayashi

Figure 16. Absorption spectra of LiPc (dashed line) and its aggregate form (solid line) in
1-chloronaphthalene. Redrawn with permission from Gilat, S. L.; Ebbesen, T. W. J. Phys.
Chem. 1993, 97, 3551–3554. Copyright 1993 American Chemical Society.
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there is no evidence proving that the spectrum shown in Figure 8c really arises
from Na2Pc rather than the Pc dianion (Pc2−).

Reaction of potassium amyloxide and phthalonitrile gives K2Pc.74 Crystals of
K2Pc(DMF)4, K2Pc(diglyme)2, and K2Pc(18-crown-6)2 were grown from K2Pc in
DMF, in benzene containing excess 18-crown-6, or hot diglyme, respectively, and
their X-ray structures solved.75,76 The potassium cations are located out of the Pc
plane, with the K–K axis being practically coincident with the principal axis of the
Pc skeleton. K2Pc in DMF shows an unsplit Q band at 667 nm.75 The crystal struc-
tures of KPc have also been solved.77

C. Group 2: BePc, MgPc, CaPc and BaPc

Information on BePc is very limited, because particular caution is required due to
the highly toxic nature of beryllium.57,74,78–80 BePc dihydrate exhibiting a Q band
at 692 nm in 1-chloronaphthalene has been reported,57 although a recent study by
Kubiak et al. has clarified from thermogravimetric measurements that anhydrous
BePc is readily hydrated in moist air to give the monohydrate, BePc(H2O), rather
than the dihydrate.80
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Figure 17. Absorption spectra of α-OBu substituted LiNc (solid line) and the corresponding
H2Nc derivative (dashed line) in THF. Pandian, R. P.; Kim, Y. I.; Woodward, P. M.; Zweier, J. L.;
Manoharan, P. T.; Kuppusamy, P. J. Mater. Chem. 2006, 16, 3609–3618. Redrawn by permis-
sion of The Royal Society of Chemistry.
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MgPc is an ideal species for investigating the optical absorption properties of
metalloPcs, because MO mixing between the central metal and Pc ligand is negli-
gible. Edward and Gouterman reported a vapor phase absorption spectrum,
exhibiting the Q and B bands at 666 and 332 nm, respectively, in addition to N, L,
and C bands in the 200–300 nm region (Figure 18).21 Unsubstituted MgPc has a
high solubility in various organic solvents, especially in N- or O-donor solvents,
making possible the spectroscopic study of the unsubstituted species.20,81 MgPc is
able to coordinate two axial ligands, and Janczak reported the crystal structure of
MgPc(H2O).82 The Q-band energy depends little on the axial ligands. Thus, the Q
bands of MgPc, MgPc(im)2, MgPc(meim)2, MgPc(py)2, MgPc(mepy)2, and
MgPc(CN−)2 in CH2Cl2 appear at 670, 672, 672, 671, 671, and 671 nm, respectively,
where im = imidazole, meim = methylimidazole, and mepy = 4-methylpyridine.83

Figure 19 depicts the absorption spectrum of MgPc(py)2 in pyridine.84 The spec-
trum is similar in shape to that recorded in the vapor phase (Figure 18), although
more well-resolved vibronic bands can be recognized to lie at higher energy to the
Q band in pyridine. According to the band deconvolution analysis of the absorp-
tion and MCD spectral data performed by Stillman and coworkers (Figure 20),
five degenerate transitions are identified for MgPc(im)2 in CH2Cl2 at 672, 364,
339, 282, and 248 nm, which are assigned as the Q, B, N, L, and C transitions,
respectively.83

A theoretical interpretation of the absorption spectrum of MgTAP based on
TDDFT calculations has already been described earlier.22 Ishikawa et al. performed
ab initio calculations of the excited states of MgPc based on the HF/CIS/6-31G

22 Fukuda and Kobayashi

Figure 18. Vapor-phase absorption spectrum of MgPc. Redrawn from Edwards, L.;
Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292–310. Copyright 1970, with permission from
Elsevier.
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level.85 The lowest state, assigned as the Q band (1Eu), is accounted for by 92% of
the 2a1u → 6eg (HOMO → LUMO) transition, while the 3Eu and 4Eu states are
predicted at 5.36 and 5.74 eV with an oscillator strength ( f ) of 2.40 and 0.85, and
therefore are assigned as the B1 and B2 transitions, respectively. In addition to
these three excited states, another excited state having Eu symmetry (2Eu) with f =
0.0054 is also predicted between the Q and B1 transitions, which consists of 52%
of 3b2u → 6eg (HOMO–2 → LUMO) and 21% of 4a2u → 6eg (HOMO–7 → LUMO)
configurations.

MgPc films are known to have several polymorphic phases, which arise from
different molecular stacking arrangements. The α-phase obtained by vacuum depo-
sition has an optical absorption maximum at around 695 nm, while the x1-phase pre-
pared by thermal or solvent treatment of the α-phase has a stronger absorption peak
at 830 nm (Figure 21).86,87 Mizuguchi and coworkers has succeeded in growing two
kinds of six-coordinate MgPc crystal, namely MgPc/(H2O)2(N-methyl-2-pyrrolidone)2

and MgPc/(2-methoxyethanol)2, and clarified that the former crystals exhibit a near-
IR absorption around 830 nm.88 By using the X-ray data for these crystals, the ori-
gin of the near-IR absorption is discussed in terms of exciton coupling.

CaPc was obtained by either the reaction of calcium oxide or ethoxide with
phthalonitrile, or double decomposition between Li2Pc and CaCl2, and was
reported to have a dull green color.56,74 However, the absorption properties of CaPc
have not been reported to date. Although BaPc is formed similarly by using baryta
and phthalonitrile, no absorption data is available.74
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Figure 19. Absorption spectrum of MgPc(py)2 in pyridine. Redrawn from Janczak, J.;
Kubiak, R. Polyhedron 2002, 21, 265–274. Copyright 2002, with permission from Elsevier.
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D. Group 3: ScPc, ScPc2, YPc2 and Y2Pc3

Lapkina et al. prepared monomeric tetra(15-crown-5)phthalocyaninato(acetate)
scandium, and reported that the absorption spectrum of this complex in CHCl3

shows a Q band at 697 nm accompanied by a shoulder at ca. 680 nm.89 The
addition of 3 vol.% MeOH to the CHCl3 solution results in a hypsochromic
shift of the Q-band maximum to 681 nm. The absorption spectral shapes of the
corresponding sandwich dimers, namely neutral [Sc(R4Pc)2]

0 and its reduced
form [Sc(R4Pc)2]

−, are typical of those seen for lanthanide double-decker Pcs,
and practically identical with those of unsubstituted [ScPc2]

0 and [ScPc2]
−,
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Figure 20. Results of band analysis for MgPc(im)2 in CH2Cl2 for the UV region. The fitted
data are shown by the dashed lines, and the experimental data by the solid line. Each
Gaussian component is also shown, as well as the corresponding MCD signals. The vertical
lines labeled ‘A’ correspond to the band centers of Faraday A terms. Redrawn with permission
from Ough, E.; Nyokong, T.; Creber, K. A. M.; Stillman, M. J. Inorg. Chem. 1988, 27,
2724–2732. Copyright 1988 American Chemical Society.
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respectively.90 Figure 22 shows the spectral changes observed in the course of
the reduction of [Sc(R4Pc)2]

0 with hydrazine monohydrate in CHCl3 to yield
[Sc(R4Pc)2]

−.89 The neutral form shows bands at 661, 466, and 365 nm in addi-
tion to bands at 919 and 1210 nm (not shown), which are characteristic of rad-
ical sandwich lanthanide diphthalocyanines. The most intense band at 661 nm
is an analog of the prominent π–π* transition (Q band). The band at 1210 nm
has been assigned to an intervalence charge transfer transition. It is known that
this band position depends largely on the metal ions. Upon addition of
hydrazine monohydrate to give the anionic form, these bands lose their inten-
sity, and instead, new bands at 724 and 619 nm appear. The intervalence tran-
sition that is prominent for the neutral species is absent for the reduced form.
The crystal structure of a (nBu4N) complex of [ScPc2]

− with an orthorhombic
unit cell indicates that the scandium ion is eight-coordinated by the eight isoin-
dole nitrogen atoms in square antiprismatic coordination polyhedra. The rota-
tional conformation of the two Pc moieties is staggered, and each Pc ring has a
saddle-type deformation.90

Although the number of examples is limited, double- and triple-decker type
yttrium Pcs, namely PcYPc (or YPc2) and PcYPcYPc (or Y2Pc3), have also been
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Figure 21. Absorption spectra of a MgPc film: curve (a), as-prepared; curve (b), after heat-
treatment at 250 °C for 1 hour under vacuum. Redrawn from Kubota, H. G.; Muto, J.; Itoh, K. M.
J. Mater. Sci. Lett. 1996, 15, 1475–1477 with kind permission from Springer Science and
Business Media.
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reported. In general, the closer the ring-to-ring separation, the stronger the π–π
interactions are expected to be. The smaller ionic radius of yttrium compared to
most of the lanthanide ions results in sandwich-type Pc dimer and trimer com-
plexes containing yttrium ion(s) exhibiting profound effects of the π–π interac-
tions on their absorption properties. Figure 23 depicts the absorption of [Y(Pc)2]

−

(reduced form, top) and [Y(Pc)2]
0 (neutral form, bottom) in CH2Cl2.

91 The latter
shows bands at 663 (15 080 cm−1), 598 (16 710 cm−1), and 458 nm (21 810 cm−1)
in the visible region, and 1538 (6500 cm−1), 1395 (7110 cm−1), and 916 nm
(10 950 cm−1) in the near-IR region in CHCl3.

92 The near-IR bands are blue-shifted
compared to the corresponding lanthanide complexes such as [Eu(Pc)2]

0 and
[Gd(Pc)2]

0, indicating a larger π–π interaction between the two Pc rings due to the
smaller ionic radius of yttrium.92 The reduced form has bands at 14 470 (691 nm)
and 16 050 cm−1 (623 nm), of which the former is slightly blue-shifted compared
to the corresponding scandium complex (724 nm), while the latter band appears
at an approximately identical position (619 nm). The crystal structure of the
(nBu4N) complex of [YPc2]

− is isostructural with that of [ScPc2]
−.90 The triple-

decker, Pc3Y2, is synthesized from o-phthalonitrile and yttrium(III) acetate hexa-
hydrate.93 Figure 24 shows the spectral changes observed during the preparation
of Pc3Y2. An absorption band which can be assigned as a monophthalocyanine
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Figure 22. Spectrophotometric titration of a solution of [Sc(R4Pc)2]0 in CHCl3 with N2H4–H2O
to [Sc(R4Pc)2]−. Redrawn from Lapkina, L. A.; Sakharov, S. G.; Konstantinov, N. Y.; Larchenko,
V. E.; Gorbunova, Y. G.; Tsivadze, A. Y. Russ. J. Inorg. Chem. 2007, 52, 1758–1768 with kind
permission from Springer Science and Business Media.
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Figure 23. Absorption spectra of [Y(Pc)2]− (top) and [Y(Pc)2]0 (bottom) in CH2Cl2. Redrawn
from Ostendorp, G.; Homborg, H. Z. Anorg. Allg. Chem. 1996, 622, 1358–1364.

Figure 24. Spectral changes observed during the reaction of o-phthalonitrile and YIII(OAc)3

monohydrate at ca. 230 °C. Kasuga, K.; Ando, M.; Morimoto, H.; Isa, M. Chem. Lett. 1986,
1095–1098. Redrawn by permission of The Chemical Society of Japan.
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complex first appears at 665 nm (1), subsequently followed by the appearance of
a band characteristic of the radical double-decker Pc2 at 460 nm (2). After con-
tinuing the heating for several hours, the band at 665 nm shifts to 633 nm, which
is assigned to Pc3Y2 (3 and 4).93 The spectrum of Pc3Y2 is similar to that of
[YPc2]

−, with the Q band appearing at 633 nm and an accompanying weak band
on the longer wavelength side (705 nm). Kasuga et al. observed that the Q-band
position shifts to shorter wavelength with decreasing ionic radius for a series of
Pc3M3 complexes, where M is Nd, Gd, Er, Y, and Lu.93 On the other hand, the
longer-wavelength band shifts to longer wavelength with decreasing ionic radius,
being different from that observed for [MPc2]

− type complexes. The spectral
properties of sandwich-type Pc dimers and trimers are interpreted in more detail
in the subsequent section.

E. Complexes of the Lanthanide Elements

Although some monomer Pcs containing a lanthanide(III) ion (LnIII) as the cen-
tral metal have been synthesized and their absorption properties reported, these
are more or less similar to the corresponding Pcs containing other central metals.
However, as described briefly in the previous section, the absorption properties
of double- and triple-decker Pc dimers and trimers are quite different from those
of the original Pc monomers. Therefore, sandwich-type Pc dimers and trimers
dominate the chemistry of LnIIIPcs. In this section, the origin of the absorption
bands of these sandwich-type complexes is interpreted on the basis of a series of
studies by Ishikawa et al.94 Double-decker Pc dimers are generally able to have
three different oxidation states: a reduced form ([LnIII(Pc)2]

−), a neutral form
([LnIII(Pc)2]

0), and an oxidized form [LnIII(Pc)2]
+. Figure 25 shows absorption

(top) and MCD (bottom) spectra of [LuIII(Pc)2]
− (reduced form) in CH2Cl2/MeOH

(4:1 v/v).95 In this case, the formal charge of both Pc rings is 2–. Clear splitting
of the Q-band is observed, of which the lower energy component has a smaller
relative intensity. The maximum in the B band region shifts to higher energy
compared to the typical Pc monomer, and shoulder-like weak bands appear in
between the Q and B regions. The Q and B components both show an A term in
the MCD spectrum, indicating that all of the excited states remain doubly degen-
erate. The simplest interpretations of what occurs on the interaction of two chro-
mophores are based on the exciton-coupling theory, which predicts a
hypsochromic shift of the Q band for a face-to-face dimer conformation.96

However, the exciton model fails to explain the appearance of the lower energy
Q-component. Ishikawa et al. took the electronic configuration of charge transfer
(CT) between the Pc rings into consideration, and successfully interpreted the
observed spectra theoretically.
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Let |G〉 = |…aa–…bb
–
| be the wavefunction for the ground state in accordance

with Ishikawa’s notation, and define the two constituting Pc rings as A and B.
Local excitation (LE) within a Pc ring can be expressed as:

(10)

(11)

where the HOMOs and LUMOs of Pc(A) and Pc(B) are denoted as a and b,
and j and k, respectively. These excitations take place only within each Pc ring,
and no inter-Pc-ring excitation (charge transfer) is considered. The interaction

 〉  〉    { }
LEB

B= ¨ = -1

2
( ) ,k b

aa kb aa kb� � � �

 〉  〉    { }
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Figure 25. Absorption (top) and MCD (bottom) spectra of [Lu(Pc)2]−. Redrawn with permission
from Ishikawa, N.; Ohno, O.; Kaizu, Y.; Kobayashi, H. J. Phys. Chem. 1992, 96, 8832–8839.
Copyright 1992 American Chemical Society.
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of these two configurations generates two new excited states (EC, exciton
states):

(12)

(13)

of these, the former is allowed, while the latter is forbidden. As a consequence, a
blue shift of the Q band is expected on the basis of the exciton model. Next, the
charge transfer configuration (a one-electron excitation from one Pc ring to
another) can be written as:

(14)

(15)

The interaction of these also yields two new excited states (CR, charge resonance
states):

(16)

(17)

where both of these states are forbidden unless the orbitals of Pc(A) and Pc(B) over-
lap. However, the allowed |EC+〉 state possibly mixes with the |CR+〉 state, since
these two configurations have identical irreducible representation along with a
nonzero interaction between them. As a consequence of these discussions, the
higher-energy bands in both Q and B band regions can be assigned to |EC+〉 states,
and the lower-energy bands to |CR+〉 states. Quantum chemical calculations
performed by Ishikawa et al. indicate that the lowest allowed excited state is 1E1, in
which the most dominant component is a charge resonance configuration, written as:
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The second allowed excited state is 2E1, in which the most dominant component
is an exciton type configuration, written as:

(19)

Therefore, the two observed Q bands (14 000 and 16 000 cm−1) can be safely
assigned to 1E1 and 2E1, respectively. See the original papers for the corresponding
MO-based interpretations.94,95 It is known that the splitting of the Q band becomes
smaller with increasing ionic radius of the LnIII ion, in other words, with increasing
ring-to-ring distance. Calculations conducted by varying the interplanar distances
show that the energy of the CR configuration shifts rapidly to higher energy with
increasing interplanar distance. The observed spectral shifts are consistently in
agreement with the calculated results. For example, the relatively large splitting of
the Q band observed for [YIII(Pc)2]

− is consistent with the small ionic radius of YIII.
The absorption characteristics of triple-decker Pc trimers can be interpreted in

a similar manner, since the formal charge of all the Pc rings is 2–. Figure 26 shows
absorption (top) and MCD (bottom) spectra of [PcLu(Crown-substituted Pc)LuPc]
in CHCl3.

97 Two distinct bands (Q bands) are observed at 15 800 and 14 000 cm−1

similarly to [LuIII(Pc)2]
−, although the relative intensity of the lower energy band

is considerably weaker than the other band, compared to the dimer species.
Dispersion-type MCD A terms appear, corresponding to both of these bands, indi-
cating that the bands are associated with doubly degenerate states. Two shoulders
(10 500 and 12 000 cm−1) are detected on the lower energy side of these bands,
although the intensities are very weak. In the near-IR region, a broad band is
observed at 7400 cm−1. Therefore, at least five bands exist on the lower energy side
of the Q band. In the B-band region, a broad band at 30 300 cm−1 along with a
shoulder at 27 000 cm−1 are reported. Similarly to the dimer case, three locally
excited configurations are written as:

By neglecting the interaction between Pc(A) and Pc(C), three diagonalized EC
states are obtained as follows:

(20)
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(22)

Under D4h symmetry, only |EC+−+〉 and |EC+++〉 are allowed, and a much smaller
transition dipole moment is expected for the former configuration (ca. 1/34).
There are six possible charge transfers, and the possible allowed resonance states
obtained therefrom are:

(23)
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Figure 26. Absorption (top) and MCD (bottom) spectra of [PcLu(Crown-Pc)LuPc] in CHCl3.
Redrawn from Ishikawa, N.; Kaizu, Y. Chem. Phys. Lett. 1994, 228, 625–632. Copyright 1994,
with permission from Elsevier.
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(25)

These CR configurations belong to the same irreducible representation as
|EC+− +〉 and |EC+++〉, meaning that they can borrow transition intensity from the
exciton coupling states. As a consequence, two EC type and three CR type bands
are expected in the Q-band region of triple-decker Pc complexes. The most intense
band at 15 800 cm−1 is safely assigned to the |EC+++〉 state. Ishikawa et al. pointed
out that the second intense band at 14 000 cm−1 is not the |EC+−+〉 state, but can be
assigned to one of the allowed charge resonance states, since the splitting energy
between these two bands (1800 cm−1) is much smaller than that expected for EC
type splitting (ca. 6000–9000 cm−1).97 Therefore, the three weak bands in the
7000–12 000 cm−1 region are assigned to the |EC+−+〉 state and two of the three
allowed CR states. This description of the electronic states of the triple-decker Pc
trimer are fully supported also by the results of quantum chemical CI calculations.

The absorption properties of neutral double-decker Pc complexes ([LnIII(Pc)2]
0)

and the oxidized form ([LnIII(Pc)2]
+) are quite different from the reduced form shown

above. Figure 27 compares the absorption of [Lu(Pc)2]
0 (broken line) and [Lu(Pc)2]

+

(solid line). The neutral form (broken line) shows absorption bands at 7000, 11 000,
15 200, and 22 000 cm−1 along with broad bands at around 30 000 cm−1. Although
this spectral shape resembles a superposition of the typical metalloPc monomer
(MIIPc2−, 15 200 and 30 000 cm−1) and its π-radical cation (MIIPc•−, 11 000 and
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Figure 27. Absorption spectra of [Lu(Pc)2]0 (broken line) and [Lu(Pc)2]+ (solid line) in CH2Cl2.
Redrawn from Ishikawa, N.; Kaizu, Y. J. Porphyrin Phthalocyanines 1999, 3, 514–521.
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22 000 cm−1), the band at 7000 cm−1 is unassignable to these. This feature, together
with the results of NMR, ENDOR, and resonance Raman spectroscopy, suggests
that the hole is delocalized over the two Pc rings for the neutral form.98,99 A com-
parative study of the spectra of [Lu(Pc)2]

0, [LuPcNc]0, and [Lu(Nc)2]
0 demonstrated

that the spectral shapes of the hetero-dimer, [LuPcNc]0, are neither identical to Pc
nor Nc, i.e. the hole is not localized on one of the two Pc rings.100 Upon oxidation of
the neutral form, the Q band at 15 200 cm−1 shifts to lower energy by 700 cm−1 and
decreases in intensity (Figure 27, solid line). The MCD signal corresponding to this
band is a dispersion type A-term. The band at ca. 22 000 cm−1 shifts by 1000 cm−1 to
21 000 cm−1. The NIR band at 7000 cm−1 disappears upon oxidation, and a new band
accompanied by an MCD B-term appears at 11 500 cm−1. Readers should refer to the
original papers for further details and theoretical treatment of the spectral character-
istics of the electron-deficient oxidized species.94,101,102

The electronic absorption spectra of [LnIII(Pc)2]
−, where Ln = Y, Pr, Nd,

Sm–Lu, are compared in Figure 28. Each spectrum consists of a single Soret band
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Figure 28. Electronic absorption spectra of a series of [LnIII(Pc)2]− complexes in CHCl3.
Redrawn from Kobayashi, N. Coord. Chem. Rev. 2002, 227, 129–152 with permission.
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Figure 29. Electronic absorption spectra of [Ln(Pc)2]0 in KBr, where Ln = La, Nd, Gd, Ho,
and Lu. Redrawn from Ostendorp, G.; Homborg, H. Z. Anorg. Allg. Chem. 1996, 622,
1222–1230.

(ca. 300–350 nm) and one or two split Q bands. The extent of the Q-band splitting
increases with decreasing ionic radius of the LnIII ions, reflecting the extent of the
π–π interaction between the two Pc rings. The splitting increases much more rap-
idly than anticipated from the variation of the radius, if exciton interactions only
are taken into consideration. As described above, a rapid increase of electronic
interactions via overlapping orbitals with decreasing Pc–Pc distance rationalizes
the experimental results. The absorption spectra of [Ln(Pc)2]

0 are different from
those of neutral species, as shown in Figure 29. The spectra show intense bands at
ca. 15 000 and 31 000 cm−1, which shift to higher energy with decreasing LnIII

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 35
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radius. The bands have some similarity to those observed for monomer Pc2−, while
the bands at ca. 11 000 and 22 000 cm−1 are characteristic of a Pc− π-radical,
although it has been clarified that the hole is delocalized over two Pc rings as
described above. The band at ca. 11 000 cm−1 shifts to lower energy with decreas-
ing LnIII radius. The NIR bands observed in the 4000–9000 cm−1 region show a
distinct dependency on the metal size.103 These bands are now assigned to an elec-
tronic transition from a bonding orbital constructed from the HOMO of each Pc
ring to a half-occupied antibonding orbital.

A series of tetra-tert-butyl Nc LnIII sandwich dimers has been reported.104,105

Similar to the Pc series, both radical and reduced forms have been prepared. The
main Q bands of the radical form (767–799 nm) and the π-radical anion band
(593–648 nm) shift to the red with increasing metal size, while the B band region
(328–334 nm) remains relatively unshifted (Figure 30).106 A similar trend was also
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Figure 30. Absorption spectra of the radical form of (a) La[Nc(tert-Bu)4]2, (b) Eu[Nc(tert-
Bu)4]2, and (c) Er[Nc(tert-Bu)4]2 in CHCl3/EtOH = 1:1 (v/v). Redrawn from Jiang, J. Z.; Liu, W.;
Poon, K. W.; Du, D. M.; Arnold, D. P.; Ng, D. K. P. Eur. J. Inorg. Chem. 2000, 205–209.
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observed for the broad NIR band (1818–2346 nm, not shown). The band assign-
ments appear to be the same as with the Pcs. In the reduced form, the Q band gen-
erally splits into two, to give an intense blue-shifted band (715–729 nm) and a weak
band (782–821). Figure 31 depicts some examples of the reduced Nc dimer. The B-
band region (328–333 nm) is virtually unshifted compared to the corresponding
neutral form. The Q band of alkylthiosubstituted 2,3-Nc differs from that of tetra-
tert-butyl 2,3-Nc in shape, but the spectral shape is similar in the other regions.104

F. Complexes of the Actinide Elements

A very limited number of actinide Pcs has been reported to date because of
the radioactivity of the actinide elements. Guilard et al. reported the absorption
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Figure 31. Absorption spectra of the reduced form of (a) La[Nc(tert-Bu)4]2, (b) Eu[Nc(tert-
Bu)4]2, and (c) Er[Nc(tert-Bu)4]2 in CHCl3/EtOH = 1:1 (v/v). Redrawn from Jiang, J. Z.; Liu, W.;
Poon, K. W.; Du, D. M.; Arnold, D. P.; Ng, D. K. P. Eur. J. Inorg. Chem. 2000, 205–209.
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properties of ThIVPc(acac)2 and UIVPc(acac)2, where acac = acetyl acetonato.107

The absorption spectra of these are similar to typical metalloPcs in shape, with the
Q band appearing at 684 and 689 nm, respectively, in PhCN containing 0.2 M
TBAP. Double-decker dimers have been reported for thorium,108 protoac-
tinium,109,110 uranium,108,111 neptunium,112 and americium113 complexes. PuPc
appears in Ref. 108. No actinide-containing Nc sandwich has been reported.
Figure 32 shows the absorption spectrum of U(Pc)2 in CH2Cl2. The Soret band is
located at 332 nm, which is blue shifted with respect to the corresponding band of
UPc(acac)2 (351 nm).107 In the Q-band region, the intense band at 638 nm is
accompanied by weaker bands positioned on both sides (593 and 700 nm).

The reaction of phthalonitrile with UO2Cl2 yields macrocyclic uranyl com-
plexes, in which the UO2 moiety is surrounded by five isoindole units linked by
meso-nitrogen atoms, namely superphthalocyanine (superPc).114–116 Only uranium
is known to give this superPc structure up to the present date. The lowest-energy
transition is red-shifted compared to typical metalloPcs. The unsubstituted
superPc shows absorption bands at 912, 810 (shoulder), and 420 nm in toluene,
while the pentamethyl-substituted congener has bands at 922, 810 (shoulder),
and 420 nm (Figure 33).114 Basic quantum chemical calculations within the
framework of SCF-CI-PPP method indicate that superPc possesses a singly-
degenerate HOMO and an essentially doubly-degenerate LUMO, similar to
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Figure 32. Absorption spectrum of UPc2 in CH2Cl2. Redrawn with permission from Kadish,
K. M.; Moninot, G.; Hu, Y.; Dubois, D.; Ibnlfassi, A.; Barbe, J. M.; Guilard, R. J. Am. Chem.
Soc. 1993, 115, 8153–8166. Copyright 1993 American Chemical Society.
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metalloPcs.115 Therefore, the bands located at 912 nm can be assigned to a π–π*
origin.

G. Group 4: TiPc, ZrPc, ZrPc2 and HfPc

TiIIIPc and TiIVPc have been reported, of which only the latter has been the subject
of an absorption study. Although TiPc described in Ref. 117 was handled as if it were
a TiII complex, the description is ambiguous. Figure 34 shows the absorption spec-
tra of TiOPc in 1-chloronaphthalene at various temperatures.118 The spectra are typ-
ical in shape, with a Q band at ca. 699 nm, and show a slight hypsochromic shift
accompanied with a reduction in intensity with increasing temperature. The Ti=O
bond exhibits reactivity towards bidentate ligands such as catechol and its deriva-
tives, to give axially-substituted TiPcs.119 Barthel and Hanack investigated the effect
of axial modification, and demonstrated that any effects are very limited.120 Ti(Pc)2

obtained by the reaction of TiCl2Pc and Na2Pc has a unique structure.121 The two Pc
planes are ‘stapled’ by two carbon–carbon σ bonds, and accordingly, the Pc chro-
mophore no longer exists in the resultant compounds (no absorption above 500 nm).

Cherian and Menon reported optical data of vacuum-deposited TiCl2Pc thin
films (Figure 35).122 The Q and B bands appear at 712 and 365 nm, respectively,
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Figure 33. Absorption spectra of superPcs, with (top) and without (bottom) five methyl
groups as peripheral substituents in benzene. Weak signals in the 620–740 nm region are due
to trace amounts of metal-free Pcs. Redrawn with permission from Marks, T. J.; Stojakovic,
D. R. J. Am. Chem. Soc. 1978, 100, 1695–1705. Copyright 1978 American Chemical Society.
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remaining unchanged by the annealing process. The solid-state absorption spectra
of TiOPc differ significantly from those in solvent, and also depend on the crystal
system. Despite the importance of solid-state Pcs, however, the analysis of solid-
state spectra has been less than satisfactory until recently. Figure 36 (top right)
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Figure 34. Absorption spectra of TiOPc in 1-chloronaphthalene at various temperatures.
Redrawn from Ma, C. Y.; Ye, K. Q.; Yu, S. K.; Du, G. T.; Zhao, Y. F.; Cong, F. D.; Chang, Y. C.;
Jiang, W. H.; Cheng, C. H.; Fan, Z. Q.; Yu, H. F.; Li, W. C. Dyes Pigments 2007, 74, 141–147.
Copyright 2007, with permission from Elsevier.

Figure 35. Optical absorption spectra of TiCl2Pc thin films. Redrawn from Cherian, R. C.;
Menon, C. S. J. Phys. Chem. Solids 2008, 69, 2858–2863. Copyright 2008, with permission
from Elsevier.
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depicts the calculated solid-state absorption spectra of TiOPc, in which exciton
and charge-transfer (CT) interactions, and molecular distortions are taken into
consideration.123 The results reproduce fairly well the experimental results (bottom
right), where the characteristics of phase dependence, dependence on the incident
light direction, and the absorption profiles are rationalized. Readers should con-
sult the original paper for the calculation details.123 The calculations also clarified
that the large red shift and high CT character originate from large exciton interac-
tions and large intermolecular resonance integrals, respectively. In addition, it has
been revealed that the photoconductive properties correlate well with the inter-
molecular resonance integrals. These considerations are important for investigat-
ing applications of the Pcs.

As a result of the large ionic radius and high valent nature of zirconium (ZrIV),
the metal center of ZrPc is located out of the Pc plane, and ZrPcs are able to have
a variety of axial substituents. Figure 37 shows the absorption spectrum of ZrPc
possessing two octanoato (C7H15COO) groups as axial substituents in DMSO.124

The spectrum is similar in shape to a general metalloPc, with no additional bands
being observed. The Q band at 688 nm is barely sensitive to the axial substituents,
and the Q-band positions for the chloro adduct (ZrCl2Pc) and β-diketonate adducts
are observed at 688 and 682–692 nm, respectively.124–126 Tomachynski et al.
reported that the shape of the spectrum does not change dramatically in various
solvents, with only a small shift of the Q-band position being observed. The low-
est value of molar extinction coefficient is observed in DMSO, while the largest
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Figure 36. Calculated (broken line) and experimental (solid line) absorption spectra when
the incident light direction is perpendicular to the crystallographic ab plane of phase II (top
left), ac plane of phase II (top middle), and ac plane of phase I (top right) with molecular struc-
tures in the unit cell of phase I (top left) and phase II (bottom left). Solid bars in the calculated
spectra denote the products of oscillator strengths and coefficients of CT configurations, ρ.
Redrawn with permission from Nakai, K.; Ishii, K.; Kobayashi, N.; Yonehara, H.; Pac, C. J.
Phys. Chem. B 2003, 107, 9749–9755. Copyright 2003 American Chemical Society.
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value is estimated in toluene. The double-decker form, Zr(Pc)2, is also possible.
Since the zirconium center is tetravalent, unlike the tervalent state of lanthanide
ions, the neutral form can be described as Pc(2–)ZrPc(2−). Therefore, the absorp-
tion properties of neutral Zr(Pc)2 resemble those of Sn(Pc)2 rather than
[Ln(Pc)2]

0.127 Figure 38 illustrates the absorption spectra of Zr(Pc)2 (1), and its
one-electron (2) and two-electron (3) electro-oxidized species.128 The figure
clearly demonstrates that the neutral, oxidized, and double-oxidized forms corre-
spond to the reduced, neutral, and oxidized forms of the lanthanide congeners.
Silver et al. also investigated the electrochromic behavior of Zr(Pc)2.

127

The spectroscopic behavior of HfPcs is very similar to ZrPc.124–127 The Q-band
position of HfCl2Pc is reported to be at 684 and 688 nm in DMSO and toluene,
respectively.124

H. Group 5: VPc, NbPc and TaPc

Similar to TiOPc, vanadium(IV) (VIV) is the stable oxidation state for VPc, and as
a result, vanadyl (V=O) Pc complexes have been the most commonly studied.
The crystal structure of VIPc is also available, although the absorption properties
are absent.129 The crystal structures of VOPc indicate that the molecule takes a
dome-type deviated form, to give C4v molecular symmetry.130,131 Kobayashi et al.
reported that Q bands of tetra-tert-butyl VOTAP, VOPc, and VONc were observed
at 594.0, 698.0, and 809.6 nm, respectively, and that the dipole strength increases
in this order.43 Compared to the corresponding copper derivatives, the Q band of
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Figure 37. Absorption spectrum of ZrPc possessing two C7H15COO groups as axial sub-
stituents in DMSO. Redrawn from Tretyakova, I. N.; Chernii, V. Y.; Tomachynski, L. A.; Volkov,
S. V. Dyes Pigments 2007, 75, 67–72. Copyright 2007, with permission from Elsevier.
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the VO complexes lies at longer wavelength, with an intensity which is always
lower. Huang and Sharp mentioned that any peculiarities of the electronic proper-
ties of VOPc compared with other Pcs are related to the axial ligand and the
unpaired electron of the vanadyl ion.132 Unsubstituted VOPc shows absorption
peaks at 700.8 and 630 nm, with a shoulder at 670 nm in 1-chloronaphthalene,
while a slight blue shift is observed in CH2Cl2.

132 Figure 39 shows the absorption
data of VOPcF16 in (a) acetone and (b) benzene.133 The acetone solution of the
complex exhibits a Q band at 640 nm, while the Q band appears at 709 nm in
benzene. Polar solvents such as DMF, pyridine, and CH2Cl2 also give a Q-band
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Figure 38. Absorption spectra of [Zr(Pc)2] (1), and its one-electron (2) and two-electron
(3) electro-oxidized species in o-dichlorobenzene containing 0.2 M TBAP. Redrawn from
Tomilova, L. G.; Ovchinnikova, N. A.; Lukyanets, E. A. Zh. Obshch. Khim. 1987, 57,
2100–2104.
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position of ca. 640 nm. On the other hand, the Q-band appears at 709 nm in non-
polar solvents such as o-DCB. Tetra-tert-butyl VOPc does not exhibit such a
strong solvent dependence. The band at 709 nm originates from the monomer
species, while the band at ca. 640 nm can be ascribed to the dimer species. The
ESR data also support these assignments.133 The Q band of α-(SC5H11)8 substituted
VOPc appears beyond 830 nm (830, 834, 841, and 850 nm in toluene, THF,
CHCl3, and CH2Cl2, respectively).134

In the case of niobium, NbIVPc and NbVPc are possible and, accordingly,
NbPcCl2 and NbPcCl3 have been synthesized.135 Various derivatives are obtained
by elimination of the chlorides in NbPcCl2 in the presence of nucleophiles, to
yield NbIV(cat)Pc, NbIV(oxal)Pc, NbIV(SO4)Pc, NbIVCl2IPc, and NbV(cat)IPc,
where cat = catecolato and oxal = oxalato.135 NbCl2Pc shows absorption bands
at 690 (Q band), 625, 340, and 272 nm in CH2Cl2 (Figure 40, dotted line).136

Niobium shows some similarities to titanium regarding Pc formation. The struc-
ture of Nb(Pc)2 is isostructural, and the two Pc planes are “stapled” by two
carbon–carbon σ bonds. The resultant compound exhibits no absorption above
500 nm (Figure 40).136–139

TaVCl3Pc was synthesized by Gingl and Strähle,140,141 and the absorption spec-
trum was reported recently.142 Due to the large ionic radius of TaV, the three axial
ligands take on cis conformations. The Q and B bands appear at 697 and 342 nm
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Figure 39. Absorption spectra of VOPcF16 in acetone (a) and benzene (b). Redrawn from
Handa, M.; Suzuki, A.; Shoji, S.; Kasuga, K.; Sogabe, K. Inorg. Chim. Acta 1995, 230, 41–44.
Copyright 1995, with permission from Elsevier.
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in CHCl3, respectively (Figure 41). Although the crystal structures of cis[TaVF4Pc]−

and cis[TaIVF3Pc]− have also been reported, their absorption data are not given.143

I. Group 6: CrPc, MoPc and WPc

The CrII and CrIII Pc complexes have been isolated. The absorption spectra are
typical in that the most intense band is in the visible region at 670–690 nm, with
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Figure 40. UV-vis spectra in CH2Cl2 solution of [NbPc2]IBr2 (solid line), [NbPc2]IBr2
. I2

(dashed line) and NbPcCl2 (dotted line). Redrawn from Janczak, J.; Kubiak, R. Polyhedron
2003, 22, 313–322. Copyright 2003, with permission from Elsevier.

Figure 41. Electronic absorption spectrum of TaPcCl3 in CHCl3. Redrawn from Tau, P.;
Nyokong, T. J. Porphyrins Phthalocyanines 2006, 10, 69–75 with permission from the Society
of Porphyrins and Phthalocyanines.
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the second most intense band at 330–350 nm. For example, CrIIPc(py)2 shows
band peaks at 687, 632, 560, 525, 500, and 345 nm in pyridine, while CuIIIPcOH
exhibits peaks at 689, 621, 502, and 347 nm in methanol.144 The spectra of tetra-
sulfonato CrIIPc (A) and Na3(tetrasulfonato)CrIIIPc (B) are shown in Figure 42.145

Additional absorption bands are observed both in the near-IR region and at ener-
gies lying between the Soret and Q bands. The CrIII species has a hole in the eg(dπ)
orbital. The bands at 7900 and 20 080 cm−1, designated as LMCT1 and LMCT2
in Figure 42B respectively, are assigned to a1u(π) → eg(dπ) and a2u(π) → eg(dπ)
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Figure 42. Electronic spectra of electrochemically-prepared tetrasulfonato CrIIPc in DMF (A)
and Na3(tetrasulfonato)CrIIIPc (B). Redrawn with permission from Lever, A. B. P.; Pickens, S. R.;
Minor, P. C.; Licoccia, S.; Ramaswamy, B. S.; Magnell, K. J. Am. Chem. Soc. 1981, 103,
6800–6806. Copyright 1981 American Chemical Society.
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transitions, respectively, by careful analysis of the redox potentials of the com-
pound. Since the a1u orbital has a node at the chelating nitrogen atoms, the orbital
overlap associated with the LMCT1 is small. As a consequence, LMCT1 is
expected theoretically to be less intense than LMCT2, which is consistent with
the experimental result. In the case of the CrII species, the LMCT1 transition
(11 850 cm−1) is remarkably intense compared with the CrIII complex, while the Q
band lies at a high energy (16 300 cm−1) and is weak. Lever et al. mentioned that
it seems probable there is extensive mixing between the Q and LMCT1 transitions
in the CrII species, because they lie fairly close together, producing both the blue
shift of the Q band and the unusual intensity distribution.145 It is conceivable that
the band at 19 650 cm−1 might be assigned to the a2u(π)→ a1g(dz2) transition
(LMCT3). It is possible for the CrIII complex to yield a µ-oxo dimer species, CrPc–
O–CrPc, by the reaction of tetra-tert-butyl CrCl2HPc with 2 N NaOH in ben-
zene.146 The resulting compound shows absorption peaks at 629, 495, and 340 nm
in toluene.

MoPc,147 MoOPc,148 MoO2Pc,149 and MoClPc2
150 were reported in the early

studies. The structure of MoOPc is similar to that of VOPc, and the molybdenum
coordination is square pyramidal, where the molybdenum atom is located 69 pm
above the plane generated from the four coordinating nitrogens.151,152 The nature
of the oxidation state of molybdenum in MoOPc had been the subject of discus-
sion, and the oxidation state of molybdenum in MoOPc prepared from the reac-
tion of phthalonitrile and molybdenum trichloride was shown to be +5 from ESR
study,153 while the reaction of ammonium molybdate and phthalonitrile was
reported to give MoIVOPc.152 The absorption spectrum of MoIVOPc in 1,2,4-
trichlorobenzene shows a prominent peak at 703 nm and a weaker peak at 643 nm,
while VOPc exhibits the corresponding peaks at 700 and 630 nm.152 Successive
washing of MoOPc with 0.1 N NaOH, water, and acetone yields MoVO(OH)Pc.154

Figure 43 shows the Q-band region absorption data of MoVO(OH)Pc (c) and its
electro-oxidized or reduced species (a and b, respectively). The initial state (MoV)
exhibits a Q band at 700 nm. Upon oxidation/reduction, the Q band shifts to
longer/shorter wavelength without any reduction in intensity, which are assigned
to the MoVI and MoIV species, respectively.154,155 Nitrido-MoPc complexes, namely
MoNPcs, have also been also successfully synthesized.156,157 The Q band of octa-
β-alkyl-substituted MoNPc appears at 709–716 nm in toluene.156 Gorsch and
Homborg reported the absorption properties of a (MoPc)2 dimer having a Mo–Mo
direct bond (Figure 44).158

The number of reports on WPc is very limited.156,157,159–161 Tungsten has an oxi-
dation state of +5 in WCl3Pc159 and W(O)OH(PcCl).161 The maximum of the Q
band for W(O)OH(PcCl) is at 730 nm. The nitride complex, WNPc, shows a red
shift of the Q-band maximum to 751.0 nm in 1-chloronaphthalene. In this case, the
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Figure 43. Spectral changes observed during: (a) electrochemical oxidation of MoVO(OH)Pc
at 0.55 V dissolved in 1-chloronaphthalene containing 0.1 M TBAP; and (b) electrochemical
reduction of MoVO(OH)Pc at −0.5 V dissolved in DMSO containing 0.1 M TEAP. Spectrum (c)
corresponds to the MoVO(OH)Pc complex in 1-chloronaphthalene before electrolysis.
Redrawn from Nyokong, T. Polyhedron 1994, 13, 215–220. Copyright 1994, with permission
from Elsevier.

Figure 44. Absorption spectra of a (MoPc)2 dimer (a: fresh solution, and b: 1 day later), and
MoOPc (c) in conc. H2SO4. Redrawn from Gorsch, M.; Homborg, H. Z. Anorg. Allg. Chem.
1998, 624, 634–641.
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Q band is broadened and shows two shoulders at 699.5 and 673.5 nm.156 The sub-
stituted derivatives, WN(tert-Bu4Pc) and WN((C5H11)8Pc), show broad Q bands at
745.0 and 770.5 nm in toluene, respectively.156

J. Group 7: MnPc, TcPc, RePc and RePc2

The manganese ion in MnPc exists in several stable oxidation states, ranging from
MnI to MnIV depending on the number and nature of the axial ligand, while the
transition energies also depend on both the metal oxidation state and spin state.
Figure 45 shows the absorption spectrum of MnIIPc dissolved in pyridine.162

MnIIPc is considered to have fifth and sixth ligands in a coordinating solvent, and
thus the spectrum shown in Figure 45 arises from the dipyridinated Pc species,
MnIIPc(py)2, which was confirmed also by X-ray crystallography.163 In addition to
the intense principal band at 660 nm, the spectrum is characterized by a less
intense absorption in the 800–900 nm region. Furthermore, several bands in the
500–600 nm region are characteristic of MnPc, which do not appear for metalloPcs
containing a main-group metal such as magnesium and zinc. Elvidge and Lever,164

and Rutter and McQueen165 reported that the main absorption band appears respec-
tively at 712.5 and 620 nm. However, Engelsma et al. confirmed that these bands
originate from oxidized species.162 Of the possible ground states for a d5 ion (MnII) in
a D4h crystal field, the 4A2g

166–170 and 4Eg
171 states have been suggested for the ground

state of MnIIPc. Williamson et al. measured the absorption and MCD spectra of
MnIIPc isolated in an Ar matrix, and concluded that the obtained data are consis-
tent with a 4Eg(eg

3 b2g a1g) ground state term.172 Figure 46 shows absorption (bottom)
and MCD (top) spectra of Ar-matrix-isolated MnIIPc obtained at ca. 5 K. Compared
to the spectrum shown in Figure 45, the bands observed for the matrix-isolated
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Figure 45. Absorption spectrum of MnIIPc in pyridine. Redrawn with permission from
Engelsma, G.; Yamamoto, A.; Markham, E.; Calvin, M. J. Phys. Chem. 1962, 66, 2517–2531.
Copyright 1962 American Chemical Society.
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MnIIPc are sharper, and some additional bands which are not seen in Figure 45 can
be recognized. The strong MCD signals seen in Figure 46 indicate the presence of
Faraday C terms based on ground-state degeneracy, which is confirmed by the sat-
uration measurements. The MCD signals corresponding to the bands at ca. 11 600,
16 500, and 20 000 cm−1 are pairs of oppositely-signed C terms (bisignated C
terms, solid arrows in Figure 46), while the dashed arrows at ca. 15 000, 22 500,
and 28 200 cm−1 indicate that these are assigned as single-signed C terms. Given
that the ground state is 4A2g(b2g

2 eg
2 a1g), the only x,y-polarized spin-allowed tran-

sitions are of the type 4A2g → 4Eu. The 4Eu excited terms are split by first-order
spin-orbit (SO) interactions into four Kramers doublets, each of which is split fur-
ther by an externally applied magnetic field. See Figure 4 in Ref. 172, where an
energy level diagram for the transitions 4A2g(b2g

2 eg(dπ)
2 a1g) → 4Eu(b2g

2 eg a1g

b1u(π*)) designated as MLCT2 by Lever et al. is shown as an example.145 In this
case, at very low temperature, bisignated MCD C terms with a sign which is neg-
ative at lower energy and positive at higher energy are expected. Similarly, bisig-
nated C terms are expected for the other 4A2g → 4Eu transitions including LMCT1
(a1u(π)→ eg(dπ)), although the MCD signal observed at 15 000 cm−1 is apparently
single-singed and therefore inconsistent with this assumption. In the case of
4Eg(eg

3 a1g b2g) as the ground state, the MLCT2 excitation corresponds to 4Eg →
4A1u, 

4A2u, 
4B1u, and 4B2u (see Figure 5 in Ref. 172). At the low-temperature limit

in this case, 4Eg → 4A1u and 4A2u transitions are expected to be associated with
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Figure 46. Absorption (bottom) and MCD (top) spectra of Ar matrix-isolated MnIIPc obtained
at ca. 5 K and B = 0.15 T. Redrawn with permission from Williamson, B. E.; VanCott, T. C.;
Boyle, M. E.; Misener, G. C.; Stillman, M. J.; Schatz, P. N. J. Am. Chem. Soc. 1992, 114,
2412–2419. Copyright 1992 American Chemical Society.
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negative C terms, and 4Eg → 4B1u and 4B2u transitions to be associated with posi-
tive C terms, while weak bisignated C terms are expected for π → π* excitations
due to small interactions between the π-skeleton and metal orbitals. Since these
theoretical expectations are fully consistent with the experimental data, the ground
state of MnIIPc is determined to be 4Eg (eg

3 b2g a1g). As a consequence, LMCT1
(a1u(π) → eg(dπ)) and LMCT2 (a2u(π) → eg(dπ)), giving rise to 4B2u and 4B1u terms,
respectively, are assigned as the bands at ca. 15 000 and 28 200 cm−1, since
positive-signed C terms are expected for these transitions. The weak bisignated C
term at ca. 16 500 cm−1 implies that the corresponding absorption band originates
from π–π* transitions, namely the Q band. In the case of MLCT2 (eg(dπ) →
b1u(π*)), four transitions, of which two corresponding to 4B1u and 4B2u terms show
positive C terms, and the other two corresponding to 4A1u and 4A2u show negative
C terms, are expected. Therefore, the bands at ca. 11 600 and 20 000 cm−1 can be
assigned to these, of which the former band contains two overlapping transitions.
DFT study also predicts that the ground state of unligated MnIIPc is 4Eg.

173 For the
six-coordinated adducts with two pyridine ligands, an intermediate-spin state was
assigned experimentally,163 which, however, has been doubted theoretically.173

According to the DFT calculations, the axial coordinations raise the energy of
the dz2-orbital. Therefore, MnIIPc(py)2 adopts a low-spin 2A1g (a1g

1 b3g
2 b2g

2 = dxy
1 dπ

4)
state.

In the case of MnIIIPc derivatives (high-spin d4 species), LMCT transitions
corresponding to the a1u(HOMO) → eg(dπ) and a2u(HOMO–1) → eg(dπ) transitions
are observed in the near infrared (ca. 7600 cm−1) and visible (ca. 20 100 cm−1)
regions, respectively (Figure 47).145 The weaker bands observed between the Q
and lower energy LMCT bands were assigned as either vibronic or trip-multiplet
transitions by Lever et al. When charge-transfer (CT) transitions lie close to either
the Q or B bands, quite significant changes take place in the bandwidth, band
energy, and band intensity. Thus, the Q band of MnPc is often observed in a lower
energy region compared to other metalloPcs, since configuration interactions
between the π–π* and CT one-electron transitions lowers the Q band energy. The
Leznoff and Nyokong groups described some substituted MnIIIPc derivatives, such
as MnIIIPc substituted by hexadecaalkoxy groups, and MnIIPc having eight
alkylthio groups.174,175 Since the Q band of these compounds appears beyond the
visible region (for example, MnIIIPc(SC5H11)8(OAc) shows a Q band at 893 nm in
CH2Cl2), contributions of the Q band to the “color” of the compounds are less sig-
nificant. Instead, the color appearance is affected by the LMCT transition
observed between 450 and 650 nm. As a result, MnIIIPc derivatives with electron-
donating substituents are brown or red in color. The spectra of MnIVPc species
have been rarely reported. Mbambisa et al. generated the MnIVPc(2−) species elec-
trochemically, and observed the lowest energy band at 920 nm in CH2Cl2 containing
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0.1 M TBABF4.
175 The MnVPc analog was first achieved by employing the triaza-

corrole (corrolazine) skeleton as a MnV-oxo complex, which shows moderately
intense bands at 634 and 418 nm.176

Yoshihara et al. concluded that the oxidation state of the technetium ion in
TcPc obtained using a recoil implantation technique is +4.177 Synthesis of a TcV

complex was also reported as nitrido-TcVPc.178 El-Tamer et al. prepared 99mTcPc
tetrasulfonate, and illustrated its blue color using a picture.179 However, no
detailed absorption study is available on TcPc.

Soluble RePcs were first reported by Ziener et al.180,181 The absorption spec-
trum of (tert-Bu)4ReNPc and (tert-Bu)4ReO(OEt)Pc exhibits band maxima at
698 and 363 nm, and 726 and 368 nm, respectively, in CH2Cl2. The µ-oxo dimer,
[(tert-Bu)4ReO(OEt)Pc]2O, exhibits a Q band at 688 nm, which is blue-shifted
by ca. 40 nm relative to the monomeric species. In addition, the dimer species
shows a small band at 747 nm in CH2Cl2.

181 The BBr3 adduct of the nitride com-
plex, (tert-Bu)4ReN(BBr3)Pc, shows a Q band red-shifted from 698 to 725 nm
due to the electron-withdrawing effect of the BBr3 group.102 Frick et al. claimed
that [(tert-Bu)4Re(O)Pc]2 forms a rhenium–rhenium bond. Figure 48 compares
the absorption spectra of [(tert-Bu)4Re(O)Pc]2 (top) and [(C5H11)8Re(O)Pc]2O in
chloroform or as a KBr pellet.156 The Q band of [(tert-Bu)4Re(O)Pc]2 is blue-
shifted (652.5 nm in CHCl3) relative to (tert-Bu)4ReNPc (698 nm in CH2Cl2),
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Figure 47. Absorption spectrum of (tert-Bu)4MnIIIPc(OAc) in DMF. Redrawn with permission
from Lever, A. B. P.; Pickens, S. R.; Minor, P. C.; Licoccia, S.; Ramaswamy, B. S.; Magnell, K.
J. Am. Chem. Soc. 1981, 103, 6800–6806. Copyright 1981 American Chemical Society.
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while that of [(C5H11)8Re(O)Pc]2O (701.5 nm in CHCl3) is approximately iden-
tical, indicating that larger exciton type π–π interactions are involved for [(tert-
Bu)4Re(O)Pc]2 due to the closer ring-to-ring distance. The weak bands in the
longer wavelength region of the Q band are also indicative of the formation of
a face-to-face dimer structure as described in Section E. Figure 49 exhibits
another example of the absorption data of (RePc)2, having a rhenium–rhenium
bond whose structure has been unambiguously determined by crystallography.182

The spectrum reveals the principal absorptions at 15 800 (Q region), 29 500/
33 100 (B1/B2 region), and 36 600 cm−1 (N region). On the other hand, the dis-
solved complex shows a splitting of the Q region into two strong bands of com-
parable intensity at 14 100 and 16 500 cm−1 (Figure 49b). The band at 8950 cm−1

for the monomer species (Figure 49c) was assigned as a trip-doublet transition,
resulting from spin–spin coupling of the triplet state of the Pc ligand with the
2T2g ground state of low-spin ReII which is assumed to have a pseudo-Oh

symmetry.182,183
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Figure 48. Absorption spectra of [(tert-Bu)4Re(O)Pc]2 (top) and [(C5H11)8Re(O)Pc]2O (bottom)
in chloroform (a and c) and as a KBr pellet (b and d). Redrawn from Frick, K.; Verma, S.;
Sundermeyer, J.; Hanack, M. Eur. J. Inorg. Chem. 2000, 1025–1030.
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K. Group 8: FePc, RuPc and OsPc

The oxidation state of the iron ion in FePc can vary from FeI to FeIV, depending
on the number and the nature of the axial ligands. Edwards and Gouterman com-
pared the absorption data of FeIIPc, both in vapor-phase and in DMSO, and found
that a large blue shift was observed in the Q band on going from vapor (676 nm)
to DMSO (655.5 nm), indicating that the principal species in DMSO differs from
that in vapor.21 A large number of bisaxially coordinated low-spin FeIIPcs has been
studied.184–203 Dale estimated the effect of axial ligands on the absorption spectrum
of FeIIL2Pc, where L represents a ligand at one of the axial positions.200 Figure 50
depicts the absorption spectra of FeIIPc, FeII(py)2Pc, FeII(NH3)2Pc, and FeII(CN)2Pc
in DMSO (from top to bottom). In the presence of axial ligands, the magnitudes
of the resultant shifts in the absorption bands appear to be related to the σ-donor
strength of the axial ligands. The spectrum of FeII(py)2Pc is similar to that of
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Figure 49. Absorption spectra of (RePc)2 dispersed in a KBr pellet (a), (RePc)2 dissolved in 1-
chloronaphthalene (b), and trans[Re(PPh3)2Pc] dissolved in pyridine (c). Redrawn from
Göldner, M.; Hückstädt, H.; Murray, K. S.; Moubaraki, B.; Homborg, H. Z. Anorg. Allg. Chem.
1998, 624, 288–294.
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FeIIPc, although an additional band at 24 100 cm−1 is recognized. A small shoulder
on the low-energy side of the band at 30 300 cm−1 is also characteristic. In the case
of FeII(NH3)2Pc, the band at ca. 30 000 cm−1 splits into at least two components. A
similar trend was also observed for FeII(im)2Pc, FeII(n-Bu)2Pc, and FeII(pip)2Pc
(not shown). In the case of FeII(CN)2Pc, two, clearly separated bands are observed
in the UV region. The bands labeled as I in Figure 50 (Q band) vary by less than
400 cm−1. On the other hand, the bands labeled as II–IV deviate progressively
from FeIIPc as the π-donor strength of the axial ligands is increased. Dale tenta-
tively assigned band II to a CT transition, and later, Stillman and Thomson
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Figure 50. Absorption spectra of FeIIPc, FeIIPc(py)2, FeIIPc(NH3)2, and FeIIPc(CN)2 in DMSO
(from top to bottom). Dale, B. W. Trans. Faraday Soc. 1969, 65, 331–339. Redrawn by per-
mission of The Royal Society of Chemistry.
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claimed that this assignment is not overturned by the MCD data.204 However, it has
been claimed that the spectrum of FeII(CN)2Pc has a resemblance to that of
CoIII(CN)2Pc which is devoid of CT transitions.204 See the following section and
Figure 63 on CoIII(CN)2Pc. In a weekly coordinating solvent, FeIIPc exhibits a new
absorption band close to 12 000 cm−1, which is absent in the spectra shown in
Figure 50, while the corresponding MCD signal is a dispersion type A-term, as
depicted in Figure 51. Stillman and Thomson proposed that a satisfactory inter-
pretation of these results can be obtained if a spin state other than S = 0 is assumed
for the iron ion, and concluded that the ground state of FeIIPc in o-DCB is 3A2g.

204

In this case, the eg orbitals must be the highest occupied d-orbitals, and the transi-
tion 3A2g → 3Eu is expected to give rise to the lowest energy band. Of the two pos-
sible excited configurations, (egb1u) and (egb2u), the latter possibly corresponds to
the lowest-energy band.145,204 Nemykin et al. prepared a series of FeIIL2Pcs, and
demonstrated that the experimental MLCT band positions are well-correlated with
the theoretical results obtained by a semi-empirical AM1 method and the cone
angle concept.201 Ough and Stillman classified the axial ligands into three groups
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Figure 51. Absorption (top) and MCD (bottom) spectra of FeIIPc in o-DCB. Stillman, M. J.;
Thomson, A. J. J. Chem. Soc. Faraday Trans. 2 1974, 70, 790–804. Redrawn by permission of
The Royal Society of Chemistry.
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on the basis of the spectral features, according to the σ donor and π acceptor
strengths, i.e. (1) strong σ donors and weak π acceptors, (2) strong σ and π donors,
and (3) weak σ donors and strong π acceptors. The authors performed a detailed
analysis of the absorption and MCD spectra of the corresponding FeIIL2Pc
species.202 Accordingly, (1) an increase of the σ donor strength of the axial ligands
decreases the energy of the degenerate transitions; (2) an increase of the π accep-
tor strength of the axial ligand decreases the separation between the B1-B2 and
MLCT1-MLCT2 transitions; and (3) an increase of the π donor strength of the
axial ligands increases the separation between the B1–B2 and MLCT1–MLCT2
transitions. Fukuda et al. demonstrated that a highly-deformed 1,4,8,11,15,18,22,
25-octaphenyl Fe(py)2Pc with a saddle-type D2d aromatic symmetry shows broad
absorption bands of medium intensity on the lower energy side of the Q band.205

These bands have been assigned to MLCT transitions which are forbidden for
normal planar FeIIPcs with D4h symmetry. Hanack et al. compared the absorption
spectra of tetra-tert-butyl FeIIL2Pc, FeIIL2Nc, and FeIIL2Ac, where L = Me2PhNC
(Figure 52).206 The spectra show a bathochromic shift of the Q band with linear
annulation of the benzene units (658, 751, and 829 nm for Pc, Nc, and Ac, respec-
tively), and the absorption coefficients of the Q bands increase on going from Pc
to Ac. A series of bisaxially substituted FeNcs have also been synthesized by the
same group.207

Lever and Wilshire reported the absorption spectrum of (py)FeIPc(2–) in
py/LiCl (Figure 53).208 The observation that the spectral envelope is quite different
from that of normal metalloPcs indicates that the FeI ion interacts significantly with
the π-system. The observed band peak positions are 30 615, 26 572sh, 19 405,
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Figure 52. Absorption spectra of (tert-butyl)4FeIIPcL2 (dashed-dotted line), (tert-butyl)4FeIINcL2

(dashed line), and (tert-butyl)4FeIIAcL2 (solid line) in CHCl3, where L = Me2PhNC. Hanack, M.;
Dieing, R.; Röhrig, U. Chem. Lett. 1993, 399–402. Redrawn by permission of The Chemical
Society of Japan.
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16 800, 16 250sh, 15 130, 13 890sh, and 12 480 cm−1. The authors also claimed that
FeIIPc in N,N-dimethylacetamide containing LiCl is oxidized by air (oxygen), to
give the stable FeIII complex. Kennedy et al. reported a detailed investigation of the
spectral properties of a range of six- and five-coordinated FeIIIPcs.209 Anionic six-
coordinate species, B+–[FeIIIL2(Pc(2−))]− (B+ = bulky cation; L = OH−, OPh−, NCO−,
NCS−, N3

−, CN−), display low-spin d5 characteristics. The absorption spectra of
these species (Figure 54, part a top, and part b a–c) can be distinguished from those
of five-coordinate complexes (Figure 54, part a c–f). The six-coordinate species
show a Q band at ca. 690 nm with a weak band at ca. 775 nm, while the Q band of
the five-coordinate species appears at ca. 660 nm with shoulders on each side at ca.
590 and 710 nm. Weak LMCT bands are also observed at 465 and 840 nm. The Q
band at ca. 660 nm indicates that the complex has a high-spin d5 configuration.
Kobayashi et al. reported that the spin state of iron in 1,2,8,9,15,16,22,23-octade-
cyloxycarbonyl FeIIIPc dissolved in CH2Cl2 or CHCl3 changes from a high-spin to
a low-spin state by the addition of tetrabutylammonium chloride and/or bromide
(Figure 55).210 In the absence of an electrolyte, the complex exhibits peaks at 817,
738, 650, and 337 nm. When tetrabutylammonium chloride is added, the spectrum
changes with a set of isosbestic points, and the final spectrum shows new peaks at
690, 617, 552, 410, and 329 nm, which corresponds to a change of the electronic
configuration from the high-spin to low-spin state. Reports on FeIVPc species are
limited.211,212 Bottomley et al. observed spectral changes obtained during the elec-
trolysis of a µ-nitrido FePc dimer, (FePc)2N, in pyridine (Figure 56).212 The neutral
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Figure 53. Absorption spectrum of (py)FeIPc(−2) in py/LiCl. Redrawn with permission from
Lever, A. B. P.; Wilshire, J. P. Inorg. Chem. 1978, 17, 1145–1151. Copyright 1978 American
Chemical Society.
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complex is considered to have an FeIII1/2–FeIII1/2 (or FeIV–FeIII) mixed valence state,
and the spectrum before electrolysis shows a strong band at 626 nm, with two
shoulders at 573 and 658 nm. After electrolysis at an applied potential of +0.300 V
vs. SCE, the final spectrum shows a prominent band at 637 nm, with two shoulders
at 578 and 677 nm. The authors assigned this species as (FeIVPc)2N. A similar
experiment was also performed for a µ-oxo FePc dimer, (FePc)2O, in pyridine
(Figure 57).211 The initial spectrum shows an intense band at 622 nm and two shoul-
ders at 569 and 653 nm, while the intense band shifts to 652 nm in addition to new
shoulders appearing at 624 and 692 nm after electrolysis at +0.59 V vs. SCE. The
generated species is speculated to be an FeIV–FeIII complex.
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Figure 54. Part (a) (left): Electronic spectra of (a) (PNP)[Fe(OH)2Pc], (b) (FePc)2O, (c) FeFPc,
(d) FeClPc, (e) FeBrPc, and (f) FeIPc in 1-chloronaphthalene. Part (b) (right): Electronic spectra
of (a) (TBA)[Fe(NCS)2Pc], (b) (PNP[Fe(NCO)2Pc], and (c) (PNP)[Fe(CN)2Pc] in CH2Cl2. Redrawn
with permission from Kennedy, B. J.; Murray, K. S.; Zwack, P. R.; Homborg, H.; Kalz, W. Inorg.
Chem. 1986, 25, 2539–2545. Copyright 1986 American Chemical Society.
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The synthesis, properties, and applications of RuPcs have been reviewed by
Rawling and McDonagh.213 The absorption properties of RuPcs are relatively
sensitive to axial ligands. Although nitrogen-containing aromatic heterocycles,
amines, and phosphanes appear not to have a significant effect on the Soret
band, the coordination of a carbonyl ligand (CO) leads to a profound hyp-
sochromic shift of the Soret band, along with a significant increase in the molar
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Figure 55. Absorption spectral changes observed upon addition of tetrabutylammonium
chloride to a 1.75 × 10−5 M solution of 1,2,8,9,15,16,22,23-octadecyloxycarbonyl FeIIIPc in
CH2Cl2. Kobayashi, N.; Koshiyama, M.; Ishikawa, Y.; Osa, T.; Shirai, H.; Hojo, N. Chem. Lett.
1984, 1633–1636. Redrawn by permission of The Chemical Society of Japan.

Figure 56. Absorption spectral changes obtained during the electrolysis of (FePc)2N in pyri-
dine at +0.300 V vs. SCE, generating the dimeric cation. Redrawn with permission from
Bottomley, L. A.; Gorce, J. N.; Goedken, V. L.; Ercolani, C. Inorg. Chem. 1985, 24,
3733–3737. Copyright 1985 American Chemical Society.

b867_Vol-09_Ch-42.qxd  6/11/2010  9:44 AM  Page 60



extinction coefficient of the Q band.214–216 A variety of RuL2Pc complexes have
been prepared by photolysis of RuL’(CO)Pc complexes in the presence of
excess L, where L represents pyridine derivatives, imidazole, DMF, DMSO,
and acetonitrile.214,217 Figure 58 shows the spectral changes seen during photol-
ysis of Ru(4-Mepy)(CO)Pc in CH3CN to give Ru(CH3CN)2Pc. The mono car-
bonyl complexes, Ru(py)(CO)Pc, Ru(4-Mepy)(CO)Pc, Ru(4-tert-Bupy)(CO)Pc,
Ru(dmf)(CO)Pc, and Ru(dmso)(CO)Pc, show an intense, sharp Q band in the
637–645 nm region, which is characteristic of typical metalloPcs. Absorption
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Figure 57. Absorption spectral changes obtained during the electrolysis of (FePc)2O in pyri-
dine at +0.59 V vs. SCE. Redrawn with permission from Bottomley, L. A.; Ercolani, C.; Gorce,
J. N.; Pennesi, G.; Rossi, G. Inorg. Chem. 1986, 25, 2338–2342. Copyright 1986 American
Chemical Society.

Figure 58. Visible spectral changes during photolysis of Ru(4-Mepy)(CO)Pc in CH3CN
(thin solid line), to give Ru(CH3CN)2Pc (thick solid line). Redrawn with permission from
Dolphin, D.; James, B. R.; Murray, A. J.; Thornback, J. R. Can. J. Chem. 1980, 58, 1125–1132.
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bands in the 340–380 nm region are also distinctive for this type of complexes.
Upon photolysis, the Q band shifts slightly to the blue, broadens, and loses the
intensity. Thus, the molar extinction coefficient of Ru(CH3CN)2Pc is half as
large as that of the monocarbonyl complexes. Although the absorption band in
the 340–380 nm region disappears for Ru(CH3CN)2Pc, further photolysis in
pyridine, to give Ru(py)2Pc, generates an absorption band at ca. 370 nm
again.214 Tetra-15-crown-5 appended RuIIPc also shows a similar spectral
trend.216 Gutierrez observed that RuII(CO)(py)Pc exhibits splitting of the Q
band in a glassy matrix at 5 K, which is likely to be attributed to the polar elec-
tronic influence of solvents on the microenvironment around the complex.218

Stuzhin et al. reported a series of RuIIL2(OPTAP) complexes, where OPTAP =
octaphenyl TAP (Figure 59).219 For the N-base adducts (L = NH3, pyridine (py),
pyrazine (pyz), and s-tetrazine (tz)), the decrease of the σ-donor and increase
of the π-acceptor properties of the axial ligands leads to a slight hypsochromic
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Figure 59. Absorption spectra of Ru(NH3)2(OPTAP) (a), Ru(py)2(OPTAP) (b), Ru(pyz)2(OPTAP)
(c), Ru(tz)2(OPTAP) (d), Ru(tert-BuNC)2(OPTAP) (e), and Ru(did)2(OPTAP) (f) in THF (a) and
CH2Cl2 (b–f). Redrawn with permission from Stuzhin, P. A.; Vagin, S. I.; Hanack, M. Inorg.
Chem. 1998, 37, 2655–2662. Copyright 1998 American Chemical Society.
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shift of the π → π* transitions. In particular, the Q, B, and L bands for
Ru(NH3)2(OPTAP) are shifted to lower energy because of the pure σ-donor
properties of NH3. In the case of isocyanides (tert-BuNC and p-diisocyanodurole
(did)) as axial ligands, the B band is shifted considerably to the red, while the
Q band remains at the same position, similarly to py, pyz,, and tz adducts. The
origin of these observations is attributed to the strong π-accepting and σ-donat-
ing properties of isocyanides. Medium-intensity absorption bands between the
Q and B bands are assigned to CT transitions.220 The CT band of
Ru(NH3)2(OPTAP) appears at 513 nm, since coordinated NH3 ligands have only
σ-donor properties. In the case of π-accepting ligands, the CT band shifts to the
blue in the order L = py (473 nm), pyz (458 nm), and tz (423 nm). However,
the assignments of these CT transitions have not been fully understood.
Rawling et al. compared the effects of the electron-donating/withdrawing
properties of axial substituents. Figure 60 shows the absorption spectra of tetra-
tert-butyl RuIIPc having either 4-(N,N-dimethylamino)pyridine (solid line) or
4-nitropyridine (dashed line) as axial ligands.221 The spectrum of the electron
donating 4-(N,N-dimethylamino)pyridine complex shows Q and Soret bands at
626 and 318 nm, respectively, in CH2Cl2, while these bands shift to 645 (Q) and
318 nm (Soret) for the 4-nitropyridine adduct. A dimeric RuPc, in which two
ruthenium atoms are bonded directly, has also been proposed,222–224 and the
absorption data have been reported.222

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 63

Figure 60. Absorption spectra of tetra-tert-butyl RuIIPc having either 4-(N,N-dimethylamino)
pyridine (solid line) or 4-nitropyridine (dashed line) as axial ligands in CH2Cl2. Redrawn with
permission from Rawling, T.; Xiao, H.; Lee, S. T.; Colbran, S. B.; McDonagh, A. M. Inorg.
Chem. 2007, 46, 2805–2813. Copyright 2007 American Chemical Society.
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Several OsPc complexes have been described in the literature, although spec-
troscopic investigations of these are limited.217,225–237 However, the spectroscopic
properties of OsPcs have a general resemblance to those of RuPcs. OsII(py)2Pc
exhibits absorption bands at 616, 563, 369, and 308 nm in chloroform, while the
corresponding bands of Ru(py)2Pc appear at 625, 573, 377, and 313 nm, respec-
tively.214,229 Of these, the bands at 377 and 369 nm for the ruthenium and osmium
complexes, respectively, have been assigned to CT transitions between the metal
and axial ligands.200 The corresponding transition for Fe(4-pic)2Pc is observed at
410 nm. Figure 61 compares absorption spectra of M(L)(CO)Pc, where M =
Os, Ru, and Fe.235 A bathochromic shift of the Q band is observed in the order Fe
(14.8 kcm−1), Ru (15.1 kcm−1), and Os (15.3 kcm−1) complexes, and all of these
exhibit shoulders on both sides of the Q band. The Soret region shows different
spectral shapes. The iron complex shows a featureless spectrum in this region,
while the ruthenium and osmium complexes have prominent band components at
33.8 and 32.9 kcm−1, respectively. Additional bands are observed in the lower-
energy region of the Soret region, implying the presence of CT transitions.
However, it is claimed that the presence of CT transitions for OsPc is not readily
confirmed.235 Hanack and Vermehren reported that the Q and Soret bands of
Os(dmso)2Pc ..dmso, Os(pyz)2Pc, and Os(tert-BuNC)2Pc are shifted to shorter
wavelength compared with the corresponding ruthenium complexes.229
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Figure 61. Absorption spectra of M(L)(CO)Pc in a KBr pellet. (a) M = Os, L = THF, (b) M = Ru,
L = H2O, (c) M = Fe, L = CH3OH. Redrawn from Weidemann, M.; Homborg, H. Z. Anorg. Allg.
Chem. 1996, 622, 2095–2098.
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L. Group 9: CoPc, RhPc and IrPc

The oxidation state of the cobalt ion in CoPc can vary from CoI to CoIII.
Unsubstituted CoIIPc shows absorption peaks at 658, 597, and 332 nm in pyridine,
while slight red shifts are observed for tetra-tert-butyl CoIIPc (662, 600, and
330 nm).238 Kobayashi et al. compared the absorption data of tetra-tert-butyl CoIITAP,
CoIIPc, CoIINc, and CoIIAc (Figure 62, solid lines).43 The Q band shifts to longer
wavelength, but with an extent diminishing with increasing size of ligand. The Q
bands appear at 579, 672, 759, and 839 nm for CoIITAP, CoIIPc, CoIINc, and
CoIIAc, respectively. In Figure 62, the spectra of the corresponding first reduction
products are also drawn using dotted lines. The Q band of the CoI species always
appears in the longer wavelength region compared with the corresponding CoII
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Figure 62. Electronic absorption data of CoII (solid lines) and electrochemically-reduced CoI

complexes of tetra-tert-butyl TAP, Pc, Nc, and Ac (from top to bottom) in o-DCB. Redrawn
from Kobayashi, N.; Nakajima, S.; Ogata, H.; Fukuda, T. Chem. Eur. J. 2004, 10, 6294–6312.
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species. It is known that the Q band shifts to longer wavelength with concomitant
decrease in intensity upon reduction of CoIIPc to form CoIPc. A new absorption
band thus developed between the Q and B bands in the 400–500 nm region is
assigned to the MLCT transition from eg(dπ) to ligand b1u and b2u orbitals.204,239–242

Similar behavior is observed on reduction of all the complexes in Figure 62 (dot-
ted lines). The energy differences of the two MLCT peaks in each species (422 and
467 nm for CoPc, 510 and 580 nm for CoNc, and 570 and 674 nm for CoAc)
increases with molecular size on going from CoPc (2280 cm−1), to CoNc (2380 cm−1),
and further to CoAc (2710 cm−1), indicating an increased energy difference
between the ligand b1u and b2u orbitals in this order. Assuming that the energy of
the eg(dπ) orbital is insensitive to the size of the ligand, then the longer-wavelength
shift of the MLCT bands with increasing molecular size indicates that the energy
difference between the cobalt eg(dπ) and ligand b1u and b2u orbitals becomes
smaller the larger the ligand. In the case of CoTAP, two prominent bands appear
upon reduction (519 and 624 nm), of which the former appears to be an MLCT
transition. However, the assignments of these bands have not been fully under-
stood. Stillman and Thomson performed an MCD experiment on chemically-
reduced CoIPc in DMSO, and observed more than one A term between the Q and
Soret region, confirming the assignments of the MLCT transitions.204 Addition of
cyanide (CN−) to a DMSO solution of CoIIPc generates CoIII(CN)2Pc (Figure 63).204

The high-energy region of the spectra (19 000- cm−1) contains at least three iden-
tifiable bands, and thus the spectral envelope is more complex in shape than that
of CoIIPc. The bands at ca. 22.5 kcm−1 are extra bands compared with ZnII(CN)2Pc
(not shown), so that these are likely to be CT bands. However, the only allowed
CT transition is the a2u → a1g LMCT transition, which cannot give rise to an MCD
A term. As a consequence, the extra band cannot be assigned as LMCT. It is sug-
gested that all the bands in the near UV region arise from excited configurations
of the Pc ring as a plausible alternative.204 Nombona and Nyokong obtained spectral
changes during the generation of electrochemically-oxidized α-tetraphenylthio- or
β-tetraphenylthio-substituted CoIIPcs.243 The CoII complexes have a Q band at 695
and 673 nm for the α and β derivatives, respectively. The oxidation results in a
bathochromic shift of the Q band (709 and 686 nm for the α and β derivatives,
respectively) with an increase in intensity.

RhII(py)2Pc exhibits absorption peaks at 661, 633, 598, 371, and 327 nm in
DMF.244 In contrast, a hypsochromic shift of these bands is observed for the RhIII

complex. Here, RhIIIClPc shows absorption peaks at 654, 625, 590, 341, and 280 nm
in chloroform, which does not change significantly when the rhodium center is
coordinated to pyridine, 4,4′-bipyridine, 1,4-diazabicyclo[2,2,2]octane (dabco),
and 2-methylpyrazine (mepyz).245 In addition, the chloride ligand has a small
effect on the absorption energies, where the iodo congener, RhIIIIPc, shows
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absorption peaks at 656, 632, 593, 573, and 556 nm in 1-chloronaphthalene.246

Therefore, the effect of the oxidation state of rhodium on the absorption bands is
opposite to that observed for CoPc. The spectra of RhIII complexes are typical in
shape of metalloPcs (Figure 64a). The absorption spectrum of (nBu4N)[RhIPc2−]
in isopropanol indicates that the Q band of this complex is shifted slightly to
longer wavelength compared with the RhIII species (Figure 64c).247 It is proposed
that the intense band at ca. 40 000 cm−1 can be assigned to MLCT transitions.
Gaffo et al. observed a pronounced, partially-reversible quenching of the Q-band
absorption when an LB film of the RhPc complex is exposed to chlorine gas.248

Balkus et al. reported absorption data of RhPc encapsulated in zeolites.249

Photolysis of octaethyl Rh(Me)TAP in benzene (λ > 350 nm) results in the for-
mation of [(octaethyl TAP)Rh]2, which has a direct Rh–Rh bond. The spectro-
scopic changes occurring during the photolysis are shown in Figure 65 (top).250

Dissolution of [(octaethyl TAP)Rh]2 in pyridine gives a new species which shows
a weak band at 750 nm (Figure 65, bottom). The generated species is proposed to
be a π anion radical, i.e. [(octaethyl RhIII(py)2TAP)]•.

Several references are available on IrPc, although few of these include any
absorption study.246,247,251–260 IrIIIClPc exhibits absorption peaks at 648, 625, 586,
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Figure 63. Absorption (top) and MCD (bottom) spectra of CoIII(CN)2Pc. Stillman, M. J.;
Thomson, A. J. J. Chem. Soc. Faraday Trans. 2 1974, 70, 790–804. Redrawn by permission of
The Royal Society of Chemistry.
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567, 553, and 390 nm in 1-chloronaphthalene.246 Examples of absorption spectra
of IrIII and IrI complexes are shown in Figures 64a and d, respectively.247,258

M. Group 10: NiPc, PdPc and PtPc

The spectral properties of NiPcs are, in a sense, featureless because no significant
metal-ligand interactions, nor any axial ligands are expected. The first oxidation
and reduction couples of general NiPc are ligand-centered. Unsubstituted NiIIPc
shows absorption peaks at 651, 594, 327.5, 235, and 210 nm [Q, Q(1–0), B, L, and
C band, respectively, Figure 66].21 Fielding and MacKay observed weak bands at
ca. 6400 cm−1 (1560 nm) for a crystalline thin film of NiPc, which they assigned
to the d–d transition.261 These bands, however, disappear in vapor-phase and solu-
tion spectra. Lever et al. commented that no LMCT transitions from the a1u or a2u

levels of Pc are permitted, and no absorption other than the π–π* transitions
are observed at energies below the Soret band.145 Indeed, although recent DFT
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Figure 64. Absorption spectra of (nBu4N)[MIII(acetate)(Cl)Pc2−] in CH2Cl2 [M = Ir (a) and Rh
(b)], and (nBu4N)[MIPc2−] in isopropanol [M = Rh (c) and Ir (d)]. Redrawn from Hückstädt, H.;
Homborg, H. Z. Anorg. Allg. Chem. 1998, 624, 715–720 and Hückstädt, H.; Homborg, H. Z.
Anorg. Allg. Chem. 1998, 624, 980–986.

b867_Vol-09_Ch-42.qxd  6/11/2010  9:44 AM  Page 68



calculations predict that the b1g(dx2–y2) orbital lies at an energy below the eg(π*)
orbital,262 no absorption bands have been observed in the corresponding region
due to the symmetry-forbidden nature of the transition (a1u(π) → b1g(dx2–y2)). The
normalized Q-band region absorption spectra of NiPc (670 nm), NiNc (770 nm),
α-octabutoxy NiPc (740 nm), and α-octabutoxy NiNc (845 nm) in 1-chloronaph-
thalene are shown in Figure 67.262 The spectra show a red shift of the Q band upon
substitution with either benzoannulation or octabutoxy. Since these two effects are
both operative and independent, the Q band of α-octabutoxy NiNc is red-shifted
by ca. 170 nm relative to that of NiPc. In addition, α-butoxy substitution of both
the Pc and Nc rings also induces a substantial broadening of the Q bands.

PdPc exhibits absorption peaks at 660, 635, 595, 575, 560, 440, 420 nm in 1-
chloronaphthalene. Figure 68 shows the absorption spectra of octaphenyl PdAc
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Figure 65. UV-vis spectral changes during the photolysis of octaethyl Rh(Me)TAP in ben-
zene, to form [(octaethyl TAP)Rh]2 (top), and absorption spectrum of a solution resulting from
dissolving [(octaethyl TAP)Rh]2 in pyridine at 295 K (bottom). Redrawn with permission from
Ni, Y. P.; Fitzgerald, J. P.; Carroll, P.; Wayland, B. B. Inorg. Chem. 1994, 33, 2029–2035.
Copyright 1994 American Chemical Society.
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(compound 1 in the figure) and its trans-annular endoperoxide (compound 2 in the
figure) in benzene.263,264 The photooxygenation of 1 in the presence of molecular
oxygen generates 2. The spectral changes observed in the course of the photo-
oxygenation unambiguously proved that the newly generated compound has an
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Figure 66. Vapor-phase absorption spectrum of NiPc. Redrawn from Edwards, L.;
Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292–310. Copyright 1970, with permission from
Elsevier.

Figure 67. Normalized Q-band region absorption spectra of NiPc (670 nm), NiNc (770 nm),
α-octabutoxy NiPc (740 nm), and α-octabutoxy NiNc (845 nm) in 1-chloronaphthalene at
room temperature. Redrawn with permission from Soldatova, A. V.; Kim, J.; Peng, X. H.;
Rosa, A.; Ricciardi, G.; Kenney, M. E.; Rodgers, M. A. J. Inorg. Chem. 2007, 46, 2080–2093.
Copyright 2007 American Chemical Society.
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aromatic structure identical to Pc. The Q band at 846 nm for 1 disappears during
the photooxygenation, and a new band at 662 nm is generated instead. Excitation
of the photoproduct 2 into higher excited electronic states by UV-laser light results
in the release of molecular oxygen and the regeneration of the starting molecule 1.
Miwa et al. synthesized a series of low-symmetry PdPc derivatives, and confirmed
that the absorption spectra are analogous in shape with those of the corresponding
zinc complexes (not shown).265 The splitting energy of the Q band is also similar
to that of the corresponding zinc derivatives, although the Q band shifts by
300–400 cm−1 to higher energy relative to the zinc complexes. This blue shift of
the Q band is attributed to destabilization of the LUMO by interaction between the
LUMO of the ligand and the dπ orbital of the palladium ion. The Soret bands of
the palladium complexes (ca. 300–360 nm) also shift to the higher energy side. In
addition, broad absorption bands are observed between the Soret and Q bands
(400–500 nm). Presumably, this absorption can be assigned to an MLCT transition
(dπ → π*), because the corresponding MCD spectrum shows intense dispersion-
type signals in this region.
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Figure 68. Absorption spectrum of octaphenyl PdAc in benzene. Redrawn from Freyer, W.;
Flatau, S. Tetrahedron Lett. 1996, 37, 5083–5086. Copyright 1996, with permission from Elsevier.
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Similarly to NiPc, the platinum in PtPc takes on a tetra-coordinated square
planer structure. Therefore, PtPc is a four-coordinated planar complex, and thus no
axial ligands are involved. In 1-chloronaphthalene, PtIIPc shows absorption peaks
at 650, 625, 586, 567, 550, and 455 nm. Spectroscopic studies on PtPc have been
reported by Brown et al.266

N. Group 11: CuPc, AgPc and AuPc

CuIIPc is the most common CuPc, and it has not been possible to isolate a CuI

derivative.267 Gardberg et al. reported the crystal structures of singly and doubly
oxidized CuPc derivatives, CuPc(ReO4) and CuPc(ReO4)2, and demonstrated that
both of these are compounds of CuII.268 There have been very limited reports on
the absorption data of unsubstituted CuIIPc, since it is sparingly soluble in most
solvents. The best solvent for unsubstituted CuPc is probably 1-chloronaphtha-
lene, although it is reported that CuPc forms light-scattering microcrystals at con-
centrations as low as 1 × 10−5 mol dm−3 even in this solvent.58,269 Unsubstituted
CuPc, shows absorption bands at 657.5 (Q), 600 (Q(0–1)), 325 (B), 276 (N),
240.5 (L), and 218 (C) nm in the vapor-phase (Figure 69),21 and at 678, 648, 611,
588, 567, 526, 510 nm in 1-chloronaphthalene.40,270 In a series of tetra-tert-butyl
CuTAP, CuPc, and CuNc, the Q band shifts from 583 nm (CuTAP), to 676 nm
(CuPc), and to 771 nm (CuNc).43 No LMCT transitions are permitted from a1u or
a2u. However, Schott reported a near-infrared absorption band for CuPc crystals,
as shown in Figure 70.271 At least nine bands can be recognized in the 800–1100 nm
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Figure 69. Vapor-phase absorption spectrum of CuPc. Redrawn from Edwards, L.;
Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292–310. Copyright 1970, with permission from
Elsevier.
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region, of which the band at ca. 1080 nm is the most intense. Lever et al. also suc-
ceeded in observing the corresponding absorption for tetrasulfonato CuPc in
DMSO (not shown).145 It is likely that these bands originate from trip-multiplet
transitions, since no other options are available in this region. The absorption
peaks of hexadecachloro CuPc (Pigment Green 7) in H2SO4 differ, depending on
the reference. The reported values are 854, 813, 768, 469, and 350 nm in Ref. 272,
860, 815, 730, and 490 nm in Ref. 273, and 861, 816, 770, 729, 656, 584, and
465 nm in Ref. 274.

Barrett et al. synthesized a Pc complex containing one silver ion, which is sol-
uble in 1-chloronaphthalene, but tends to decompose in the boiling solvent, with the
formation of phthalocyanine and metallic silver.56 However, they could not deter-
mine whether the structure of the complex is AgIIPc or AgIHPc. It is known that the
corresponding porphyrins are compounds of AgII.275 Anderson et al. reported that
this complex shows absorption bands at 675, 642.5, 605, 580, and 560 nm in 1-
chloronaphthalene.57 ESR studies performed by Kholmogorov and Glebovsky
implied that the oxidation state of the silver is 1,276,277 while MacCragh and Koski
concluded that the oxidation state of the silver is 2.278 The synthesis and spec-
troscopy of tetraneopentoxy AgIIPc (TNAgIIPc) have been reported.279–281 Figure 71
shows the spectroelectrochemistry of TNAgIIPc. Stepwise, controlled-potential first
oxidation of a solution of the complex results in the spectroscopic changes shown in
Figure 71 (top). The initial spectrum shows absorption peaks at 685, 618, 386, and
356 nm, with isosbestic points observed at 703, 557, and 395 nm in the course of the
oxidation. The final spectrum, showing absorption bands at 722, 647, 424, and
361 nm, is consistent with that of a metalloPc(2–) species and not an oxidized Pc(1–)
species. Therefore, the observed spectral changes can be ascribed to the oxidation of
the metal from AgII to AgIII, to give [AgIIITNPc(2–)]+. Both the Q and Soret bands
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Figure 70. Near-infrared absorption of CuPc crystals. The dotted line shows the tail of the
red band. Redrawn with permission from Schott, M. J. Chem. Phys. 1966, 44, 429–430.
Copyright 1966 American Institute of Physics.
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shift to longer wavelength by ca. 40 nm for the AgIII species compared with the AgII

species. The spectral changes associated with the second oxidation potential, to
exhibit absorption bands at 854, 721, 649, 574, and 439 nm (Figure 71, bottom) is
characteristic of the formation of a radical Pc(1–) species.

MacCragh and Koski reported that AuIIPc shows absorption peaks at 662, 633,
601, and 348 nm,282 although it is still questionable whether gold Pc is a truly diva-
lent gold complex or a tervalent complex.

O. Group 12: ZnPc, CdPc, Cd2Pc3 and HgPc

The ZnII ion has a d10 configuration, so LMCT and d–d transitions should not
appear in the UV-vis region. Therefore, ZnIIPc is free from CT transitions, and is
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Figure 71. Stepwise, controlled-potential spectroelectrochemistry: (top) TNAgIIPc in o-DCB
solution, showing the development of [AgIIIPc(2−)]+ as the potential is stepped through the first
oxidation wave from 0.55 to 0.9 V vs. SCE; (bottom) electrochemically generated [AgIIIPc(2−)]+

in o-DCB showing the development of the π radical cation [AgIIIPc(1−)]2+ as the potential is
stepped through the second oxidation wave from 1.10 to 1.40 V vs. SCE. The solutions con-
tain 0.2 M TBAPF6. Redrawn with permission from Fu, G. Y.; Fu, Y. S.; Jayaraj, K.; Lever, A. B. P.
Inorg. Chem. 1990, 29, 4090–4095. Copyright 1990 American Chemical Society.
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well-suited for a spectroscopic study of the Pc ligand. Unsubstituted ZnPc shows
absorption bands at 661 (Q), 600 (Q(0–1)), 326.5 (B), 276 (N), 240 (L), and
220 (C) nm in the vapor-phase (Figure 72),21,33 at 680, 649, 616, 587.5, and 565 nm
in 1-chloronaphthalene,57 and at 672, 646, 607, and 347.5 nm in pyridine.40 In
coordinating solvents, a solvent molecule coordinates at the axial position of the
zinc atom,283 so that the actual species in pyridine solution is ZnII(py)Pc.284 Bajema
et al. measured the absorption spectra of a matrix-isolated ZnPc at liquid hydro-
gen temperature by using argon, krypton, xenon, methane, nitrogen, and sulfur
hexafluoride.34 It was observed that the width of the absorption lines increases in
the order of Ar < CH4 < Kr < Xe < N2 < SF6. The absorption and MCD spectra of
ZnIIPc in DMSO with and without added cyanide (CN−) are shown in Figure 73.204

The band at ca. 29 kcm−1 in DMSO splits into two upon addition of CN−. Nyokong
et al. performed a band deconvolution analysis of both the MCD and absorption
data for ZnPc and its π-cation-radical species,19 of which the latter is omitted here,
since another chapter of this handbook describes this species in detail.24 Figure 74
shows the absorption and MCD spectra of Zn(CN−)Pc in the Q-band (left)
and B-band (right) regions. The MCD signal corresponding to the Q band at ca.
15 000 cm−1 (670 nm) is a Faraday A-term, reflecting the degenerated states of the
Q band. On the other hand, the vibronic bands in the 15 200–17 500 cm−1 region give
Faraday B type MCD signals, unlike the case for porphyrins. In the B-band region
(23 000–38 000 cm−1), three MCD A-terms are deconvoluted at 25 874, 30 213,
and 36 505 cm−1, which can be assigned to the B, N, and L bands, respectively.
Coordination of imidazole instead of cyanide to the zinc changes the shape of the
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Figure 72. Vapor-phase absorption spectrum of ZnPc. Redrawn from Edwards, L.;
Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292–310. Copyright 1970, with permission from
Elsevier.
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spectra slightly (not shown). In this case, the B-band region contains at least four
MCD A-term components, which are deconvoluted at 27 150, 29 780, 35 440, and
40 650 cm−1. These are assigned to the B, N, L, and C bands, respectively. Moment
analysis of MCD data can estimate the value of the angular momentum associated
with the photo-excitations. It has been proposed that the value of the angular
momentum of the metalloPc is always less than that of the pure Pc ring, since the
empty 1eg(π*) orbitals of the Pc can interact with the metal orbitals, reducing the
value of angular momentum.285 Nyokong et al. reported that the angular momen-
tum of the ZnPc species follows the trend Zn(CN−)Pc > Zn(py)Pc > Zn(im)Pc, and
commented that the observed results can be rationalized on the basis of the effects
of the π-acceptor and σ-donor strengths of the axial ligand.19 The CN− ion as an
axial ligand is a good π acceptor, so that it lowers the energy of the metal d
orbitals, which results in an increase in the angular momentum. On the other hand,
imidazole is a strong σ donor, leading to a decrease in the angular momentum.
Since pyridine is a weaker σ donor than imidazole, Zn(py)Pc gives an intermedi-
ate result. VanCott et al. measured the MCD and absorption spectra of ZnPc iso-
lated in an argon matrix over the range 14 700–74 000 cm−1.35 The matrix spectra
show sharper bands and much more structure than the gas-phase, thin-film, or
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Figure 73. Absorption (top) and MCD (bottom) spectra of ZnIIPc in (a) DMSO and (b) DMSO
plus NaCN. Stillman, M. J.; Thomson, A. J. J. Chem. Soc. Faraday Trans. 2 1974, 70, 790–804.
Redrawn by permission of The Royal Society of Chemistry.
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solution spectra. Figure 75 (top left) shows the Q(0–0)-region absorption and
MCD spectra of ZnPc/Ar at ca. 5 K. At least 12 peaks and shoulders are observed
in the absorption data in this region, each of which is associated with a maximum
or minimum in the MCD. Interestingly, the individual MCD signals correspond to
Faraday B-terms. This is due presumably to the existence of a crystal-field-stabi-
lized Jahn-Teller effect, resulting in the splitting of a doubly degenerate excited
state, to give rise to a pair of B terms of opposite sign but equal magnitude. The
spectra of the other energy region are also summarized in Figure 75. Readers
should see Ref. 35 for a detailed discussion.

There are very few reports on CdPcs in the literature.74,286–293 α-Octa-n-hexyl
CdPc exhibits a Q band at 708 nm in hexane, which is characteristic of a metalloPc
substituted with alkyl chains at the α-positions (Figure 76, lower).288,289 Recently,
Chambrier et al. have reported the first example of a di-cadmium tris-Pc triple-
decker sandwich complex, which shows absorption peaks at 867, 718, 646, 599,
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Figure 74. Band deconvolution analysis for ZnPc with added CN− ligand in dimethylac-
etamide for the Q-band (left) and B-band (right) region: (a) absorption experimental data (solid
line) and fitted result (dashed line) together with the deconvoluted individual bands; (b) MCD
experimental data (solid line) and fitted result (dashed line) together with the individual A and
B terms. Redrawn with permission from Nyokong, T.; Gasyna, Z.; Stillman, M. J. Inorg. Chem.
1987, 26, 1087–1095. Copyright 1987 American Chemical Society.
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and 483 nm in hexane (Figure 76, upper).288,289 The relative intensities of some of
these bands vary somewhat in other solvents.

Phthalocyaninatobis(methylmercury), (CH3HgI)2Pc, and HgIIPc have been
reported,56,286,294,295 of which the former shows absorption peaks at 721, 654, 440,
342, and 285 nm.294

P. Group 13: B-subPc, AlPc, GaPc, InPc and TlPc

In 1972, Meller and Ossko serendipitously found that reactions of phthalonitrile
with boron complexes such as BBr3, BCl3, and PhBCl2 yielded macrocyclic
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Figure 75. MCD (upper curve) and absorption spectra (lower curves) of ZnPc/Ar in the
region of the Q(0,0) (top left), Q(1,0) (top center), Q(2,0) (top right), B-band (bottom left), N-
band (bottom center), and vacuum ultraviolet (bottom right) envelope at ca. 5 K. A is
absorbance and ∆A is the MCD per tesla. Redrawn with permission from Vancott, T. C.; Rose,
J. L.; Misener, G. C.; Williamson, B. E.; Schrimpf, A. E.; Boyle, M. E.; Schatz, P. N. J. Phys.
Chem. 1989, 93, 2999–3011. Copyright 1989 American Chemical Society.
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boron complexes, in which the boron is surrounded by three isoindole units
linked by meso-nitrogen atoms, named subphthalocyanine (subPc).296 There is a
comprehensive review on subPcs by Torres and coworkers.297 The boron atom in
subPc has one axial ligand, and BBr-subPc and BCl-subPc show axial reactivity
with nucleophiles, to yield axially-substituted subPcs. The corresponding boron
Pc complex has not been reported to date. The absorption spectra of subPcs
resemble that of typical metalloPcs in shape, irrespective of the ring contraction
from the 18π-system of Pcs to the 14π-system, and the resultant cone-shaped
aromatic ring deformation. The Q band generally appears at ca. 560–590 nm,
while another band containing more than one transition is also observed in the
Soret region. Compared with the Q band positions of the corresponding cyclic
tetramers, namely TAPs, Pcs, and Ncs, the Q bands of subPcs shift to the blue
by ca. 170–180, 120–130, and 100–120 nm, respectively. In addition, the molar
extinction coefficients (ε) are smaller than those of the corresponding
tetramers.298 Figure 77 (dotted line) shows the absorption spectrum of BCl-
subPc in CHCl3.

299 An intense Q band appears at 565 nm, which is accompanied
by an associated vibronic band at ca. 520 nm. In the Soret region, a peak at
305 nm was observed.300 BF- and tri-tert-butyl BBr-subPcs exhibit Q bands at
570 and 567 nm, respectively.296 BPh-subPc obtained from the reaction of phthalo-
nitrile with triphenylboron (BPh3) in the presence of DBU in naphthalene shows
a Q band at 566 nm in toluene.301 Thus, the effect of the axial ligand on the Q
band position is relatively small. There are several reports on subazaporphyrins
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Figure 76. Absorption spectra of α-octa-n-hexyl CdPc (below) and the Cd2Pc3 type triple
decker complex obtained therefrom (above) in hexane. Chambrier, I.; Hughes, D. L.; Swarts,
J. C.; Isare, B.; Cook, M. J. Chem. Commun. 2006, 3504–3506. Redrawn by permission of The
Royal Society of Chemistry.
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(subAPs). Hanack mentioned that hexa-p-tert-butylphenyl BCl-subAP shows an
absorption peak at 378 nm in toluene,301 while Kobayashi tentatively assigned
the Q band of a BBr-subAP derivative in CHCl3 prepared from 1-(1,2,2-tricya-
noethenyl)-2-trifluoromethylbenzne at 411 nm.302 Torres and coworkers isolated
a series of subAP derivatives. Figure 77 compares the absorption spectra of BCl-
subPc (dotted line), BCl-(n-Pr)6subAP (thick line), and BCl-(SC18H37)subAP in
CHCl3.

299 The Q-band region of the former two complexes are very similar in
shape. BCl-(n-Pr)6subAP shows absorption peaks at 501 and 295 nm correspon-
ding to the Q and Soret bands, respectively. On the other hand, the spectrum of
BCl-(SC18H37)subAP has a different shape to that of the other two derivatives,
exhibiting a peak in the Soret region (298 nm) in addition to two broad bands at
444 and 559 nm. The band at 444 nm was assigned to n → π* transitions from
the peripheral sulfur lone-pair electrons to a π* orbital of the macrocycle, while
the band at 559 nm was assigned as the Q transitions. The peripheral thioalkyl
groups shift the Q band to the red by ca. 60 nm. The same group also reported
that fluoro subAP derivatives, namely BF-subAPs, exhibit a Q band in the ca.
500–570 nm region, depending on the peripheral substituents, although the
introduction of a fluorine atom into the axial position itself has no significant
effect on the Q band position.303 The first X-ray structure of a subAP derivative
was reported for BOH-Et6subAP, which shows a Q band at 496 nm in hexane.304

A comparative study of a series of ring-expanded subPc analogs clearly indi-
cates a tendency for both the Soret and Q bands to shift to longer wavelengths
and increase in intensity with increasing size of the π-system. Thus, the Q band
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Figure 77. Absorption spectra of BCl-subPc (dotted line), BCl-(n-Pr)6subAP (thick line),
and BCl-(SC18H37)subAP in CHCl3. Redrawn from Rodríguez-Morgade, M. S.; Esperanza, S.;
Torres, T.; Barberá, J. Chem. Eur. J. 2004, 11, 354–360.
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of subnaphthalocyanines (subNcs) appears at 650 and 667 nm, for BPh-subNc
and BBr-subNc, respectively.298,301,302

A binuclear subPc dimer which shares a central benzene ring was first pre-
pared as a mixture of cis and trans isomers by Kobayashi in 1991.305 A decade
later, two groups have succeeded independently in separating these two isomers
by using the fluoro-substituted dimer.306,307 As shown in Figure 78, the absorption
bands of the dimer species in the visible region are shifted to the red by ca. 120 nm
and have more structure compared to the monomer species, BCl-F12subPc, indi-
cating an extension of the π-system. Both cis and trans isomers show similar-
shaped spectra, although the Q band of the trans isomer appears at longer
wavelength compared to the cis isomer, by ca. 3–4 nm, while the absorbance on
the shorter-wavelength side of the Soret band is higher for the trans isomer.307 As
an extension, trinuclear subPc trimers have also been synthesized, and their
absorption spectra reported.308 The Q band of a µ-oxo dimer, (tri-tert-butyl
subPc)2O, shifts to the blue, while the position of the Soret band is virtually
unchanged. The blue-shift of the Q band is explained on the basis of an exciton
interaction.302,309 On the other hand, Torres and coworkers claimed that the shape
of the absorption spectrum of a subPc dimer having a direct B–B linkage is prac-
tically identical to that of the monomer species.310

AlPcs are of interest because of their possible application in the area of photo-
dynamic therapy (PDT). The aluminum ion in AlPc is generally trivalent, and thus
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Figure 78. Absorption spectra of cis (solid line) and trans (dashed line) forms of dimeric
BCl-F16subPc in CHCl3. The spectrum of the monomeric form, BCl-F12subPc is also shown as
a reference (dotted line). Redrawn from Fukuda, T.; Stork, J. R.; Potucek, R. J.; Olmstead,
M. M.; Noll, B. C.; Kobayashi, N.; Durfee, W. S. Angew. Chem. Int. Ed. 2002, 41, 2565–2568.
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neutral AlPc has an axial ligand. As intuitively expected, and empirically and theo-
retically supported, the structure of typical AlIIILPc takes on a dome-shaped C4v

symmetry.311 Unsubstituted AlClPc and Al(OH)Pc show band peaks at 691, 665,
622, 597 and 576 nm in 1-chloronaphthalene, and 672 nm in DMF, respectively.57,312

AlBrPc and AlIPc are also known.313 The axial ligand can be replaced with various
alcohols. For example, tri-n-hexylsiloxy-substituted AlPc is obtained by reacting tri-
n-hexylchlorosilane with Al(OH)Pc, and has absorption band peaks appearing at
672, 638, 606, and 345 nm in THF.314 Homborg and Murray isolated a [AlF2Pc]2−

species by treatment of AlClPc in dichloromethane with TBAF.3H2O, which is sub-
ject to hydrolysis, to give [(AlFPc)2O]2−.315 Figure 79 depicts the absorption spectra
of AlClPc in THF, DMF, DMSO, and pyridine.316 The spectral envelopes are typical
of “normal” Pcs. An intense Q band appears at 675–681 nm depending on the sol-
vent, accompanied by two additional bands between 609 and 651 nm. The B band
is located in the 347–364 nm region. There is a correlation between the band ener-
gies and donor number of the solvent, where the B and Q bands shift bathochromi-
cally and show an increase in molar extinction coefficients (ε) upon changing from
the low-donor THF to high-donor pyridine. Electrochemical study revealed that
AlClPc(solvent) is the effective species. Addition of TBAF.3H2O to a THF solution
of AlClPc produces a three-step spectral change, of which the first step (0–0.35
equivalent of F−) can be attributed to the formation of the µ-oxo dimer, (AlPc)2O.
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Figure 79. Absorption spectra of AlPcCl in (a) THF, (b) DMF, (c) DMSO, and (d) pyridine.
Redrawn with permission from Ou, Z. P.; Shen, J.; Kadish, K. M. Inorg. Chem. 2006, 45,
9569–9579. Copyright 2006 American Chemical Society.
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Accordingly, the initial Q band at 675 nm decreases in intensity and shifts slightly
to the blue (673 nm) during the titration, while a new band appears at 638 nm.
Further addition of TBAF.3H2O (0.35–5.2 equivalent of F−) causes the disappear-
ance of the band at 673 nm, and the appearance of a single, new band at 628 nm,
suggesting the formation of the [(AlFPc)2O]2− species. The final step (5.2–86.4
equivalent of F−) generates the six-coordinate fluoride complex, [AlF2Pc]2−, which
is monitored by the appearance of an intense Q band at 658 nm (Figure 80). The
spectrum of [AlF2Pc]2− is similar to that of ZnPc and MgPc in shape. Similar spec-
tral changes are also observed for a TBAOH titration, although there is no spectral
evidence for the formation of a µ-oxo dimer nor six-coordinate [Al(OH)2Pc]2−. In the
original paper, it was concluded that the final spectrum, exhibiting bands at 668,
638, and 601 nm, in a TBACN titration arises from Al(CN)Pc(THF). Reinot et al.
described that the Q-band of AlPc splits into two components.317 Although the for-
mation of a dimer species and the presence of coordinated water molecules are pos-
sible reasons for the observed Q-band splitting, TDDFT calculations demonstrated
that the origin of the splitting is largely related to a change in the N–C bonds caused
by interaction between the surroundings and the molecule.318 Reduction of AlClPc
with 1.1 equivalents of Na/Hg in THF yields the stable radical AlPc(THF)2, whose
absorption peak appears at 649 nm.319

Similar to AlPcs, the gallium ion in GaPc is generally trivalent, and chloro-
gallium (GaCl) derivatives are the most common. No CT transitions are expected
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Figure 80. Spectroscopically monitored titration of AlPcCl with TBAF.3H2O in THF: (a) first
step (0–0.35 equiv of F−), (b) second step (0.35–5.2 equiv of F−), and (c) third step (5.2–86.4
equiv of F−). Redrawn with permission from Ou, Z. P.; Shen, J.; Kadish, K. M. Inorg. Chem.
2006, 45, 9569–9579. Copyright 2006 American Chemical Society.
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for complexes of this category. Nyokong and coworkers have developed a variety
of GaPc derivatives in anticipation of the application of these complexes to
PDT,320–324 while Hanack and coworkers are interested in GaPcs as optical limit-
ing (OL) materials.325–330 Unsubstituted GaIIIClPc exhibits a Q band at 680, 678,
and 677 nm in DMSO, DMF, and THF, respectively.321 Figure 81 shows the
absorption spectra of α-tetraphenoxy GaIIIClPc (solid line) and β-tetraphenoxy
GaIIIClPc (dashed line) in DMSO.323 The spectra have the general shape of
metalloPcs, showing Q bands at 712 nm (α-derivative) and 691 nm (β-derivative).
The α-substituted derivative has its Q band at slightly longer wavelength com-
pared to the β-substituted derivative. In addition, some differences in spectral
shape are observed in the 300–400 nm region between the α and β derivatives.
Interestingly, the Q band of β-octaphenoxy GaClPc occurs at 687 nm in DMSO,
which is an even shorter wavelength than that of the β-tetraphenoxy derivative
(691 nm).321 Figure 82 compares the absorption spectra of tetra-tert-butyl GaClPc
(dashed line) and tetra-tert-butyl Ga(p-trifluoromethylphenyl)Pc (solid line).326 As
shown in the figure, both spectra resemble each other in shape, in particular, in the
Q-band region, indicating that the electronic structure of GaIIIPc is relatively inde-
pendent of the axial ligand. The Q band position is not significantly changed by
µ-oxo dimerization. For example, tetra-tert-butyl GaClPc and [tetra-tert-butyl
GaPc]2O show Q bands at 693 and 692 nm in toluene, respectively.329,331

The indium ion in InPc is also trivalent,322,323,325,329,332–345 and the absorption
properties of InPcs resemble those of GaPcs. The Q band of tetra-tert-butyl InClPc
appears at 695 nm in toluene, while α-octathiohexyl InClPc extends to 836 nm in
THF.338 The axial chloride ligand can be replaced with an aryl or alkyl group by
employing a Grignard reaction.333 Figure 83 demonstrates how the absorption
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Figure 81. Absorption spectra of α-tetra-phenoxy GaClPc (solid line) and β-tetra-phenoxy
GaClPc (dashed line) in DMSO. Redrawn from Durmuş, M.; Nyokong, T. Tetrahedron 2007,
63, 1385–1394. Copyright 2007, with permission from Elsevier.
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spectra of octaphenyl In(L)TAP differs in shape, depending on the axial ligand,
where L = Cl, Ph, or n-Bu.333 The main differences in the spectrum occur in the
B band region, while the position of the Q band remains virtually unchanged
(645 nm). The Q band can be assigned as the a1u → eg transitions. Since the a1u

orbital has zero coefficients at the coordinated pyrrole nitrogen atoms, the a1u

orbital does not influence the Q band position significantly. The formation of the
µ-oxo dimer leads to a small blue shift of the Q band and a red shift of the
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Figure 82. Absorption spectra of tetra-tert-butyl GaClPc (dashed line) and tetra-tert-butyl
Ga(p-trifluoromethylphenyl)Pc (solid line) in CHCl3. Redrawn from Chen, Y.; Subramanian,
L. R.; Barthel, M.; Hanack, M. Eur. J. Inorg. Chem. 2002, 1032–1034.

Figure 83. Absorption spectra of octaphenyl InClTAP (1), InPhTAP (2), and In(n-Bu)TAP (3)
in benzene. Redrawn from Mal’chugina, O. V.; Stuzhin, P. A. Russ. Chem. B 2002, 51,
2261–2267 with kind permission from Springer Science and Business Media.
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B band.325 The axially bridged In–In Pc dimer, namely [tetra-tert-butyl
InPc]2

.2tmed (tmed = N,N,N′,N′-tetramethylethylenediamine), was first reported
by Hanack and coworkers.346 Spectroscopic studies clarified that the dimerization
does not greatly affect the spectral profile, so that the main differences between
the spectral features of the monomer and dimer are associated with changes of the
molar extinction coefficients due to the different number of absorbing Pc rings per
molecular unit.341 Figure 84 compares the absorption spectra of tetra α- or β-
alkoxy InClPcs as an example of representative absorption shapes of InPcs.

Barrett et al. reported that double-decomposition reactions between Li2Pc and
thallium hydroxide gave a bright green precipitate, presumably the TlPc com-
plex.56 However, no further spectroscopic investigations on TlPcs are found in the
literature.

Q. Group 14: SiPc, GePc, SnPc, SnPc2 and PbPc

SiPcs have two axial ligands above and below the Pc plane. Only the tetravalent
species, SiIVPc, is known to date. Optical data for SiPcs are normal in shape, and
are similar to that of MgPc (Figure 85, dashed line).347,348 SiCl2Pc exhibits a Q
band at 699 nm in pyridine, which is shifted to 671 nm when the two axial ligands
are replaced with two hydroxyl groups. The axial ligands can be readily replaced
with various substituents. For example, axial substitution by two OSiMe3 groups
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Figure 84. Absorption spectra of α-tetraalkoxy InClPc and β-tetraalkoxy InClPc in THF.
The alkoxy group is –OCH2CH(CH2CH3)2. Redrawn from Wang, S. Q.; Gan, Q.; Zhang, Y. F.;
Li, S. Y.; Xu, H. J.; Yang, G. Q. ChemPhysChem 2006, 7, 935–941.
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is achieved by reacting SiPc(OH)2 with (Me3Si)2NH in dry pyridine.349 The result-
ant SiPc(OSiMe3)2 shows a Q band at 667 nm in benzene. Treatment of SiPcCl2

with primary Grignard reagents in the dark gives the corresponding diorgano Pc
derivatives, SiPcR2.

350 A similar procedure using monoorgano-monochloro pre-
cursors, SiPcR1Cl, gives unsymmetrical organo SiPcs, SiPcR1R2. The Q band of
SiPc(C8H17)2 appears at 783 nm in cyclohexane. In the case of the bis(alkylcar-
boxylato)-substituted complex, SiPc(OCOC8H17), the Q band appears at 697 nm
in CHCl3. These examples indicate that the Q band position of SiPcs is relatively
sensitive to their axial substituents. Thermal reaction of SiPc(OH)2 yields a dimer,
trimer, and oligomers having siloxane bonds. As shown in Figure 85, the spectral
envelope is sensitive to the number of Pc rings per molecule. A blue shift of the Q
and B bands with increasing chain length was observed, which was mainly attrib-
uted to exciton interactions between the constituted Pc rings. Thus, the Q band at
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Figure 85. Absorption spectra of silicon Pc monomer (dashed line) and µ-oxo dimer (dotted
line) and trimer (solid line). The axial ligands are OSi(CH3)(OSi(CH3)3)2. Redrawn with per-
mission from Kane, A. R.; Sullivan, J. F.; Kenny, D. H.; Kenney, M. E. Inorg. Chem. 1970, 9,
1445–1448. Copyright 1970 American Chemical Society.
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15 040 cm−1 (665 nm) for the monomer shifts to 15 880 cm−1 (630 nm), 16 180 cm−1

(618 nm), and 16 270 cm−1 (615 nm) for dimer, trimer, and tetramer, respec-
tively.347 Kleinwächter and Hanack reported that the torsion angle between adja-
cent Pc rings in µ-oxo SiPcs depends on the choice of peripheral substituents.351

Figure 86 demonstrates the solvatochromic behavior of octaalkoxy-substituted µ-
oxo SiPc dimers. The spectra recorded in CH2Cl2 are quite different from those of
typical metalloPcs, with all the dimer species showing a multiply split Q-band
comprising at least five transitions between 500 and 900 nm in CH2Cl2 (Figure 86,
solid lines). Nonaromatic solvents such as acetone, diethyl ether, THF, CDCl3, and
n-hexane also give similar results. In contrast, the spectral envelopes depend on
the peripheral substituents (R) when recorded in benzene. When R = OC8H17, a
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Figure 86. Absorption spectra of (a) [(H17C8O)8SiPc(OSiMe2-tert-Bu)2]2O, (b) [(3,7-Me2-
C8H15O)8SiPc(OSiMe2-tert-Bu)2]2O, and (c) [(2-Et-C6H12O)8SiPc(OSiMe2-tert-Bu)2]2O in ben-
zene (dashed lines) and CH2Cl2 (solid lines) at 25 °C. Redrawn with permission from
Kleinwächter, J.; Hanack, M. J. Am. Chem. Soc. 1997, 119, 10684–10695. Copyright 1997
American Chemical Society.
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sharp Q band appears at 639 nm with accompanying tails on both sides (Figure
86a, dashed line), while no such clear Q band can be observed even in benzene
when R = 2-Et-OC6H12 (Figure 86c, dashed line). An intermediate result was
obtained when R = 3,7-Me2-OC8H15 (Figure 86b, dashed line). The authors in Ref.
351 concluded that the torsion angle between the two Pc rings is ca. 20–30° in
nonaromatic solvents. On the other hand, the species which gives a sharp Q band
has a fully staggered or eclipsed conformation. Absorption data on silicon triaza-
corrole and silicon tetrabenzotriazacorrole have been reported independently by
the Hanack and Kobayashi groups.352–355

The chemistry of GePcs is analogous to that of the SiPcs. GeIVCl2Pc is synthe-
sized by the reaction of germanium tetrachloride with H2Pc,356 1,3-diiminoisoindo-
line,357 or phthalonitrile.358 The axial ligands can be replaced with dihydroxy and
further by diphenoxy groups, to give GeIV(OH)2Pc and GeIV(OPh)2Pc, respectively.356

Unsubstituted Ge(OH)2Pc exhibits absorption peaks at 676, 645, 607, 415, 358, and
315 nm in pyridine.358 Ge(OSi(n-C6H13)2Pc shows a Q band at 673.7 nm (14 843 cm−1)
in toluene, which is red-shifted by ca. 120 cm-1 compared to the corresponding silicon
derivative.359 Figure 87 compares the absorption spectra of Si(OH)2Pc (dashed line),
Ge(OH)2Pc (dotted line), and Sn(OH)2Pc (solid line) in pyridine.358 The Q band shifts
to the red in the order of SiPc → GePc → SnPc, which is attributed to the decrease
in electronegativity of the central metal in this order. Lower electronegativity causes
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Figure 87. Absorption spectra of Si(OH)2Pc (dashed line), Ge(OH)2Pc (dotted line), and
Sn(OH)2Pc (solid line) in pyridine. Redrawn with permission from Dirk, C. W.; Inabe, T.;
Schoch, K. F.; Marks, T. J. J. Am. Chem. Soc. 1983, 105, 1539–1550. Copyright 1983
American Chemical Society.
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a shift of charge on the metal onto the Pc ring, and as a consequence, the a2u(π) orbital
increases in energy. GePcs are also able to form µ-oxo dimer, trimer, and oligomers,
which show the same trend in spectral envelope shape as the silicon congeners.
{[(CH3)3SiO]2(CH3)SiO}(GeIVPcO)2{Si(CH3)[OSi(CH3)3]2} exhibits a Q transition at
15 840 cm−1, while the Q band of the corresponding monomer species appears at
14 970 cm−1.347,360 Hohol and Urban synthesized µ-oxo GePc polymers, [GePcO]n, by
irradiating a solution of GeCl2Pc with ultrasonic energy in the presence of a germa-
nium chalcogenide.357 Figure 88 shows the absorption spectral changes during the
sonication of GeCl2Pc. With increasing sonication time, a hypsochromic shift of the
Q band from 690 to 640 nm is observed, demonstrating a general tendency observed
for µ-oxo oligomerization of Pc derivatives.357 Stover et al. reported that a reduction
reaction of GeIVCl2Pc with either NaBH4 or SnCl2 yielded GeIIPc.361 This complex
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Figure 88. Absorption spectral changes of GeCl2Pc during the course of sonication in the
presence of sodium telluride, for periods of: A, 0 minutes; B, 15 minutes; C, 30 minutes; D,
60 minutes; and E, 120 minutes. Redrawn from Hohol, M. D.; Urban, M. W. Polymer 1993,
34, 1995–2002. Copyright 1993, with permission from Elsevier.
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shows intense absorption bands at 445 and 330 nm, together with a shoulder at 415
nm in pyridine, in addition to intense bands and shoulders at 655, 602sh nm.
However, the compound was later shown instead to be germanium triazatetraben-
zocorrole hydroxide, Ge(OH)TBC.362 Figure 89 exemplifies the absorption spec-
tra of gallium, aluminum, germanium, and silicon complexes of the TBC
derivatives. Recently, Cissell et al. reinvestigated the synthesis of GeIIPc, and
reported that the reaction of GeCl2(dioxane) with K2Pc(DMF)4 in THF gives a new
germanium complex, which has a complicated-shaped absorption spectrum, sug-
gesting that it has a 20-π electronic configuration, i.e. GeIVPc(4–), (Figure 90,
black line).363 After exposure to air, the complex shows clear Q-like bands in the
600–700 nm region (Figure 90, gray line).

42/UV-Visible Absorption Spectroscopic Properties of Pcs and Related Macrocycles 91

Figure 89. Absorption spectra of metalloid TBC derivatives in isopropyl alcohol. Redrawn
with permission from Fujiki, M.; Tabei, H.; Isa, K. J. Am. Chem. Soc. 1986, 108, 1532–1536.
Copyright 1986 American Chemical Society.
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SnIIPc and SnIVPc species have been reported to date, and their X-ray struc-
tures are also available.364,365 SnIVCl2Pc shows absorption peaks at 690, 625, and
270 nm in the vapor phase, with a spectral window in the 400–600 nm region
(Figure 91).21 SnIV(OH)2Pc and SnIIPc exhibit absorption bands at 696, 665, 626,
360, and 340 nm in pyridine,358 and at 682 and 359 nm in ethanol,366 respectively.
Similarly to SiPc and GePc, a hypsochromic shift of the Q transition is observed on
formation of the µ-oxo oligomers, although the shift is quite small (695 nm for
[SnPcO]n, and 696 nm for the monomer).358 A series of homo- and hetero- µ-oxo
dimers, namely Si–O–Si, Si–O–Ge, and Si–O–Sn complexes, show a bathochromic
shift of the Q band in this order.359 Nyokong and coworkers have reported the spec-
troscopic properties of some substituted SnPc derivatives.367–369 SnIV also forms a
double-decker-type binuclear SnIVPc2.

40,74,370–372 X-ray crystallography clarified that
the two Pc moieties are rotated by 42° with respect to each other.371 Since the tin
center is tetravalent, unlike the tervalent state of lanthanide ions, the neutral form
can be described as Pc(2–)SnPc(2–). Therefore, the absorption properties of neutral
Sn(Pc)2 resemble those of Zr(Pc)2 rather than [Ln(Pc)2]

0. Figure 92 shows the
absorption and MCD spectra of SnIVPc2.

372 A splitting of the Q band is observed, of
which the lower energy component has a smaller intensity. The B band also shows
a notable blue shift compared to the monomer species, with a longer wavelength
tail extending to ca. 22 kcm−1. The MCD spectrum shows dispersion type A-terms
for the Q and B bands, indicating degenerate excited states corresponding to these
bands. Importantly, A-terms are observed for both of the split Q bands. As
described above (Section E), the exciton theory is insufficient to fully understand
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Figure 90. Absorption spectra of Ge(py)2Pc in pyridine (black line) and spectrum of the same
sample in pyridine after exposure to air (gray line). Redrawn with permission from Cissell,
J. A.; Vaid, T. P.; DiPasquale, A. G.; Rheingold, A. L. Inorg. Chem. 2007, 46, 7713–7715.
Copyright 2007 American Chemical Society.
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Figure 91. Vapor-phase absorption spectrum of SnIVCl2Pc. Redrawn from Edwards, L.;
Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292–310. Copyright 1970, with permission from
Elsevier.

Figure 92. Absorption (top) and MCD (bottom) spectra of SnPc2 in toluene (solid line). The
absorption spectrum of monomeric SnCl2Pc in 1-chloronaphthalene is also shown as a dotted
line. Redrawn with permission from Ohno, O.; Ishikawa, N.; Matsuzawa, H.; Kaizu, Y.;
Kobayashi, H. J. Phys. Chem. 1989, 93, 1713–1718. Copyright 1989 American Chemical
Society.
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these spectral features, and the inclusion of charge resonance terms is inevitably
necessary to theoretically reproduce the experimental results.

In the case of PbPc complexes, only PbIIPc species have been isolated. X-ray
crystallography clarified that the Pc ring in PbPc adopts a shuttlecock conformation,
with the lead ion located above the convex side and displaced by 0.906 Å (mono-
clinic and tetragonal forms) or ca. 1.28 Å (triclinic form) from the mean-plane of the
four pyrrole nitrogen atoms.373–375 Unsubstituted PbPc shows absorption peaks at
698 (Q), 640 (Q(1–0)), 332.5 (B), 280 (N), 245 (L), and 207.5 (C) nm in the vapor
phase (Figure 93).21 Figure 94 shows the absorption spectrum of α-tetrapentoxy
PbPc in CHCl3.

376 The spectrum has a shape typical of metalloPcs for the B and Q
band regions, with the B and Q bands appearing at 333 and 751 nm, respectively, as
unsplit single bands. The authors in Ref. 376 assigned the weak absorption band at
around 431–437 nm as an n-π* transition due to the presence of the alkoxy groups.
However, this assignment remains a matter of debate, because even unsubsti-
tuted PbPc shows similar spectral envelopes in this region (Figure 93). In addition,
other substituted PbPc complexes, such as thioalkyl–,338 phenyl–,377 and nitro-
substituted378–380 derivatives, also exhibit weak absorption bands in this region, indi-
cating that the band is inherent in PbPcs rather than originating from substituents.
Zhang et al. performed time-dependent DFT calculations in order to calculate the
electronic absorption spectra of metalloPcs of group 14, by employing a combina-
tion of the B3LYP functional and the LANL2DZ basis set.381 According to their
results, the band in the 400–500 nm region consists mainly of the HOMO–1 →
LUMO transition, in which the HOMO–1 orbital of PbPc is mainly composed of the
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Figure 93. Vapor-phase absorption spectrum of PbPc. Redrawn from Edwards, L.;
Gouterman, M. J. Mol. Spectrosc. 1970, 33, 292–310. Copyright 1970, with permission from
Elsevier.
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dz2 orbital of the lead with some subsidiary contribution from the pz orbital of the
nitrogen atoms, i.e. the band in this region has an MLCT character. Yaraşir et al. per-
formed spectroelectrochemistry of octapropyl PbTAP, which revealed that the com-
plex is demetalated during the controlled potential coulometry measurement after
the first reduction couple of the complex (not shown).382

R. Group 15: PPc, AsPc, SbPc, BiPc, BiPc2 and Bi2Pc3

In 1981, Gouterman et al. reported the synthesis of PIIIPc and PIVPc by the reac-
tion of H2Pc with py-PBr3, and commented that the absorption spectrum of PIIIPc
shows an unusual sharp band at 442 nm.366,383 However, Fujiki et al. pointed out
later that the “PIIIPc” species is in fact a tetrabenzotriazacorrole (TBC) complex,
PV=O(TBC).362 Figure 95 shows the absorption spectra of unsubstituted PV=O(TBC)
in pyridine (solid line) and in trifluoroacetic acid (TFA, dashed line).384 In pyri-
dine, at least five components can be recognized in the Q-band region, while a
marked bathochromic shift is observed in TFA compared to pyridine. The sharp,
intense bands at ca. 440 nm are characteristic features of the spectrum in pyridine.
These spectral characteristics have similarities to those reported by Gouterman
et al.383 and to other references on TBC.362,385–387 Examples of authentic phospho-
rus Pcs are rare.384,388,389 The ionic PVPc species, [PV(OH)2Pc]+(OH)−, shows a typ-
ical UV-vis absorption spectrum unlike TBC (669, 640, 602, 353 nm in pyridine).
Upon addition of HCl to the complex dissolved in DMF, a bathochromic shift of
the Q band is observed (not shown), which is presumably due to the formation of
the [PV(OH)(OH2)]

2+ species.384
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Figure 94. Absorption spectrum of α-tetrapentoxy PbPc in CHCl3. Redrawn with permission
from Bian, Y. Z.; Li, L.; Dou, J. M.; Cheng, D. Y. Y.; Li, R. J.; Ma, C. Q.; Ng, D. K. P.; Kobayashi, N.;
Jiang, J. Z. Inorg. Chem. 2004, 43, 7539–7544. Copyright 2004 American Chemical Society.
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Very few AsPc complexes have been described in the literature.165,390–393

AsIIIClPc shows absorption bands at 580 and 340 nm in DMF.165,366

In analogy to PPcs, both SbIII and SbV species are available for SbPcs. The
low-valent [SbIIIPc]+F− can be easily converted to the high-valent species,
[SbV(OH)2Pc]+F−, by treatment of the low-valent complex with stoichiometric
amounts of 30% hydrogen peroxide.394 Figure 96 shows the absorption spectra of
[SbIIIPc]+F− (top) and [SbV(OH)2Pc]+F− (bottom) in ethanol. In the case of the SbIII

complex, two prominent bands in the 300–500 nm region are assigned to the B and
MLCT bands. In contrast, no MLCT transitions can be recognized for the SbV

complex, indicating that all of the transitions are attributed to π–π* transitions.
Therefore, the absorption spectrum of the SbV species is typical in shape to that of
metalloPcs. The Q band of the SbIII complex appears at 729 nm, while that of the
corresponding SbV complex is observed at 699 nm. The counter anions exert little
effect on the absorption properties.395 In contrast, the axial ligands have a moder-
ate effect on the absorption spectra. Thus, the Q band of tetra-tert-butyl
[SbVL2Pc]+ appears at 723.5, 739, and 742 nm in CH2Cl2 for L = OH, Cl, and Br
species, respectively.396 Isago reported that an unusual red shift of the Q band in
nonaqueous media was observed for tetra-tert-butyl [SbIIIPc]+.397

A series of BiIIIPcX complexes, where X = Cl−, Br−, I−, and NO3
−, were pre-

pared by Isago and Kagaya.398 The spectra of these are insensitive to X, and are
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Figure 95. Absorption spectra of unsubstituted PV=O(TBC) in pyridine (solid line) and in tri-
fluoroacetic acid (dashed line). Redrawn from Li, J. Z.; Subramanian, L. R.; Hanack, M. Eur. J.
Org. Chem. 1998, 2759–2767.
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virtually identical to each other in shape. Thus, the band peaks are observed at 716.0,
645.0, 415sh, and 343.0 nm, and at 716.0, 645.0, 415sh, and 344.0 nm, and at 715.5,
645.0, 415sh, and 343.0 nm, and at 716.0, 645.0, 415sh, and 343.0 nm for X = Cl−,
Br−, I−, and NO3

−, respectively in DMSO, indicating the ionic nature of the BiIIIPcX
species. The absorption spectrum of BiIIIPcCl is displayed in Figure 97. The spectrum
is characteristic of typical metalloPcs. The band at ca. 415 nm can be assigned to an
MLCT band arising from a transition from the a2u(6pz) orbital of the bismuth(III) to
the eg(π*) orbital of the Pc moiety. Double-decker399,400 and triple-decker401,402 BiPc
complexes, namely BiPc2 and Bi2Pc3, respectively, are also available. The reduced
form of the dimer, [BiPc(2–)2]

− (Figure 98a), shows a spectral shape typical of this
type of complex.399 Two split Q bands appear at 13.33 and 15.59 kcm−1, of which the
latter is the exciton-dominated component. In the case of the neutral form (Figure
98b), the spectrum is also typical in shape of this type of complex. A sharp, most
intense band was observed at 14.54 kcm−1 accompanied by two vibronic bands at
15.16 and 16.06 kcm−1. The band at 21.01 kcm−1, as well as a series of weak bands
in the near-IR region, is indicative of the presence of the Pc radical moiety. Figure 99
shows the absorption spectra of Bi2Pc3.

402 The spectra in pyridine (a) and DMSO (c)
are similar in shape, while that in DMF (b) is shifted hypsochromically by ca. 43
nm. In pyridine, two Q components lie at 718 and 644 nm, of which the former is
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Figure 96. Absorption spectra of (a) [SbIIIPc]+F− and (b) [SbV(OH)2Pc]+F− in ethanol. Redrawn
with permission from Knör, G. Inorg. Chem. 1996, 35, 7916–7918. Copyright 1996 American
Chemical Society.
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Figure 97. Absorption spectrum of BiIIIPcCl in DMSO. Isago, H.; Kagaya, Y. Bull. Chem. Soc.
Jpn. 1994, 67, 383–389. Redrawn by permission of The Chemical Society of Japan.

Figure 98. Absorption spectra of (a) [BiPc(2−)2]−(nBu4N+) and (b) [Bi(Pc)2]0 in CH2Cl2. Redrawn
from Ostendorp, G.; Homborg, H. Z. Anorg. Allg. Chem. 1996, 622, 873–880.
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more intense, being in disagreement with the spectra of Ln2Pc3 and In2Pc3.
403 The

crystal structure of (1,24-bicyclophthalocyaninato)bismuth(III) was reported in
2001. As a result of disruption of the aromatic π-system, this complex shows no
absorption bands in the Q-band region (not shown).404

IV. Collective Absorption Data Tables

The remainder of the chapter is devoted to a collective database of the absorption
data for hitherto reported Pc and its derivatives and analogs. Abbreviations used
throughout the database are summarized in List of Abbreviations. In this database,
the covered compounds are grouped into 13 categories (13 tables). Since units used
to represent transition energy vary from one paper to another, only the first transi-
tion energy of each compound is accompanied by the unit. Moreover, molar extinc-
tion coefficients or relative intensities are given in parentheses if available. Band
shoulders are denoted using “sh.” Thus, an example of the method of representing
transition energies and intensities is: 698 nm (lg ε 5.21), 665sh, 638 (4.62), etc…

Table 1 summarizes the absorption data of unsubstituted Pcs. Central metal,
solvent, transition energy and intensity, remarks, and reference number are given
from the left column to the right. Since Table 1 treats unsubstituted species, no fur-
ther structural information appears in this table.

Table 2 summarizes the absorption data of α- and/or β-substituted Pcs.
Some of the so-called “low symmetry Pcs” are also included in this table.
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Figure 99. Absorption spectra of Bi2Pc3 in (a) pyridine, (b) DMF, and (c) DMSO. Redrawn
from Benihya, K.; Mossoyan-Deneux, M.; Hahn, F.; Boucharat, N.; Terzian, G. Eur. J. Inorg.
Chem. 2000, 1771–1779.
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Figure 100. Numbering system, showing the positions of the substituents employed
throughout the following absorption database in order to specify molecular structures.

Structures are represented by using the numbering system shown in Figure 100.
For example, “R2, R3 = Me” and “R2 = Me” stand for “2,3-bismethyl Pc” and
“2-monomethyl Pc,” respectively. If identical substituents are introduced into
the four benzene rings around the Pc core, α and/or β symbols are used in order
to simplify the notation. Thus, “αα = Me”, “ββ = Me” and “ααββ = Me” are
equivalent to “R1, R4, R5, R8, R9, R12, R13, R16 = Me” and “R2, R3, R6, R7, R10,
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R11, R14, R15 = Me”, and “R1, R2, R3 R4, R5, R6, R7 R8, R9, R10, R11, R12, R13, R14,
R15, R16 = Me” respectively. Moreover, “α = Me” and “β = Me” stand for “R1,
R5(R8), R9(R12), R13(R16) = Me” and “R2, R6(R7), R10(R11), R14(R15) = Me”,
respectively. Therefore, these two notations imply that the sample is a mixture
of the possible structural isomers. The notation “αβ = Me” is ambiguous
because two structures, namely “R1, R2, … = Me” and “R1, R3, … = Me”, are
possible. In this case, for example, “αβ (R1, R2) = Me” is used to specify the
molecular structure. If different substituents are introduced at the two α or
β positions and the sample contains structural isomers, “αα′ = Me, Et” and “ββ′
= Me, Et” are used. Molecular structures are given directly in the table for more
complex molecules.

Table 3 summarizes the absorption data of TAPs and mono-, di-, or triazapor-
phyrin analogs. The numbering system is shown in Figure 100. Thus, “α = Me”
and “αα = Me” correspond to “R1, R3(R4), R5(R6), R7(R8) = Me” and “R1, R2, R3,
R4, R5, R6, R7, R8 = Me”, respectively.

Table 4 summarizes the absorption data of Nc, Ac, and other ring-expanded
Pc analogs. The numbering system is used to represent the structures of Ncs, as
shown in Figure 100. The other skeletal structures are directly drawn in the
table.

Table 5 summarizes the absorption data of sub- and super-Pcs. For subPcs, the
axial ligand is denoted as L unless otherwise specified. The numbering system is
shown in Figure 100.

Table 6 summarizes the absorption data of Pc analogs containing heteroatoms
inside the aromatic skeleton. This category includes pyrazinoporphyrazines.

Table 7 summarizes the absorption data of Pc derivatives having crown-ether
or related macrocycle units.

Table 8 summarizes the absorption data of tetraazachlorin derivatives.
Table 9 summarizes the absorption data of triazacorrole derivatives. The num-

bering system used is shown in the table.
Table 10 summarizes the absorption data of double decker and triple decker

type Pc derivatives. This category includes hetero dimers consisting of Pc and
porphyrin rings.

Table 11 summarizes the absorption data of dimers and oligomers. Sandwich-
type structures are not included in this table, which appear in Table 10.

Table 12 summarizes the absorption data of Pc analogs containing triazole
units.

Table 13 summarizes the absorption data of Pc polymers.
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Table 1. UV-vis absorption data of unsubstituted Pcs.

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
4
5
 
A
M
 
 
P
a
g
e
 
1
0
2



42/U
V-V

isible A
bsorption Spectroscopic Properties of Pcs and R

elated M
acrocycles

103

Table 1. (Continued )
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Table 1. (Continued )
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Table 1. (Continued )
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Table 1. (Continued )
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Table 1. (Continued )

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
4
5
 
A
M
 
 
P
a
g
e
 
1
0
7



108
Fukuda and Kobayashi

Table 1. (Continued )
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Table 1. (Continued )
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Table 4. UV-vis absorption aata of Naphthalocyanine, Anthracocyanine, and other ring-expanded Pc analogs.
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Table 5. UV-vis absorption data of sub- and super-Pcs.
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Table 6. UV-vis absorption data of Pc analogs containing heteroatoms inside the aromatic skeleton.
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Table 7. UV-vis absorption data of Pc derivatives having crown-ether units.
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(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
0



42/U
V-V

isible A
bsorption Spectroscopic Properties of Pcs and R

elated M
acrocycles

481

Table 8. (Continued )

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
1



482
Fukuda and Kobayashi

Table 8. (Continued )

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
2



42/U
V-V

isible A
bsorption Spectroscopic Properties of Pcs and R

elated M
acrocycles

483

Table 8. (Continued )

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
3



484
Fukuda and Kobayashi

Table 8. (Continued )

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
4



42/U
V-V

isible A
bsorption Spectroscopic Properties of Pcs and R

elated M
acrocycles

485

Table 8. (Continued )

(Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
5



486
Fukuda and Kobayashi

Table 8. (Continued )

b
8
6
7
_
V
o
l
-
0
9
_
C
h
-
4
2
.
q
x
d
 
 
6
/
1
1
/
2
0
1
0
 
 
9
:
5
4
 
A
M
 
 
P
a
g
e
 
4
8
6



42/U
V-V

isible A
bsorption Spectroscopic Properties of Pcs and R

elated M
acrocycles

487

Table 9. UV-vis absorption data of triazacorrole derivatives.
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Table 11. UV-vis absorption data of Pc dimers and oligomers.
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Table 12. UV-vis absorption data of Pc analogs containing triazole units.
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Table 13. UV-vis absorption data of Pc polymers.
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A
α-and/or β-substituted Pcs

abbreviations for, 2–3
numbering system used in absorption

database for, 100–101
structure/metal/solvent/transition

energy/remarks/reference number,
137–314

Actinide elements absorption spectra, 37–39
AgPc absorption spectra, 72–74
AlPc absorption spectra, 78–86
Aluminum, unsubstituted Pcs (UV-vis

absorption data) and, 103–104
Anthracocyanine/naphthalocyanine/ring-

expanded Pc analogs, UV-vis absorption
data, 383–396

Antimony, unsubstituted Pcs (UV-vis
absorption data) and, 131

AsPc absorption spectra, 95–99
AuPc absorption spectra, 72–74
Axial ligands, UV-vis absorption data of sub-/

super-Pcs and, 101

B
B bands, 6–8, 10–12
B-subPc/AlPc/GaPc/InPc/TlPc absorption

spectra, 78–86
β-substituted Pcs. See α-and/or β-substituted

Pcs
BaPc absorption spectra, 21–24
BePc/MgPc/CaPc/BaPc absorption spectra,

21–24
Beryllium, unsubstituted Pcs (UV-vis

absorption data) and, 103
Bi2Pc3 absorption spectra, 95–99
BiPc absorption spectra, 95–99
BiPc2 absorption spectra, 95–99
Bismuth, unsubstituted Pcs (UV-vis absorption

data) and, 134

C
Cadmium, unsubstituted Pcs (UV-vis

absorption data) and, 130
CaPc absorption spectra, 21–24
Cd2Pc3 absorption spectra, 74–78
CdPc absorption spectra, 74–78
Central metal, of unsubstituted Pcs (UV-vis

absorption data), 102–136
Charge transfer (CT) transitions, 6
Chromium, unsubstituted Pcs (UV-vis

absorption data) and, 114–115
Cobalt, unsubstituted Pcs (UV-vis absorption

data) and, 119–120
CoPc/RhPc/IrPc absorption spectra, 65–68
Copper, unsubstituted Pcs (UV-vis absorption

data) and, 120–121
Crown-ether units of Pc derivatives, UV-vis

absorption data, 449–479
CrPc/MoPc/WPc absorption spectra,

45–49
CuPc/AgPc/AuPc absorption spectra,

72–74

D
DFT calculations, 10–11
Diazaporphyrin analogs. See TAPs and mono-/

di-/triaza porphyrin analogs, UV-vis
absorption data

Dimers/oligomers of Pcs, UV-vis absorption
data, 538–578

Double decker Pc derivatives. See UV-vis
absorption data of sandwich-type Pcs

Dyes, 3
Dysprosium, unsubstituted Pcs (UV-vis

absorption data) and, 136

E
Europium, unsubstituted Pcs (UV-vis

absorption data) and, 135

645

Index to Volume 9

b867_Vol-09_Index.qxd  6/10/2010  4:57 PM  Page 645



F
FePc/RuPc/OsPc absorption spectra, 54–64

G
Gadolinium, unsubstituted Pcs (UV-vis

absorption data) and, 135–136
Gallium, unsubstituted Pcs (UV-vis absorption

data) and, 122
GaPc absorption spectra, 78–86
GePc absorption spectra, 86–95
Germanium, unsubstituted Pcs (UV-vis

absorption data) and, 122
Gouterman’s four-orbital model, 8–11

absorption features of Pcs, 5

H
H2Pc/HPc absorption spectra, 12–17
Hafnium, unsubstituted Pcs (UV-vis

absorption data) and, 131–134
Heterodimers. See UV-vis absorption data of

sandwich-type Pcs
Heteroatoms inside aromatic skeleton of

Pcs, UV-vis absorption data,
415–448

HfPc absorption spectra, 39–42
HgPc absorption spectra, 74–78
HOMO/LUMO wavefunction symmetry,

6–9
HPc absorption spectra, 12–17
2H, unsubstituted Pcs (UV-vis absorption data)

and, 102–103

I
Indium, unsubstituted Pcs (UV-vis absorption

data) and, 130
InPc absorption spectra, 78–86
Intensity. See Transition energy (intensity)
Iridium, unsubstituted Pcs (UV-vis absorption

data) and, 134
Iron, unsubstituted Pcs (UV-vis absorption

data) and, 115–119
IrPc absorption spectra, 65–68
Isoindole units of Pcs, 3

K
K2Pc absorption spectra, 17–21

L
Lanthanide elements absorption spectra, 28–37
Lead, unsubstituted Pcs (UV-vis absorption

data) and, 134
Li2Pc/LiHPc/LiPc/Na2Pc/K2Pc absorption

spectra, 17–21
Ligands, axial, UV-vis absorption data of sub-/

super-Pcs and, 101
LiHPc absorption spectra, 17–21
LiPc absorption spectra, 17–21
Lithium, unsubstituted Pcs (UV-vis absorption

data) and, 103
Lutetium, unsubstituted Pcs (UV-vis

absorption data) and, 136

M
Magnesium

NiTAP/MgTAP absorption spectra
compared, 4–5

unsubstituted Pcs (UV-vis absorption data)
and, 103

Magnetic circular dichroism (MCD), 5
Manganese, unsubstituted Pcs (UV-vis

absorption data) and, 115
Mercury, unsubstituted Pcs (UV-vis absorption

data) and, 134
MgPc absorption spectra, 21–24
MnPc/TcPc/RePc/RePc2 absorption spectra,

49–54
Molybdenum, unsubstituted Pcs (UV-vis

absorption data) and, 127
Monoazaporphyrin analogs. See TAPs and

mono-/di-/triaza porphyrin analogs, UV-
vis absorption data

MoPc absorption spectra, 45–49

N
Na2Pc absorption spectra, 17–21
Naphthalocyanine/anthracocyanine/ring-

expanded Pc analogs, UV-vis absorption
data, 383–396

numbering system used in absorption
database for, 100–101

NbPc absorption spectra, 42–45
Neodymium, unsubstituted Pcs (UV-vis

absorption data) and, 134
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Nickel
NiTAP/MgTAP absorption spectra

compared, 4–5
unsubstituted Pcs (UV-vis absorption data)

and, 120
NiPc/PdPc/PtPc absorption spectra, 68–72
Numbering systems, 100–101

O
Oligomers/dimers of Pcs, UV-vis absorption

data, 538–578
Osmium, unsubstituted Pcs (UV-vis absorption

data) and, 134
OsPc absorption spectra, 54–64

P
Palladium, unsubstituted Pcs (UV-vis

absorption data) and, 130
Pariser-Parr-Pople (PPP)-SCF-MO method of

Q transition TAP calculation, 9
PbPc absorption spectra, 86–95
Pc analogs with heteroatoms inside aromatic

skeleton, UV-vis absorption data,
415–448

Pc analogs with triazole units, UV-vis
absorption data, 579–584

Pc derivatives with crown-ether units, UV-vis
absorption data, 449–479

Pc dimers/oligomers, UV-vis absorption data,
538–578

Pc polymers, UV-vis absorption data, 585–601
PdPc absorption spectra, 68–72
Phosphorus, unsubstituted Pcs (UV-vis

absorption data) and, 113
Photodynamic therapy (PDT), 3
Phthalocyanine blue/green, 3
Phthalocyanines (Pcs). See also specific UV-

vis absorption spectroscopy
Q band/Soret bands and, 6–10
symmetry of wavefunctions of

HOMO/LUMO and, 6–9
Platinum, unsubstituted Pcs (UV-vis

absorption data) and, 134
Polymer Pcs, UV-vis absorption data, 585–601
PPc/AsPc/SbPc/BiPc/BiPc2/Bi2Pc3 absorption

spectra, 95–99

PtPc absorption spectra, 68–72
Pyrazinoporphyrazines. See UV-vis absorption

data of Pc analogs with heteroatoms
inside aromatic skeleton

Q
Q bands, 6–10

R
RePc absorption spectra, 49–54
RePc2 absorption spectra, 49–54
Rhenium, unsubstituted Pcs (UV-vis

absorption data) and, 134
Rhodium, unsubstituted Pcs (UV-vis

absorption data) and, 130
RhPc absorption spectra, 65–68
Ring-expanded/anthracocyanine/

naphthalocyanine Pc analogs, UV-vis
absorption data, 383–396

RuPc absorption spectra, 54–64
Ruthenium, unsubstituted Pcs (UV-vis

absorption data) and, 127–130

S
Samarium, unsubstituted Pcs (UV-vis

absorption data) and, 135
Sandwich-type Pcs, UV-vis absorption data,

489–537
SbPc absorption spectra, 95–99
ScPc/ScPc2/YPc2/Y2Pc3 absorption spectra,

24–28
ScPc2 absorption spectra, 24–28
Silicon, unsubstituted Pcs (UV-vis absorption

data) and, 104–113
Silver, unsubstituted Pcs (UV-vis absorption

data) and, 130
SiPc/GePc/SnPc/SnPc2/PbPc absorption

spectra, 86–95
SnPc absorption spectra, 86–95
SnPc2 absorption spectra, 86–95
Sodium, unsubstituted Pcs (UV-vis absorption

data) and, 103
Soret bands, 6–10
Sub-/super-Pcs, UV-vis absorption data, 397–414

numbering system used in absorption
database for, 100–101
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T
Tantalum, unsubstituted Pcs (UV-vis

absorption data) and, 134
TaPc absorption spectra, 42–45
TAPs and mono-/di-/triaza porphyrin

analogs, UV-vis absorption data,
315–382

composition of TAP and, 3
numbering system used in absorption

database for, 100–101
TcPc absorption spectra, 49–54
TDDFT method of TAP calculations, 10
Tetraazachlorin derivatives, UV-vis absorption

data, 480–486
Thallium, unsubstituted Pcs (UV-vis

absorption data) and, 113–114
Thorium, unsubstituted Pcs (UV-vis

absorption data) and, 136
Tin, unsubstituted Pcs (UV-vis absorption

data) and, 131
TiPc/ZrPc/ZrPc2/HfPc absorption spectra,

39–42
TlPc absorption spectra, 78–86
Toluene. See Solvents
Transition energy (intensity)

2H (unsubstituted Pcs) and, 102–103
aluminum (unsubstituted Pcs) and,

103–104
antimony (unsubstituted Pcs) and, 131
beryllium (unsubstituted Pcs) and, 103
bismuth (unsubstituted Pcs) and, 134
cadmium (unsubstituted Pcs) and, 130
chromium (unsubstituted Pcs) and,

114–115
cobalt (unsubstituted Pcs) and, 119–120
copper (unsubstituted Pcs) and, 120–121
dysprosium (unsubstituted Pcs) and, 136
europium (unsubstituted Pcs) and, 135
gadolinium (unsubstituted Pcs) and,

135–136
gallium (unsubstituted Pcs) and, 122
germanium (unsubstituted Pcs) and, 122
hafnium (unsubstituted Pcs) and,

131–134
indium (unsubstituted Pcs) and, 130
iridium (unsubstituted Pcs) and, 134

iron (unsubstituted Pcs) and, 115–119
lead (unsubstituted Pcs) and, 134
lithium (unsubstituted Pcs) and, 103
lutetium (unsubstituted Pcs) and, 136
magnesium (unsubstituted Pcs) and, 103
manganese (unsubstituted Pcs) and, 115
mercury (unsubstituted Pcs) and, 134
molybdenum (unsubstituted Pcs) and,

127
neodymium (unsubstituted Pcs) and,

134
nickel (unsubstituted Pcs) and, 120
osmium (unsubstituted Pcs) and, 134
palladium (unsubstituted Pcs) and, 130
phosphorus (unsubstituted Pcs) and, 113
platinum (unsubstituted Pcs) and, 134
rhenium (unsubstituted Pcs) and, 134
rhodium (unsubstituted Pcs) and, 130
ruthenium (unsubstituted Pcs) and,

127–130
samarium (unsubstituted Pcs) and, 135
silicon (unsubstituted Pcs) and, 104–113
silver (unsubstituted Pcs) and, 130
sodium (unsubstituted Pcs) and, 103
tantalum (unsubstituted Pcs) and, 134
thallium (unsubstituted Pcs) and, 113–114
thorium (unsubstituted Pcs) and, 136
tin (unsubstituted Pcs) and, 131
tungsten (unsubstituted Pcs) and, 134
of unsubstituted Pcs (UV-vis absorption

data), 102–136
uranium (3) and, 136
UV-vis absorption data of α-and/or

β-substituted Pcs and, 137–314
UV-vis absorption data of

naphthalocyanine/anthracocyanine/
ring-expanded Pc analogs and,
383–396

UV-vis absorption data of Pc analogs with
heteroatoms inside aromatic skeleton
and, 415–448

UV-vis absorption data of Pc analogs with
triazole units and, 579–584

UV-vis absorption data of Pc derivatives
with crown-ether units and,
449–479
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UV-vis absorption data of Pc
dimers/oligomers and, 538–578

UV-vis absorption data of Pc polymers and,
585–601

UV-vis absorption data of sandwich-type
Pcs and, 489–537

UV-vis absorption data of sub-/super-Pcs
and, 397–414

UV-vis absorption data of TAPs and
mono-/di-/triaza porphyrin analogs
and, 315–382

UV-vis absorption data of tetraazachlorin
derivatives and, 480–486

UV-vis absorption data of triazacorrole
derivatives and, 487–488

vanadium (unsubstituted Pcs) and, 114
zinc (unsubstituted Pcs) and, 121–122
zirconium (unsubstituted Pcs) and,

122–127
Triazacorrole derivatives, UV-vis absorption

data, 487–488
Triazaporphyrin analogs. See TAPs and

mono-/di-/triaza porphyrin analogs,
UV-vis absorption data

Triazole units of Pc analogs, UV-vis
absorption data, 579–584

Triple decker Pc derivatives. See UV-vis
absorption data of sandwich-type Pcs

Tungsten, unsubstituted Pcs (UV-vis
absorption data) and, 134

U
Unsubstituted Pcs, UV-vis absorption data

abbreviations for, 2–3
metal/solvent/transition

energy/remarks/reference number,
102–136

Uranium, unsubstituted Pcs (UV-vis
absorption data) and, 136

UV-vis absorption data of α-and/or β-
substituted Pcs

abbreviations for, 2–3
numbering system used in absorption

database for, 100–101
structure/metal/solvent/transition energy/

remarks/reference number, 137–314

UV-vis absorption data of naphthalocyanine/
anthracocyanine/ring-expanded Pc
analogs, 383–396

numbering system used in absorption
database for, 100–101

UV-vis absorption data of Pc analogs with
heteroatoms inside aromatic skeleton,
415–448

UV-vis absorption data of Pc analogs with
triazole units, 579–584

UV-vis absorption data of Pc derivatives with
crown-ether units, 449–479

UV-vis absorption data of Pc dimers/
oligomers, 538–578

UV-vis absorption data of Pc polymers,
585–601

UV-vis absorption data of sandwich-type
Pcs, 489–537

UV-vis absorption data of sub-/super-Pcs,
397–414

numbering system used in absorption
database for, 100–101

UV-vis absorption data of TAPs and mono-/
di-/triaza porphyrin analogs, 315–382

numbering system used in absorption
database for, 100–101

UV-vis absorption data of tetraazachlorin
derivatives, 480–486

UV-vis absorption data of triazacorrole
derivatives, 487–488

UV-vis absorption data of unsubstituted Pcs
abbreviations for, 2–3
metal/solvent/transition

energy/remarks/reference number,
102–136

UV-vis absorption spectroscopy,
importance/relevance of, 3–4

V
Vanadium, unsubstituted Pcs (UV-vis

absorption data) and, 114
VPc/NbPc/TaPc absorption spectra,

42–45

W
WPc absorption spectra, 45–49
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Y
Y2Pc3 absorption spectra, 24–28
YPc2 absorption spectra, 24–28

Z
Zinc

absorption spectra in pyridine, 4
unsubstituted Pcs (UV-vis absorption data)

and, 121–122

ZINDO method of TAP calculations,
8–10

Zirconium, unsubstituted Pcs (UV-vis
absorption data) and, 122–127

ZnPc/CdPc/Cd2Pc3/HgPc absorption spectra,
74–78

ZrPc absorption spectra, 39–42
ZrPc2 absorption spectra, 39–42
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Preface

Although the porphyrin and tetrapyrrole research area was regarded as “fully
matured” during the 20th century, as evidenced for example by the awarding of
numerous Nobel Prizes to its principal researchers, new advances and accom-
plishments in the field still amaze us as editors. The area continues to blossom and
to expand into new areas of science and applications that would probably never
have occurred to our 20th century heroes. An earlier Porphyrin Handbook assem-
bled the large amount of factual data that had been accumulated during the 20th

century. Our new venture, the Handbook of Porphyrin Science takes a completely
new look at our research area and comprehensively details the contemporary sci-
ence now appearing in the scientific literature that would indeed have been hard
to predict even 10 years ago. In particular, fundamentally new methodologies and
potential commercial applications of the beautiful compounds that we all love are
exemplified, fully recognizing the subtitle of the series — “with applications to
chemistry, physics, materials science, engineering, biology and medicine”.

The three of us have complementary expertise in physical chemistry, synthetic
and bioorganic chemistry, and in synthetic and mechanistic organometallic chem-
istry; this has enabled us to cover the whole field of porphyrin science and appli-
cations, and to devise comprehensive volume and author content. As of the date of
writing, between the three of us, we have published more than 1600 tetrapyrrole
research articles, and hold 31 patents related to commercial applications of por-
phyrin science. So we do know our field, and this has enabled us to assemble a first-
rate group of experts who have written comprehensive up-to-date chapters with
accuracy and authority; we thank our authors for their cooperation and willingness
to go along with our highly ambitious schedule for production of these volumes.

We look forward to comments from our readers, and to suggestions that might
enable us to expand our basic interests and scientific coverage even further.
Meanwhile, we hope that porphyrin researchers, old, new and of the future, will
enjoy reading these volumes just as much as we enjoyed planning and, with the
help of World Scientific Publishing Company, producing them from manuscript to
published article, in a timely manner.

Karl M. Kadish (Houston, Texas, USA)
Kevin M. Smith (Baton Rouge, Louisiana, USA)

Roger Guilard (Dijon, Bourgogne, France)
January, 2010
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I. Introduction

Metalloporphyrins have been shown to catalyze many fundamental and practically
important chemical transformations in biological systems and in the chemical lab-
oratory. The most notable examples have been accomplished using metallopor-
phyrin complexes inspired by biology. These complexes have been used to
perform atom/group transfer reactions including oxene, nitrene, and carbene trans-
fers, which in turn have provided chemists with direct access to complex and func-
tionally diverse compounds from abundant and inexpensive alkenes and alkanes.

In an effort to improve the catalytic ability and specificity of these “synthetic
enzymes”, researchers have focused on the synthesis of “designed” complexes
that are based on well-defined biological/chemical scaffolds. These complexes,
which incorporate chiral peripheries into the metalloporphyrin framework, have
provided researchers with scaffolds to directly manipulate the stereoselectivity of
the reaction system. Three methodologies for synthesizing these derivatives have
been developed: (1) porphyrins formed through the classical condensation of chi-
ral aldehydes with pyrrole; (2) porphyrins formed through substitution of amino-
and hydroxyl-substituted tetraphenylporphyrins with chiral building blocks; and
(3) bridging of the enantiotropic faces of prochiral porphyrins to afford a chiral
environment. The porphyrins prepared by these three methods have provided
important information regarding the type of chiral environment required to induce
enantioselectivity when used as catalysts. The trends indicate that the more rigid
the chiral environment, the greater the catalytic stability and the slower the
intramolecular decomposition. This in turn provides for a longer catalytic lifetime
and higher turnover numbers (TON). On the other hand, more flexible substituents
are more vulnerable to degradation, such as oxidation of the porphyrin periphery,
and produce products with decreased enantioselectivity.

The chiral units’ proximity to the active center constitutes an important
observable trend. Chiral units that are far away provide less chiral induction as the
approach of the incoming substrate is not substantially affected by the peripheral
chiral environment. On the other hand, chiral units that are too close to the metal
center often suffer from decomposition as the chiral environment itself becomes
the substrate and is then compromised.

Chiral proximity also plays a role in the enantioselectivity observed with sub-
strates of different sizes and shapes, although the specific requirements are not
always as well defined or easy to define. This constraint has led some research
groups to incorporate a modular design with steric environments that can be sys-
tematically modified to best suit each type of substrate.

The modification and design of porphyrin ligands to create chiral environ-
ments has led to a diverse array of catalysts. To categorize these chiral ligands, the

2 Ruppel et al.
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classification system outlined by Collman and coworkers in 1993 will be used.1 In
this system, chiral porphyrins (Por*) are categorized by class: “picket fence”,
“strapped”, and “basket handle” (Figure 1).

The picket fence class contains porphyrin ligands with chiral units (R*)
around the perimeter of the porphyrin ring, but without connections between adja-
cent or opposite functionalities. Chiral groups can be connected directly to the
meso- or beta-positions or attached to the meso-aryl positions in a wide range of
orientations.

The strapped and basket handle classes are categorized by the positions of the
chiral units bridged around the porphyrin perimeter above and below the por-
phyrin plane. The major difference between the two classes is the orientation of
the chiral bridge. Chiral bridges that connect adjacent positions (e.g., the 5,10-
positions) are considered strapped. Chiral bridges connecting opposite positions
(e.g., the 10,20-positions) are categorized as basket handle.

This chapter will review the major advancements in asymmetric atom/group
transfer reactions utilizing metalloporphyrin catalysts, specifically the asymmetric
epoxidation, cyclopropanation, and aziridination of alkenes. Several reports of
various forms of C–H functionalization will also be discussed. These works will
be organized by ligand class and the literature covers the period through July
2009.

II. Epoxidation

Early work on epoxidation was developed out of studies on cytochrome P-450, a
heme-containing monooxygenase, which catalyzes the incorporation of oxygen
from molecular dioxygen into organic substrates.2 Simple mimics based on iron,
manganese, chromium, and ruthenium metalloporphyrin frameworks have been

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 3
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b867_Vol-10_Ch-43.qxd  6/21/2010  3:15 PM  Page 3



developed to convert alkenes, alkanes, and aromatic hydrocarbons into valuable
commodity chemicals in a controlled and selective fashion.3 A variety of oxidants
have been employed for these systems; including molecular dioxygen, hydroper-
oxides, peroxyacids, NaOCl, N2O, and iodosylbenzene (PhIO) and its derivatives.3

These oxidants have been used to produce high-valent metal intermediates in an
effort to replace existing auto-oxidation technologies4 allowing for stereocontrol
of the products.

In 1976, Ullrich and coworkers demonstrated that cytochrome P-450 could
catalyze oxygenation reactions through an alternate pathway known as the “peroxide
shunt”.5 This pathway allows for the use of exogenous oxygen sources such as
PhIO which opened the door to the exploration of alternative oxidants. The mech-
anistic aspects of these processes will not be covered in this chapter, as they have
been extensively addressed by others.6–8

Following Ullrich, Groves and coworkers showed that a number of single-
oxygen donors, including hydroperoxides, peroxy acids, and PhIO could be used
with metalloporphyrin enzyme mimics to perform oxygen transfer in a manner
similar to the fully reconstituted enzyme system.9,10 For example, the combination
of 5,10,15,20-tetraphenylporphinatoiron(III) chloride [Fe(TPP)Cl], and PhIO was
used to transfer oxygen to alkenes and alkanes to form epoxides and hydroxides,
respectively. Groves and coworkers established that there were dramatic differ-
ences in both yield and selectivity between porphyrins with peripheral variations,
suggesting that the ligand environment was as intimately involved in the oxygen
transfer step as the transition metal ion. Their work provided a foundation for tun-
ing the selectivity and reactivity of metalloporphyrin catalysts through alteration
of the porphyrin periphery.11 Subsequent work by Lindsay-Smith and coworkers
illustrated the importance of having a sterically bulky porphyrin periphery to inter-
rupt µ-oxo dimer formation while leaving the metal center open to the approach
of the olefin into the active site.12

Although the capability of these metalloporphyrins to mimic the oxo-trans-
ferase ability of cytochrome P-450 using nonbiological oxidants was impres-
sive, initial catalysts suffered from rapid decomposition of the macrocycle,
particularly for porphyrins with open meso-positions.3 Groves and coworkers
typically reported TONs for epoxidation and hydroxylation of approximately 10
or less, prompting research into the production of catalysts with greater stabil-
ity.13 As a result, electron-withdrawing groups were incorporated onto the
macrocycle to increase the stability of the porphyrin. Continued efforts by
Chang and Ebina14 and then later by Traylor and coworkers15 eventually pro-
duced metalloporphyrin catalysts that were capable of effectively epoxidizing
alkenes in up to 10,000 TON.

4 Ruppel et al.
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Additional insight for improving metalloporphyrin catalysis was provided by
studies on metallosalens, close relatives of porphyrins. The salen architecture
offers the advantage of two chiral sp3-hybridized carbons at the periphery within
close proximity to the active metal center.1 Salens have been shown to be highly
effective catalysts for asymmetric epoxidation. In addition to the use of iodosy-
larenes, the effective use of more practical, inexpensive, oxidants such as sodium
hypochlorite (bleach) and molecular dioxygen have made these catalysts espe-
cially appealing.16–27

Several salens capable of providing greater than 90% enantiomeric excess of
cis-substituted alkenes have been reported in the literature.18,28 The major draw-
back of these complexes is based on the susceptibility of the catalyst to oxidative
decomposition. As a consequence, metallosalens typically have low TON (<40).
However, the degradation products are generally inactive, thus the products of the
reaction remain uncompromised.1 The development of a catalytic asymmetric
epoxidation system that could match the selectivities of the reported salen systems
with the stability and high TON typically reported for metalloporphyrin-catalyzed
epoxidation systems would combine the best attributes of both systems to produce
the “ideal” epoxidation catalyst.

This section will cover metalloporphyrin-catalyzed epoxidation reactions and,
more specifically, investigations into the enantioselectivity of the products gener-
ated by these catalysts with a detailed overview of the major contributions to this
field.

A. Chiral Picket Fence Porphyrins

Groves and Myers published the first metalloporphyrin-catalyzed asymmetric
epoxidation system in 1983.10 Utilizing a similar scaffold developed by Collman
and coworkers for investigating the binding of molecular oxygen to ferrous por-
phyrinates,29 Groves and Myers synthesized an α,β,α,β-atropisomer with chiral
moieties directed toward the iron metal center (Figure 2). The resulting chiral iron
porphyrin contained identical chiral faces, each consisting of two chiral groups.
They evaluated the ability of this picket fence porphyrin 1 to epoxidize styrene
using PhIO and found that styrene oxide was produced in 65% yield with a mod-
erate enantioselectivity of 31% ee (entry 1, Table 1). The α,α,β,β-isomer 2 and the
α,α,α,α-µ-oxo-dimer 3 generated racemic products when evaluated under the
same conditions (entries 2–3, Table 1).

These results prompted the use of a binaphthyl chiral appendage using the
same porphyrin scaffold (Figure 3) in the hopes of generating a relatively large
and rigid chiral cavity around the iron center. The resulting chiral porphyrin 4 was

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 5
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evaluated for epoxidation using iodosylmesitylene as the oxidant and as little as
0.625 mol % catalyst loading. The epoxidation of styrene, along with other
olefins, proceeded in moderate yields (58–75%) and enantioselectivity (15–51% ee)
(Table 2). However, Groves and Myers noted the activity of the metalloporphyrin
diminished after 100 catalytic cycles. Presumably, the oxidation of the porphyrin

6 Ruppel et al.
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Table 1. Asymmetric epoxidation catalyzed by atropic isomers of [Fe(HydPP)Cl].10

Entrya [Fe(Por*)]b Yield (%)c ee (%)

1 [Fe(1)Cl] 65 31(R )
2 [Fe(2)Cl] 99 0(R )
3 [Fe(3)]2O 93 0(R )

a Reactions were performed using 4 mol % of [Fe(Por*)] with 1 equiv. of PhIO as
oxidant and 3 equiv. of styrene in DCM. Over a period of 3 hours the oxidant
was added at an average temperature of −5 °C and was stirred for an additional
45 mins; b See Figure 2; c Based upon consumed PhIO.

4 mol % [Fe(Por*)]
PhIO

O

Ph
Ph

DCM, −5 °C
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led to unfavorable changes in either the conformation or the electronic properties
of the catalyst.

Several years after Groves and Myers seminal work on metalloporphyrin-
catalyzed epoxidation, Paolesse and coworkers synthesized chiral porphyrin 5
containing camphanylamido groups on the ortho-positions of the meso-aryl
groups (Scheme 1).30 The subsequent catalyst [Fe(5)Cl] was used to generate

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 7

N

N N

N

N
H

O

R

HN

O

R
H
N

O

R

NH

R

O

R = O

OMe

M

[Fe(α β, ,α β, -BinapPP)Cl]:
[Fe(4)Cl]

Figure 3. [Fe(4)Cl] picket fence catalyst.10

Table 2. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(4)Cl].10

Entrya Substrate Yield (%)b ee (%)

1 Styrene 67 48 (R)(+)
2c 4-Chlorostyrene 63 51 (+)
3 4-Methylstyrene 75 43 (+)
4 4-Nitrostyrene — 36 (+)
5 2-Methylstyrene 58 15 (−)
6 2-Vinylnaphthalene — 36 (+)

a Reactions were performed in a manner similar to that those described in Table 1;
b Based upon consumed iodosylmesitylene; c Performed at −23 °C.

0.625 mol % [Fe(4)Cl]

Iodosylmesitylene
toluene, 0 °C

O

Ar
Ar
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8 Ruppel et al.

O
0.33 mol % [Fe(5)Cl]

PhIO
DCM, rt, 3h

51% yield
20% ee

N

N N

N

N
H

O

R

HN
O

R
H
N

O

R

NH

R

O

R =

M

O

H3C CH3

O
α,β,α,β-[Fe(5)Cl]

Scheme 1.30

R =

N

NH N

HN

R

R

RR

 "Chiral wall" 6

binap

Figure 4. “Chiral wall” porphyrin.31

styrene oxide from styrene (5 equivalents) in moderate yields and 20% ee at room
temperature in the presence of PhIO.

The binaphthyl group was also used as the chiral moiety by O’Malley and
Kodadek in an effort to address catalytic stability.31 Using the manganese complex
of what they termed the “chiral wall” (6, Figure 4), the epoxidation of styrene and
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several styrene derivatives was accomplished with moderate enantioselectivity
(15–40% ee) using hypochlorite and only 0.03 mol % of catalyst to produce the
corresponding styrene oxides (Table 3). “Chiral wall” porphyrin 6 was also shown
to be quite stable, inducing the same enantioselectivities after several hundred
catalytic turnovers (Table 3).

Several years after Kodadek’s first report of the “chiral wall” catalyst,
Salvadori and coworkers published results based on iron and manganese com-
plexes of a similar ligand 7 (Scheme 2) for epoxidation.32 The atropisomers of por-
phyrin 7 were prepared and evaluated for their ability to epoxidize styrene in an
asymmetric fashion. Overall, the iron complex of the α,α,β,β-atropisomer [Fe(7)Cl]
was found to provide the highest asymmetric induction (Scheme 2). It is also
worth noting the differences in selectivities produced when different metals were

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 9

Table 3. Asymmetric epoxidation of aromatic olefins catalyzed by [Mn(6)Cl].31

Entrya Substrate Catalytic efficiencyb ee (%)

1 Styrene 240 20
2 4-Chlorostyrene 160 20
3 2-Vinylnaphthalene 220 20
4 trans-β-Methylstyrene 190 15
5c cis-β-Methylstyrene 200 40

a Reactions were performed with 0.03 mol % of catalyst with hypochlorite as
oxidant; b Number of turnovers in 15 min; c 7:1 (cis:trans).

0.03 mol % [Mn(6)Cl]

Hypochlorite

O

Ar
Ar

N

NH N

HN

R

R
R =

MeO

R

R

O
1 mol % [Fe(7)Cl]

PhIO
DCM, 0 °C, 3 h

47% yield
57% ee

α,α,β,β-7

Scheme 2.32
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used with α,β,α,β-porphyrin 7: the resulting enantioselectivities of the manganese
and iron complexes were 8 and 48% ee, respectively.

In 1991, Halterman and Jan published the synthesis and evaluation of a D4-
symmetric porphyrin 8 (Figure 5).33 The Halterman porphyrin 8 has become one
of the most investigated porphyrin-based catalyst not only for epoxidation but also
for other atom/group transfer reactions that will be discussed later in this chapter.
Halterman and coworkers reported the use of [Mn(8)Cl] with 4-tert-butylpyridine
as an axial ligand for the epoxidation of styrene derivatives with Clorox® bleach.34

Under these reaction conditions, high yields and moderate to good enantioselec-
tivities were observed within hours (Table 4). Halterman and coworkers also
reported the synthesis and evaluation of several derivatives of 8. However, the
reactivity and selectivity of these systems were either comparable to or lower than
the manganese complex of 8.35

One of the remarkable features of this reaction is the use of excess oxidant
without adverse side reactions. In most oxidation systems, the oxidant is used as
the limiting reagent and a large excess of substrate is used to consume the oxi-
dant quickly to avoid poisoning the catalyst. Using commercially available
Clorox® bleach, this catalyst performed well when a 3% sodium hypochlorite

10 Ruppel et al.

N

NH N

HN

N
N
H NH

N

8

Figure 5. Halterman’s D4-symmetric porphyrin.33
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aqueous/DCM medium was employed in the presence of as little as 0.05 mol %
of catalyst loading.

The use of the Mn(III) chloride complex of the Halterman porphyrin 8 was
further studied by Chang and coworkers using Oxone® (KHSO5) and cis-
β-methylstyrene.36 In their work, various axial ligands were employed to eval-
uate the potential trans effect on the yield and selectivity of the catalytic
epoxidation reaction (Table 5). Although not as effective as Halterman’s origi-
nal catalytic system (entry 4, Table 4), a significant increase in enantiomeric
excess was observed when DMAP was employed as the axial ligand (entry 13,
Table 5).

Epoxidation employing [Ru(8)(O)2] was first investigated by Che and
coworkers for the stoichiometric epoxidation of styrene.37 Moderate yields and
enantioselectivities were obtained using styrene as the substrate (Scheme 3). The
authors also reported the epoxidation reaction under catalytic conditions with
dioxygen as the oxidant (8 atm), generating the desired product with low TON
(10) and moderate enantioselectivity (70% ee) (Scheme 3). The authors com-
mented that higher TON and enantioselectivity should be accessible with the
optimization of these reaction conditions.

In a separate report, Che and coworkers explored the effects of solvent on
the catalytic process with [Ru(8)(CO)].38 The epoxidation of styrene deriva-
tives in either benzene or dichloromethane using [Ru(8)(CO)] and PhIO was
found to have little effect on the enantioselectivity of the catalytic process
(entries 1 and 2, Table 6). Che and coworkers went on to evaluate both

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 11

Table 4. Asymmetric epoxidation of aromatic alkenes catalyzed by [Mn(8)Cl].34

Entrya Substrate Time (h) Yield (%) ee (%)

1 Styrene 1 90 52 (S)
2 1,2-Dihydronaphthalene 1 97 56 (1R,2S)
3 Indene 1 98 41 (1R,2S)
4 cis-β-Methylstyrene 4 91 (cis) 76 (1R,2S)

7 (trans) 34 (1S,2S)
5 trans-β-Methylstyrene 8 40 4 (1R,2R)
6 trans-β-Phenylstyrene 8 73 10 (1S,2S)
7 α-Methylstyrene 1 98 6 (R)

a Reactions were performed with 0.5 mol % of catalyst with 0.5 mol % of t-BuPy and 1 equiv.
of substrate in a mixture of bleach (2.5 ml) and DCM (2 ml).

0.5 mol %  [Mn(8)Cl]

NaOCl, t-BuPy
DCM, 20 °C

O

Ar

Ar

R
R
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12 Ruppel et al.

Table 5. Effect of axial ligand on the asymmetric epoxidation of cis-β-methylstyrene
catalyzed by [Mn(8)Cl].36

Entrya Axial ligand Conversion (%) cisl trans ee (%, cis)

1 — 60 21.3 43
2 Quinoline 24 18.9 25
3 3-Bromopyridine 24 29.6 29
4 4-Chloropyridine 28 10.6 31
5 4-Cyanopyridine 22 17.3 37
6 Pyridine 6 8.0 38
7 4-Phenylpyridine 50 14.0 61
8 4-tert-Butylpyridine 18 12.0 65
9 4-Methoxypyridine 30 12.8 69

10 Piperidine 7 25.2 71
11 1,2-Dimethylimidazole 24 10.3 72
12 Pyrrolidine 12 18.2 75
13 DMAP 79 6.4 81

a Procedure for oxidation: Oxone (1 equiv.) and NaHCO3 were dissolved in deionized water,
followed by the substrate (1 equiv.), 0.1 mol % of axial ligand, and 0.02 mol % of catalyst in
acetonitrile. The mixture was stirred overnight.

0.02 mol %  [Mn(8)Cl]
KHSO5 (Oxone), Na2CO3

Axial ligand
CH3CN/H2O

Ph

CH3
Ph

CH3

O

Benzene:
61% yield
65% ee (R)

DCM:
10 TON
70% ee (R)

DCM:
43% yield
59% ee (R)

Stoichiometric Catalytic/Aerobic

[Ru(8)(O)2]

pyrazole
solvent, rt, 12 h

[Ru(8)(O)2]

8 atm O2
pyrazole

solvent, rt, 24 h

O

Stoichiometric

Catalytic/Aerobic

Scheme 3.37
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[Ru(8)(CO)] and [Ru(8)(O)2] as catalysts for the epoxidation of styrene deriv-
atives (Table 6). The [Ru(8)(CO)] was found to be slightly more selective than
[Ru(8)(O)2] (entries 2 and 3, Table 6), although this trend was not observed
with all styrene derivatives.

In their continued effort to develop ruthenium complexes of the Halterman por-
phyrin 8, Che and coworkers published the synthesis and evaluation of [Ru(8)Cl2]
in 2001.39 For these reactions, 2,6-dichloropyridine-N-oxide (Cl2pyNO) was used
as oxidant with 1 mol % catalyst in benzene to generate moderate yields and enan-
tioselectivities with high TON, typically greater than 800 (Table 7). This system
was shown to be capable of catalyzing a wide range of substrates, including mono-
and di-substituted olefins, having various steric and electronic properties (Table 7).
To evaluate the stability of this catalytic system, [Ru(8)Cl2] was reused in four con-
secutive runs, and it was observed that product conversion diminished with each
consecutive run. Through characterization and the analysis of the catalyst after the
reaction, it was determined that a new Ru(CO) complex, generated in situ, was sus-
pected to be responsible for the decreased efficiency of the catalyst.

Another strategy employed to increase the catalytic turnover was the incorpo-
ration of the ruthenium porphyrin complex into sol-gel to produce a heterogeneous

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 13

Table 6. Asymmetric epoxidation of aromatic alkenes catalyzed by [Ru(8)(CO)] and
[Ru(8)(O)2].38

Entry Substrate Catalyst Yield (%) ee (%)

1 Styrene Ru(II) 57 63 (R )
2 Styrene Ru(II)a 71 55 (R )
3 Styrene Ru(VI)a 52 51 (R )
4 4-Methylstyrene Ru(II) 35 40
5 4-Methylstyrene Ru(VI)a 41 38
6 4-Chlorostyrene Ru(II) 66 51
7 3-Nitrostyrene Ru(II) 40 52
8 cis-β-Methylstyrene Ru(II) 52b 52 (1R,2S)
9 cis-β-Methylstyrene Ru(VI)a 53c 55 (1R,2S)

10 1,2-Dihydronaphthalene Ru(II) 46 62
11 trans-β-Methylstyrene Ru(II) 41 17 trans
12 trans-β-Methylstyrene Ru(VI)a 31 13 trans
13 Cyclohexenylbenzene Ru(II)a 55 8
14 Cyclohexenylbenzene Ru(VI)a 61 7

a Performed in DCM; b cis:trans = 6.3; c cis:trans = 11.

Ru(II): [Ru(8)(CO)]
 or Ru(VI): [Ru(8)(O)2]

PhIO
benzene, rt

O

Ar
Ar

R

R
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matrix. Remarkably, the use of these immobilized catalysts not only increased the
TON to more than 10,000 in some cases, but the observed selectivity was compa-
rable to the homogenous catalytic system. This approach was further expanded in
a later report by Che and coworkers through the use of mesoporous silica gel, gen-
erating TON in excess of 13,000 with comparable enantioselectivities.40

The [Ru(8)(CO)] complex was also evaluated by Berkessel and Frauenkrom
for the epoxidation of olefins with 2,6-dichloropyridine-N-oxide.41 [Ru(8)(CO)]
proved to be an effective catalyst under the reported conditions, providing good to
moderate yields and moderate enantioselectivities for the epoxidation of dihy-
dronapthalene and styrene derivatives. As shown in Table 8, aliphatic and more
hindered olefins were ineffective substrates for catalysis using this system.

Berkessel and coworkers published catalytic studies of ruthenium complexes
of a variety of Halterman porphyrin derivatives in 2003.42 Building on the com-
plexes previously reported by Halterman’s group,43 they modified the para-position
of the meso-aryl group by introducing various groups (Figure 6). The use of an
electron-withdrawing trifluoromethyl group afforded a very effective catalyst
when Cl2pyNO was employed. This modification led to improved yields and enan-
tioselectivities with a respectable turnover frequency (Table 9). Berkessel specu-
lated that the electron-withdrawing trifluoromethyl group disfavored the oxidative
poisoning/destruction of the catalyst by stabilizing the macrocycle.

14 Ruppel et al.

Table 7. Asymmetric epoxidation of olefins catalyzed by [Ru(8)Cl2].39

Entrya Substrate Time (h) Yield (%)b TON ee (%)

1 Styrene 1.5 84 (100) 875 69
2 4-Chlorostyrene 4 88 (100) 930 65
3 α-Methylstyrene 5 80 (60) 790 24
4 cis-β-Methylstyrene 3 99 (100) 990 68
5 1,2-Dihydronaphthalene 3 78 (100) 890 80
6 2 85 (90) 860 67

7 16 95 (18) 220 16

a Reactions were performed using 1 mol % of catalyst, 1 equiv. of substrate, and 1.1 equiv.
of oxidant in benzene at room temperature; b Yields are based upon the amount of alkene
consumed in the reaction. The value in parenthesis represents conversion of substrate.

CO2Et

O

NC

1 mol % [Ru(8)Cl2]

Cl2pyNO
benzene, rt

O

Ar
Ar

R

R
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Che and coworkers followed up on their previous catalytic work on ruthe-
nium Halterman complexes by developing a molybdenum complex of 8.44

[Mo(8)(O)(OMe)] was used with tert-butylhydrogen peroxide (TBHP) for the
epoxidation of aromatic alkenes. Although this molybdenum catalyst was fairly
unique, the results as a whole provided low TON (4) and poor enantioselectivity
(16% ee) (Scheme 4).

In 1997, Kodadek and coworkers reported the synthesis and catalytic activity
of a new derivative of the D4-symmetric Halterman porphyrin, 12 (Figure 7).45 The
manganese complex of 12 was used for the asymmetric epoxidation of a variety
of olefins, including aliphatic olefins (Table 10). Moderate enantioselectivities and
high TON were reported.

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 15

Table 8. Asymmetric epoxidation of olefins catalyzed by [Ru(8)CO].41

Entrya Substrate Conv. (%) Yield (%) ee (%)

1 1,2-Dihydronaphthalene 90 85 71
2b 1,2-Dihydronaphthalene 90 85 77
3 Styrene 100 79 70
4 Indene 65 55 54
5 1-Hexene 6 5 28
6 trans-Stilbene 6 5 0

a Reaction were performed using 0.1 mol % of catalyst with 1 equiv. of substrate and 1.1 equiv.
of oxidant in benzene at room temperature for 48 h; b 1 mol % catalyst loading used.

0.1 mol %  [Ru(8)(CO)]

Cl2pyNO
benzene, rt

O

Ar
Ar

R

R

N

NH N

HN

N
N
H NH

N

Y Y

Y

Y

Y

Y

Y

Y

8: Y = H
9: Y = OCH3

10: Y = CH3
11: Y = CF3

Figure 6. Halterman porphyrin 8 and its derivatives.42
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Higuchi and coworkers developed a D4-symmetric chiral porphyrin 13
(Figure 8) related to Halterman porphyrin 8.46 The Fe(III) bromide complex of chi-
ral porphyrin 13 was prepared and evaluated for the epoxidation of various aro-
matic olefins in the presence of PhIO. The results from this investigation are
shown in Table 11. While the yields and enantiomeric excess are generally mod-
erate, the selectivity ranged from 8% ee for trans-β-methylstyrene to 78% ee for

16 Ruppel et al.

Table 9. Asymmetric epoxidation of olefins catalyzed by [Ru(8–11)(CO)].42

Entrya Substrate Por*b Time (h) Yield (%) TOF (h−1) ee (%)

1 Styrene ent-9 2.5 82 328 76
2 Styrene ent-10 2.5 78 312 76
3 Styrene 11 2.5 97 388 79
4 1,2-Dihydronaphthalene 8 48 85 — 71
5 1,2-Dihydronaphthalene ent-9 7.5 66 88 80
6 1,2-Dihydronaphthalene ent-10 7.5 70 94 78
7 1,2-Dihydronaphthalene 11 7.5 89 118 83
8 1-Hexene 8 45 10 2 21
9 1-Hexene ent-9 45 8 2 36

10 1-Hexene 10 45 9 2 22
11 1-Hexene 11 45 16 4 18

a Reactions were performed with 0.1 mol % of catalyst, 1 equiv. of substrate, and 1.1 equiv.
of oxidant in benzene at room temperature; b See Figure 6 for structure of porphyrin ligand.

0.1 mol % [Ru(Por*)(CO)]

2,6-Cl2pyNO
benzene, rt

Ar Ar
O

RR

1 mol % [Mo(8)(O)(OMe)]

TBHP,
benzene, rt, 16 h 

O

Ph
Ph

4 TON
16% ee

Scheme 4.44

N

NH N

HN

R

R

R

R

D4-TpAP-12

R=

Figure 7. Kodadek’s Halterman-like D4-symmetric porphyrin.45
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43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 17

Table 10. Asymmetric epoxidation of olefins catalyzed by [Mn(12)Cl].45

Entrya Substrate Yield (%) TON ee (%)

1 Styrene 70 2520 70
2 2-Vinylnaphthalene 46 2918 69
3 Indene 91 2110 24
4 cis-β-Methylstyrene 33 957 24
5 2,3,3-Trimethylpent-1-ene nd 15000 85
6 3,3-Dimethylbut-1-ene nd 130000 47

a Performed at 0 °C with 0.6 mol % of catalyst, 1 equiv. of substrate, in a bi-phasic solution
of solvent and oxidant.

0.6 mol % [Mn(12)Cl]

LiOCl

O

Ar
Ar

R

R

N
N
H

NH
N

O
O

O
O

OO

O O
O
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O
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O O
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R

R

R
R

R

R

R

R

R

R
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R
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R

N
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N

O
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O
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X

X

X

X

R

R

R

R
R

R

R

R

R

R

R

R
R

R
R

R

R = CH2OCH3 R = CH2OCH3

14: X = t-BuCO
15: X = Br
16: X = CH3
17: X = n-BuO

13

Figure 8. Higuchi’s D4-symmetric chiral porphyrins.47

Table 11. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(13)Br].46

Entrya Substrate Yield (%) TON ee (%)

1 Styrene 68 68 47 (S)
2b Styrene 64 638 45 (S)
3 1,2-Dihydronapthalene 73 73 31 (1R,2S)
4 2-Vinylnaphthalene 66 66 38 (S)
5 cis-β-Methylstyrene 70 70 8 (1S,2R)
6 trans-β-Methylstyrene 45 45 42 (1S,2S)
7 4-Fluorostyrene 59 59 52
8 3-Nitrostyrene 62 62 78

a Performed at −20 °C for 3 h with 1 mol % of [Fe(13)Br], 1 equiv. of oxidant, 10 equiv. of
substrate; b Performed with 60 equiv. of substrate.

1 mol % [Fe(13)Br]

PhIO
toluene, −20 °C, 3 h

O

Ar
Ar

R

R
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3-nitrostyrene (Table 11). As expected, when the substrate was increased from
10 equivalents to 60 equivalents, it was shown that the TON increased nearly ten-
fold from 68 to 638 for the epoxidation of styrene. The authors attributed this to
decreased poisoning of the catalyst by the oxidant.

The increase in enantioselectivity obtained for the epoxidation of electron-
deficient styrene derivatives using the D4-symmetric iron porphyrin complex
[Fe(13)Br] led Higuchi and coworkers to further examine the electronic properties
of this catalyst.47 They were able to synthesize derivatives of 13 in which the para-
position of the meso-aryl group was substituted with electron-donating or electron-
withdrawing groups (Figure 8) to determine the effect of substitution on
asymmetric induction. As presented in Table 12, no significant differences in
enantioselectivity were observed; however, a slight trend of increased enantiose-
lectivity was noted with the incorporation of electron-withdrawing substituents on
the porphyrin.

Momenteau and coworkers developed a protocol for the preparation of iron
and manganese glycosylated porphyrins (Figure 9) as catalysts for the epoxidation of
olefins.48 The atropisomers of these porphyrins were prepared and used to epoxidize

18 Ruppel et al.

Table 12. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(13–17)Br].47

Entrya Substrate [Fe(Por*)]c Yield (%) ee (%)

1 Styrene 14 72 42 (S)
2 Styrene 15 65 44 (S)
3 Styrene 13 68 47 (S)
4 Styrene 16 65 49 (S)
5 Styrene 17 66 52 (S)
6 trans-β-Methylstyreneb 14 48 39 (1S,2S)
7 trans-β-Methylstyreneb 15 43 40 (1S,2S)
8 trans-β-Methylstyreneb 13 45 42 (1S,2S)
9 trans-β-Methylstyreneb 16 46 44 (1S,2S)

10 trans-β-Methylstyreneb 17 49 45 (1S,2S)
11 3-Nitrostyrene 14 68 71
12 3-Nitrostyrene 15 70 74
13 3-Nitrostyrene 13 61 78
14 3-Nitrostyrene 16 70 78
15 3-Nitrostyrene 17 63 79

a Performed at −20 °C for 3 h with 1 mol % of [Fe(Por*)Br], 1 equiv. of oxidant, 10 equiv. of
substrate; b The cis-epoxide was also obtained in 2–3% yield and 8–10% ee (1S,2R ); c See
Figure 8 for structures.

1 mol % [Fe(Por*)Br]

PhIO
toluene, −20 °C, 3 h

O

Ar

Ar
R

R
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4-chlorostyrene in the presence of PhIO. Moderate yields and enantioselectivities
were reported using the Fe(III) chloride complex of the α,β,α,β-atropisomer which
was shown to be the most effective catalyst (Scheme 5).

In a later report, Momenteau focused on 2-chloro, 6-glycosylated man-
ganese porphyrins (Figure 10).49 These glycosylated porphyrins were assessed
using 4-chlorostyrene as the olefin substrate as in their previous work. Both
PhIO and H2O2 were shown to be suitable for catalysis with [Mn(21–23)Cl]
(Table 13). Although the manganese system was not as effective as the
[Fe(18)Cl]-based system (Scheme 5) with respect to yield or enantioselectiv-
ity, the catalyst proved to be relatively more robust, yielding slightly higher
TON.

Momenteau and coworkers continued to develop new glycosylated porphyrins
via the incorporation of larger sugar units onto the meta-position of the meso-aryl

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 19
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Figure 9. Glycosylated porphyrins.48

Cl Cl

O
[M(Por*)]

PhIO
DCM, 0 °C, 3 h

   [Fe(18)Cl]:  60% yield, 57 TON, 33% ee
[Mn(18)Cl]:  53% yield, 50 TON, 27% ee
[Mn(19)Cl]:  34% yield, 32 TON, 23% ee
[Mn(20)Cl]:    6% yield, 24 TON,   0% ee

Scheme 5.48
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Figure 10. Atropisomers of glycoconjugated porphyrins containing electron-withdrawing
groups.49

Table 13. Evaluation of glycoconjugated porphyrins 21–23 for the asymmetric epoxidation
of 4-chlorostyrene with two different oxidants.49

Entry Oxidant [Mn(Por*)]c Yield (%) TON ee (%)

1 PhlOa 21 25 49 20
2 PhlOa 22 26 49 19
3 PhlOa 23 45 57 16
4 H2O2

b 21 24 64 23
5 H2O2

b 22 31 62 22
6 H2O2

b 23 29 58 22

a Performed at rt for 1 h with 1 equiv. of oxidant, 1.5 equiv. of 4-picoline, and 2.7 equiv.
of substrate in DCM; b Performed at rt for 4 h with 1 equiv. of substrate, 4 equiv. oxidant, 2
equiv. of t-Bupy, and 2 equiv. of benzoic acid in DCM; c See Figure 10 for structures.

0.3 mol %
[Mn(Por*)Cl]

O

Cl Cl
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group, as shown in Figure 11.50 Manganese complexes of these porphyrins, along
with those presented earlier, were employed as catalyst to determine the efficacy
of each complex in catalyzing the epoxidation of 4-chlorostyrene in the presence
PhIO. The results, shown in Table 14, demonstrate that the sugar residues need to
be in closer proximity to the metal center to induce asymmetry.

“Chiroporphyrins” 27, developed by Marchon and coworkers, are porphyrins
containing chiral cyclopropyl ester and amide moieties attached directly to the
meso-positions of the porphyrin in an α,β,α,β-arrangement (Figure 12).51 The
manganese complexes of 27 were evaluated for their catalytic ability to epoxidize
1,2-dihydronaphthalene in the presence of the axial ligand pyridine. The results

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 21

Table 14. Asymmetric epoxidation of aromatic olefins catalyzed by [Mn(21–26)Cl].50

Entrya Substrate Por*b Yield (%) ee (%)

1 4-Chlorostyrene 21 5 24
2 4-Chlorostyrene 22 49 20
3 4-Chlorostyrene 23 42 29
4 4-Chlorostyrene 24 36 0
5 4-Chlorostyrene 25 33 0
6 4-Chlorostyrene 26 31 3
7 1,2-Dihydronaphthalene 25 62 8

a Performed for 30 min at room temperature with ∼0.1 mol % catalyst 1.0 equiv. of oxi-
dant, 2.5 equiv. of substrate, and 1.5 equiv. of 4-methylpyridine; b See Figures 10 and 11
for structures.
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Figure 11. Glycoconjugated porphyrins with chiral substituents at the meta-position.50
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revealed that when the meso-positions were functionalized with large cyclopropy-
lamide groups, the catalyst afforded the corresponding epoxides with the highest
enantioselectivities (Table 15).

With the success of their first generation of “chiroporphyrins”, Marchon and
coworkers envisioned using electron-withdrawing groups to enhance the activity
of the catalytic system.52 Their efforts led to the preparation of second generation
“chiroporphyrins” with pentafluorophenyl groups occupying the 5,15-meso-
positions of the porphyrin ring, and chiral cyclopropyl groups occupying the
remaining 10,20-meso-positions (Figure 13). In most cases, these porphyrins were
able to completely epoxidize the substrate in an hour or less (Scheme 6).
Unfortunately, the enantioselectivities were generally lower in comparison to the
first generation “chiroporphyrin” system.

Smith and Reginato developed chiral picket fence porphyrins (A4-31, A3B-32,
A2B2-33, Figure 14) containing chiral ether moieties on the ortho-positions of the
meso-aryl groups of the porphyrins.53 The Fe(III) chloride complexes of A4-31 and
A2B2-33 were both evaluated for the epoxidation of styrene with PhIO in
dichloromethane. The use of the more bulky [Fe(A4-31)Cl] resulted in lower
yields, as expected; the use of the [Fe(A2B2-33)Cl] provided a quantitative yield
with similar enantioselectivity as compared to the A4-complex 31 (Scheme 7). For
the [Fe(A2B2-33)Cl]-catalyzed reaction, it was shown that lowering the temperature
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Figure 12. “Chiroporphyrins”.51
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Table 15. Asymmetric epoxidation of 1,2-dihydronaphthalene catalyzed by [Mn(27)Cl].51

Entrya R = Catalyst ee (%)

1 OMe [Mn(27a)Cl] 60
2 OEt [Mn(27b)Cl] 70
3 OBn [Mn(27c)Cl] 65
4 ONp [Mn(27d)Cl] 73
5 OPh-p-NO2 [Mn(27e)Cl] 68
6 OPh-m-NO2 [Mn(27f)Cl] 75
7 O-(1S )-endo-bornyl [Mn(27g)Cl] 75
8 OtBu [Mn(27h)Cl] 75
9 N(Me)Ph [Mn(27i)Cl] 80

10 N(Et)Ph [Mn(27j)Cl] 86
11 N(Cy)C(O)NH(Cy) [Mn(27k)Cl] 83
12 NH(Cy) [Mn(27l)Cl] 79

a Reactions performed for 1 h with 1 mol % catalyst, 1.0 equiv. of oxidant, 2.5 equiv. of
pyridine, and 10 equiv. of olefin.
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to 0 °C increased the enantioselectivity slightly without sacrificing yield.
Although the porphyrin catalysts designed for this particular study were only mod-
erately effective in inducing enantioselectivity, the results provided “proof of
concept” that rigid and bulky chiral groups could be used to produce more effec-
tive catalysts.

24 Ruppel et al.

O1 mol % [Mn(Por*)Cl]

PhIO, DCM
1 h, rt

  [Mn(α,F,α,F-MeCP)Cl] (28): 88% yield, 43% ee 
[Mn(α,F,α,F-BzCP)Cl]  (29): 96% yield, 35% ee
[Mn(α,F,β,F-BzCP)Cl]  (30): 99% yield, 31% ee

Scheme 6.52
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O
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31: 48% yield, 16% ee 
33: 91% yield, 16% ee

33, at 0 °C: 99% yield, 23% ee

Scheme 7.53
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Figure 15. Chiral picket fence porphyrin derived from Mosher’s chiral amide.55

Prior to Smith and Reginato’s work with chiral porphyrin ligands 31–33, Rose
and coworkers prepared a series of chiral porphyrins using Mosher’s amide as the
chiral moiety on the ortho-positions of the meso-aryl ring.54 Among the different
complexes examined for catalytic epoxidation, the Fe(III) bromide complex of
AB3-34, shown in Figure 15, gave the highest enantiomeric excess, albeit very low
(6% ee).55

The research groups of Hevesi and Quici also developed porphyrins
with chiral moieties on the meso-positions.56,57 Although catalysts 35 and 36
(Figure 16) produced moderate yields and low enantioselectivities for epoxida-
tion of styrene (Scheme 8), [Mn(36)Cl] exhibited respectable TON (195) for
the reaction.

In an effort to mimic the chiral environment of the cytochrome P-450
enzyme, Ohkatsu and coworkers attached peptide chains to the meso-positions
of the porphyrins using a modular approach, allowing them to tune the steric
and electronic properties of the ligand environment to enhance asymmetric
induction.58 Epoxidation reactions of styrene with PhIO were initially per-
formed using porphyrin derivatives containing three peptide chains (Figure 17).
It was shown that varying the nature of the amino acid residues resulted in
changes in yield and selectivity. For example, when γ-benzyl-L-glutamate (γ-
BLG) was used in place of L-phenylalanine (L-Phe), the yield increased 15%;
however, enantioselectivity decreased dramatically from 60% ee to 11% ee
(Scheme 9). It was noted that lengthening the average peptide chain (n)
decreased the yield of the epoxidation reaction as a result of increased hin-
drance. Several other biomimetic porphyrins with various side chains and com-
positions were also prepared. However, they provided no significant
improvement in yield or enantioselectivity.

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 25
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B. Chiral Strapped Porphyrins

Naruta and coworkers developed one of the first examples of chiral strapped por-
phyrins incorporating binaphthyl groups for use in asymmetric epoxidation
(Figure 18).59,60 The binaphthyl group, which was used to bridge adjacent meso-
aryl groups through an ether linkage, effectively blocked one face of the catalytic
site thus establishing a sterically bulky chiral environment near the metal center.
The use of the binaphthyl bridge is similar to the work discussed previously by

26 Ruppel et al.
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Figure 16. Chiral picket fence porphyrins.56,57

O
1 mol % [Mn(Por*)Cl]

NaOCl

35: 78% yield, 10% ee 
36: 65% yield, 25% ee

Scheme 8.56,57
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Groves and Myers10 in 1983. These porphyrins, known as “twin-coronet” por-
phyrins, are classified by the arrangement of the “straps”, which can be in either
an eclipsed or staggered orientation, resulting in the generation of two unique
ligand environments (Figure 18).

The difference in selectivity resulting from the two different conformations is
showcased by the epoxidation of 2-nitrostyrene (Scheme 10). Based on an initial
screening, the eclipsed [Fe(39)Cl] was further evaluated for the epoxidation
of styrenes with PhIO (Table 16). Good enantioselectivities were observed for

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 27

O
1 mol % [Fe(Por*)Cl]

PhIO

37: L-Phe-3PCs: n = 4.5, 45% yield, 60% ee 
38:  γ -BLG-3PCs: n = 4.6, 60% yield, 11% ee

n = average peptide chain length

Scheme 9.58

O

R =
37: L-Phe

38: γ-BLG

N
H
N

N

N
H

N
H HN

H
N

O

HN
R

H2N

O

R
NH2

N

O

R
NH

NH2O

O

O

R
R

R

H H

H

H

H

H

H

n-1

O

n-1

n-1

Figure 17. Peptide-bearing chiral picket fence porphyrins.58

b867_Vol-10_Ch-43.qxd  6/21/2010  3:15 PM  Page 27



28 Ruppel et al.

OMe
OMe

N
N
H

NH
N

O
O

O
O

O O
O

O
R

R

R
R

R =

OMe
OMe

N
N
H

NH
N

O
O

O
O

O O
O

O

R R

R
R

"eclipsed" "staggered"

41: R = bitetralin

39: R = binaphthyl

42: R = bitetralin

40: R = binaphthyl

R = binaphthyl R = bitetralin

Figure 18. Binaphthyl and bitetralin “twin-coronet” porphyrins.59–63

1 mol %  [Fe(Por*)Cl]

PhIO, DCM

O

NO2 NO2

 [Fe(39)Cl]: 26 TON, 80% ee
 [Fe(40)Cl]: 26 TON, 54% ee

Scheme 10.59,60

Table 16. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(39)Cl].59,60

Entrya Substrate Time (h) TON ee (%)

1 Styrene 3.5 49 20 (R )
2 2-Nitrostyrene 3 26 80 (R )
3 3-Nitrostyrene 2 57 60 (R )
4 4-Nitrostyrene 2 38 54 (R )
5 3,5-Dinitrostyrene 2 20 74 (R )
6 Pentafluorostyrene 2 36 74 (R )
7 4-Trifluoromethylstyrene 3 42 41 (R )
8 4-Methylstyrene 5 48 11 (R )
9b 4-Methoxystyrene 1.5 0 —

aThe reactions were performed with 1 mol % of catalyst, 1 equiv. of PhIO, and 5 equiv. of
substrate in DCM; bMajor product was aldehyde. Epoxidation product was not observed.

1 mol %  [Fe(39)Cl]

PhIO, DCM
Ar Ar

O
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electron-poor styrene derivatives (entries 2–7, Table 16). Conversely, the more
electron-rich substrates displayed lower enantioselectivities (entries 8 and 9,
Table 16).

Naruta and coworkers continued their investigations with iron binaphthyl
strapped porphyrin [Fe(39)Cl] and compared it to [Mn(39)Cl] for the epoxidation
of styrene and its electron-deficient derivatives.61 Differences in reactivity and
selectivity between the manganese and iron complexes were observed for the epox-
idation of cis-β-methylstyrene (entries 8–9, Table 17). It was shown that enantio-
selectivities could be marginally improved in select cases by the use of axial
ligands and the electron-deficient oxidant iodosyl(pentafluorobenzene), C6F5IO.

Naruta and coworkers continued to develop “twin-coronet” porphyrins by
producing bitetralin-strapped variations 41 and 42 (Figure 18).60,62,63 The iron com-
plexes of both the eclipsed 41 and staggered 42 forms were evaluated for the epox-
idation of styrene with PhIO. The activity of the bitetralin-strapped version of the
“twin-coronet” porphyrin correlated well with the binaphthyl-strapped version
(Table 18). Additionally, the eclipsed and staggered Fe(III)Cl complexes of 41 and
42 were evaluated for the epoxidation of styrenes with PhIO; again the eclipsed
version 41 was shown to be a better catalyst (entries 1 and 2, Table 18). The
improved enantioselectivity generated with electron-poor styrene derivatives is
highlighted by the 96% ee obtained with the use of 3,5-dinitrostyrene as substrate
(entry 6, Table 18).

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 29

Table 17. Asymmetric epoxidation of aromatic olefins catalyzed by either [Fe(39)Cl] or
[Mn(39)Cl].61

Axial
Entrya Substrate [M(39)Cl] Oxidant ligand Time (h) TON ee (%)

1 Styrene [Fe(39)Cl] PhIO — 3.5 50 22 (S)
2 Styrene [Mn(39)Cl] PhIO — 9 67 16 (S)
3 Styrene [Mn(39)Cl] C6F5IO — 3 62 0
4b Styrene [Mn(39)Cl] C6F5IO AcPIm 6 67 23 (S)
5 2-Nitrostyrene [Fe(39)Cl] PhIO — 3 26 80 (S)
6 2-Nitrostyrene [Mn(39)Cl] PhIO — 9 22 66 (S)
7 cis-β-Methylstyrene [Fe(39)Cl] PhIO — 2 38 19 (1S,2R )
8 cis-β-Methylstyrene [Mn(39)Cl] PhIO — 4 28 61 (1S,2R )
9 cis-β-Methylstyrene [Mn(39)Cl] C6F5IO — 1 23 47 (1S,2R )

10b cis-β-Methylstyrene [Mn(39)Cl] C6F5IO AcPIm 3 9 70 (1S,2R )

a Reactions were performed with 1 mol % of catalyst, 1 equiv. of oxidant, and 5 equiv. of
substrate in DCM; b 5 mol % of AcPIm (4-imidazol-1-yl)acetophenone); c −20 °C.

1 mol %  [M(39)Cl]

DCM, rt

O

Ar
Ar

R

R
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Collman, Rose, and coworkers developed porphyrins analogous to Naruta’s
binaphthyl-strapped “twin-coronet” ligands.64,65 The main difference between the
two systems is the chiral bridge. Collman’s catalysts are linked to the porphyrin
via an amide linkage on the ortho-positions of the meso-aryl-groups, while
Naruta’s catalysts are linked through an ether linkage. The amide linkage provided
for an open, accessible face (Figure 19) yielding higher reaction rates with a vari-
ety of olefin substrates, while decreasing oxidative poisoning of the catalyst
(Table 19). For example, epoxidation of styrene with Collman’s catalyst showed
exceptional rate and stability with a TOF (turn over frequency) = 40/min and up
to 5,500 turnovers. In addition, the amide linkage produced a more rigid structure,
providing enantiomeric excesses of up to 83% for styrene (entry 1, Table 19).

Collman and coworkers observed an interesting change in enantioselectivity
during the course of epoxidation catalyzed by [Fe(43)Cl]. They noted that the
enantioselectivity increased initially but eventually decreased over the course of
the reaction. Investigations into the cause for this observed phenomenon led to the
discovery of the iron complex of a new porphyrin 44, which was generated in situ
from the oxidation of 43 (Figure 19), as a more selective catalyst. It was rational-
ized that the initial rise in enantioselectivity was attributed to the generation of 44,
and that subsequent decrease in enantioselectivity occurred as a result of the over
oxidation of 44 to a less selective catalyst.

In a separate report, Roschmann and coworkers used Collman’s catalyst for
the epoxidation of allylic alcohols.66 This report is especially noteworthy since it
was the first example using porphyrins as catalysts for the asymmetric epoxidation
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Table 18. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(41–42)Cl].62,63

Entrya R = Catalyst Time (h) TON ee (%)

1 H 41 8 84 54 (S)
2 H 42 7 44 28 (S)
3 2-NO2 41 3 17 89 (S)
4 3-NO2 41 2 26 74 (S)
5 4-NO2 41 3 21 67 (S)
6 3,5-NO2 41 4 36 96 (S)
7 F5 41 3 10 83 (S)
8 4-Br 41 3 31 51 (S)
9 4-CH3 41 3 30 27 (S)

10 3-OCH3 41 2 33 73 (S)

a The reactions were performed with 1 mol % of catalyst, 1 equiv. of PhIO, and 5 equiv. of
substrate in DCM; b See Figure 18 for structures.

1 mol %  [Fe(41-42)Cl]

PhIO, DCM

O

R R
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of allylic alcohols. Previous work in this area focused almost exclusively on the
use of established catalytic systems, such as the Sharpless system.67–69

Using the reaction conditions shown in Scheme 11, racemic allylic alcohols
were subjected to catalytic oxidation with PhIO. The resulting epoxides were
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Table 19. Asymmetric epoxidation of olefins catalyzed by [Fe(43)Cl].64,65

Entrya Substrate Yield (%) ee (%)

1 Styrene 95 83 (S)
2b Styrene 89 75 (S)
3 Pentafluorostyrene 75 88 (S)
4 3-Chlorostyrene 90 82 (S)
5 3-Nitrosytrene 78 72 (S)
6 1,2-Dihydronaphthalene 80 55 (1S,2R )
7 cis-β-Methylstyrene 78 49 (1S,2R )
8 3,3-Dimethyl-1-butene 85 82

a Reactions were performed using 1 mol % of catalyst, 10 equiv. of substrate, and
1.1 equiv. of oxidant in DCM at room temperature; b Oxidant is added in 10 portions.
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Figure 19. Binaphthyl-derived catalysts by Collman and Rose.64,65
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formed (33% conversion) in excellent diastereoselectivity and with modest enan-
tioselectivity. The resolution of the allylic alcohol provided an enantiomeric purity
of 11% ee. Other allylic olefins were examined using this system and similar
results were obtained. The oxidation of allylic alcohols into α,β-unsaturated
ketones was the only side reaction reported under the reaction conditions.

Rose and coworkers attempted to induce higher levels of enantioselectivity
by extending the linkage on Collman’s catalyst 43 to produce catalysts 45 and 46
with a flexible chiral pocket in close proximity to the metal center (Figure 20).70
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The iron chloride complex of 45 was used with PhIO to epoxidize several styrene
derivatives (Table 20). The reported 96% yield and 97% ee for styrene is among
the highest reported values for styrene epoxidation; not only for the Collman type
catalysts, but also for any metalloporphyrin-based epoxidation system. In 2009,
Ren and coworkers also examined the iron complexes of 45 and 46, generating
results similar to those communicated by Collman and Rose.71

Gross and coworkers also developed a series of porphyrin ligands based on the
design of “twin-coronet” porphyrins.72,73 Threitol derivatives were appended to
adjacent ortho-aryl positions into an eclipsed orientation to produce the strapped
ligands shown in Figure 21. Manganese, iron, and ruthenium complexes of these
porphyrins were evaluated for their ability to serve as asymmetric catalysts in the
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Table 20. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(45)Cl].70

Entrya Substrate Yield (%) ee (%)

1 Styrene 96 97 (R )
2 Pentafluorostyrene 80 96 (R )
3 3-Fluorostyrene 87 93 (R )
4 3-Chlorostyrene 90 88 (R )
5 3-Nitrostyrene 84 90 (R )
6 4-Chlorostyrene 75 84 (R )

a Reactions were performed with 1 mol % of catalyst, 1 equiv. of oxidant, and
10 equiv. of substrate in DCM at −5 °C.
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Figure 21. Homochiral threitol-strapped porphyrins.72–76
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epoxidation of styrene (Scheme 12). In general, the Fe(III) chloride complex of 47
generated higher yields and enantiomeric excesses in comparison to the analogous
magnesium and ruthenium derivatives.

Further exploration and development of the threitol-derived strapped
homochiral porphyrin ligand system by Gross and coworkers led to the observa-
tion that lower reaction temperatures and higher catalyst loading could provide
significant improvements over their previous system (Table 21).74,75 An additional
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1 mol % [M(47)]

PhIO, benzene, rt
Ph Ph

O

[Mn(47)Cl]: 77% yield, 10% ee
[Fe(47)Cl)]: 65% yield, 44% ee

[Ru(47)(CO)]: 47% yield, 42% ee

Scheme 12.72,73

Table 21. Asymmetric epoxidation of aromatic olefins catalyzed by iron and ruthenium
complexes of 47 and 50.74,75

Entry Substrate [M(Por*)]e Temp (°C) Yield (%) ee (%)

1a Styrene [Fe(47)Cl] 25 76 44
2a Styrene [Fe(50)Cl] 23 75 59
3b Styrene [Fe(50)Cl] −20 59 68
4c Styrene [Fe(47)CO] 25 39 48
5d Styrene [Ru(47)(O)2] 25 29 54
6a 4-Fluorostyrene [Fe(47)Cl] 25 68 56
7a 4-Fluorostyrene [Fe(50)Cl] 23 70 65
8b 4-Fluorostyrene [Fe(50)Cl] −20 64 73
9c 4-Fluorostyrene [Fe(47)CO] 25 39 51

10d 4-Fluorostyrene [Ru(47)(O)2] 25 9 53
11a 4-Chlorostyrene [Fe(47)Cl] 25 55 53
12a 4-Chlorostyrene [Fe(50)Cl] 23 65 63
13b 4-Chlorostyrene [Fe(50)Cl] −20 26 70
14c 4-Chlorostyrene [Fe(47)CO] 25 15 45
15d 4-Chlorostyrene [Ru(47)(O)2] 25 2 57

a Reactions were performed with 0.01 mol % of catalyst, 1 equiv. of PhIO as oxidant, and 10
equiv. of substrate in benzene; b Toluene was used as solvent; c Reactions were performed with
1 mol % of catalyst, 1 equiv. of PhIO as oxidant, and 10 equiv. of substrate in benzene;
d Reactions were performed with 0.3 mol % of catalyst, 1 equiv. of 2,6-dichloropyridine N-
oxide as oxidant, and 1 equiv. of substrate in m-xylene for 5 h; e See Figure 21 for structures.

[M(Por*)]

PhIO, benzene
Ph Ph

O
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development was the use of the ruthenium oxo complex [Ru(51)(O)2] (Figure 21),
which contains an electron-withdrawing chlorine atom on the aryl group. In many
cases, the use of [Ru(51)(O)2] resulted in increased enantioselectivities and TON
(Table 22).

In addition to their report on catalytic olefin epoxidation by ruthenium com-
plexes of the Halterman porphyrin 8, Che and coworkers studied catalytic reac-
tions of ruthenium complexes of 48 and 49 (Figure 21), which are derivatives of
Gross’s homochiral porphyrin 47.76 The complexes [Ru(48)(O)2] and [Ru(49)(O)2]
were evaluated for the stoichiometric epoxidation of styrene, generating moderate
enantioselectivities (Scheme 13).

Following their successful use of picket fence chiroporphyrin ligands,
Marchon and coworkers synthesized a new strapped porphyrin variation consist-
ing of different length cyclopropane moieties (Figure 22).77 The manganese com-
plexes of these new “bridled chiroporphyrins” were employed for the catalytic
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Table 22. Asymmetric epoxidation of aromatic olefins catalyzed by [Ru(51)(O)2].

Entrya Substrate TON ee (%)

1 Styrene 11 75
2b Styrene 55 79
3 3-Chlorostyrene 135 74
4b 3-Chlorostyrene 226 81
5 4-Chlorostyrene 24 80
6b 4-Chlorostyrene 191 83
7 4-Bromostyrene 19 75
8 4-Fluorostyrene 86 75
9b,c cis-β-Methylstyrene 487 69

10b,d trans-β-Methylstyrene 242 38

a Performed for 1 mol % cat, 1.0 equiv. of oxidant and 1 equiv. of olefin in toluene
for 24 h; b 48 h; c cis:trans = 15:1; d Only trans-olefin produced.

Ar
R

Ar
R

O1 mol % [Ru(51)(O)2]

2,6-Cl2pyNO, toluene
−10 °C, 24 h 

Ph Ph
O

 [Ru(Por*)(O)2]

Pyrazole, benzene
0 °C, 24 h

47: 65% ee
48: 60% ee
49: 55% ee

Scheme 13.76
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epoxidation of 1,2-dihydronaphthalene (Table 23). It was shown that both yield
and asymmetric induction were affected by the chain length of the catalyst.

Simonneaux and coworkers developed a homochiral porphyrin ligand sys-
tem containing optically pure cyclohexane auxiliaries which were used to strap
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(CH2)n

(CH2)n
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52a:n = 8

52c:n = 10
52d:n = 11
52e:n = 12

52g:n = 16
52f:n =  14

52b:n = 9

Figure 22. “Bridled chiroporphyrin”.77

Table 23. Asymmetric epoxidation of 1,2-dihydronaphthalene catalyzed
by [Mn(52)Cl].77

Entrya n = Yield (%)b ee (%)b

1 52a:8 62 44
2 52b:9 63 51
3 52c:10 58 63
4 52d:11 54 61
5 52e:12 60 61
6 52f:12 48 53
7 52g:12 47 64

a The reactions were performed with 1 mol % of catalyst, 1 equiv. of PhIO,
and 10 equiv. of substrate in DCM at room temperature; b Values reported
represent an average from multiple runs.

1 mol %  [Mn(52a–g)Cl]

PhIO, DCM, rt

O
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Table 24. Asymmetric epoxidation of aromatic olefins catalyzed by [Ru(54)(O)2].78

Entrya Substrate Yield (%) TON ee (%)

1 Styrene 84 276 23 (R )
2b Styrene 62 204 7 (R )
3 2-Nitrostyrene 32 107 17 (R )
4 3-Nitrostyrene 15 50 30 (R )
5 2-Trifluoromethylstyrene 84 276 18 (R )
6 3-Trifluoromethylstyrene 74 244 32 (R )
7 4-Trifluoromethylstyrene 30 97 24 (R )
8 4-Methylstyrene 43 144 27 (R )
9 4-Bromostyrene 40 132 21 (R )

10 1,2-Dihydronaphtalene 2 33 73 (1S,2R )

a The reactions were performed with 1 mol % of catalyst, 1 equiv. of 2,6-dichloropyridine-
N-oxide, and 1 equiv. of substrate in benzene; b [Ru(53)(O)2] used as catalyst.

1 mol %  [Ru(54)(O)2]

2,6-Cl2pyNO, benzene
rt, 2.5 h

Ar
Ar

O

adjacent aryl positions (Figure 23).78 This ligand system is similar to the threitol-
strapped ligand derivatives reported by Gross and coworkers (Figure 21).
[Ru(54)(O)2] was able to reach an average TON greater than 200 for the epoxidation
of several of the olefins in this study (Table 24). Unfortunately, the enantioselectivity
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(CH2)n

(CH2)n

53: n = 1
54: n = 2

Figure 23. Homochiral-strapped porphyrin with chiral cyclohexane auxiliaries.78
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induced by these catalysts did not compare favorably with Gross’s system
(Tables 21 and 24).72–75

Collman and coworkers synthesized single-faced threitol-strapped por-
phyrins containing a bridge across the porphyrin plane connecting the two chiral
moieties (55–57, Figure 24).79,80 This system is analogous to basket handle por-
phyrin ligands, which will be discussed later in this chapter. The open-faced struc-
ture of porphyrins 55–57 (Figure 24) required an adequate axial ligand to block
the achiral face of the catalyst from playing a role in the epoxidation process. The
bulky 1,5-dicyclohexylimidazole (DiCyIm) was identified as a suitable axial lig-
and. The Mn(III) chloride complex of 57, [Mn(57)Cl], was used as a catalyst for
the epoxidation of several aromatic olefins in the presence of DiCyIm (Table 25).
[Mn(57)Cl] was shown to be capable of epoxidation of a range of olefin sub-
strates, including an example of an aliphatic olefin. Good yields and enantiose-
lectivities were generally obtained.

Boitrel and coworkers synthesized and evaluated a series of Fe(III) chloride
complexes of porphyrins as catalysts for asymmetric epoxidation. The ligand sys-
tems produced (including picket fence, strapped, and basket handle porphyrins) all
contained chiral proline units, which served as chiral auxiliaries (Figure 25). The
Fe(III) chloride complexes of these ligands were tested for their ability to epoxidize
4-chlorostyrene and 1,2-dihydronaphthalene.81,82 The enantioselectivity of these
reactions is summarized in Table 26. The only catalyst which displayed enhanced
enantiomeric performance for both 4-chlorostyrene and 1,2-dihydronaphthalene
was α,α,β,β-61 (entry 7, Table 26).
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Figure 24. Threitol-strapped porphyrin.79,80
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Table 25. Asymmetric epoxidation of olefins catalyzed by [Mn(57)Cl].79,80

Entrya Substrate Temp (°C) Yield (%) ee (%)

1 Styrene 25 86 69 (R )
2 4-Chlorostyrene 25 83 70 (R )
3 2-Nitrostyrene 25 46 74
4 2-Methylstyrene 25 65 79
5 cis-β-Methylstyrene 25 89 78 (1R,2S)
6 cis-β-Methylstyrene 0 76 80 (1R,2S)
7 trans-β-Methylstyrene 25 81 21 (1S,2S)
8 1,2-Dihydronaphthalene 25 86 84 (1R,2R )
9 1,2-Dihydronaphthalene 0 67 87 (1R,2R )

10 1,2-Dihydronaphthalene −10 26 88 (1R,2R )
11 Indene 25 84 74

a The reactions were performed with 1 mol % of catalyst, 1 equiv. of PhIO, and 100 equiv. of
substrate in DCM.

1,5-Dicyclohexylimidazole
PhIO, DCM, 1 h

Ar Ar
O

R R

1 mol %  [Mn(57)Cl]

O

O

59: R =
N

N
H

NH
N

HN

O
N

HN
O

NH

O

NH
O

N

N

N
HH

H

H R

R
OO

NNH
N HN

NH

O

N

HN

O

HN

ONH

O
N

N

N
H

H

H

H

R

R

61: R =
O

O

N

NH N

HN

R*

*R

*R

R*

58: R* =

NH

O

HN

60: R =

Figure 25. Proline-derived porphyrin ligands.81,82
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C. Chiral Basket Handle Porphyrins

Mansuy and coworkers reported the first example of a basket handle porphyrin for
the epoxidation of 4-chlorostyrene (64, Figure 26).83 The rigid chiral environment
was inspired by the desire to mimic the active site of cytochrome P-450. In the
course of the development of 64, precursors 62 and 63 (picket fence type ligands)
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Table 26. Asymmetric epoxidation of olefins by [Fe(58–61)Cl].81,82

Entrya Por* 4-Chlorostyrene (% ee) 1,2-Dihydronaphthalene (% ee)

1 αβαβ-58 16 34
2 ααββ-58 4 9
3 αααβ-58 10 14
4b αααα-58 22 10
5 αβαβ-59 17 0
6 αβαβ-60 42 4
7 ααββ-61 31 26

a Reactions were performed with 1 mol % of catalyst, 1 equiv. of oxidant, and 10 equiv.
of substrate in DCM at rt for 30 min; b 1-(tert-butyl)-5-phenylimidazole used as axial ligand
(2.5 equiv.).

1 mol % [Fe(Por*)Cl]

PhIO, DCM
rt, 30 min

Ar Ar
O

RR

NNH
N HN

NH
R

HN

R

NH

R
HN

R

62: R =

O
H
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Figure 26. Picket fence and basket handle porphyrins bearing amino acids.83
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were also evaluated for the epoxidation of 4-chlorostyrene (Table 27). In general,
the iron basket handle porphyrin [Fe(64)Cl] was shown to be a superior catalyst
in terms of selectivity when compared to the picket fence complexes [Fe(62)Cl]
and [Fe(63)Cl]. However, it is noted that this system required high catalyst load-
ings (20 mol %) and generated only modest yields (35–50%) and enantioselectiv-
ities (12–50% ee).

Groves and Viski developed a basket handle derivative of their picket fence
porphyrin using a binaphthyl bridge as shown in Figure 27.84 Iron and manganese
complexes of 65 were used as catalysts for the epoxidation of a number of differ-
ent olefins (Table 28). This system was shown to be suitable for a range of aro-
matic and aliphatic olefins, generating low to moderate enantioselectivities. The
low enantioselectivities reported were believed to result from the oxidative poi-
soning of the catalyst over the course of the reaction.85 In the case of bulky sub-
strates such as cis-β-methylstyrene, good asymmetric induction was achieved with
the iron complex [Fe(65)Cl] (entry 6, Table 28).

Collman and coworkers also synthesized a basket handle porphyrin using
binaphthyl groups. The iron complex of the “binap-capped” porphyrin 66, shown
in Figure 28, was used for the asymmetric epoxidation of mono- and di-substituted
aromatic olefins to generate epoxides with moderate yields and enantioselectivi-
ties (Table 29).86

Inspired by the metalloenzyme cytochrome P-450, Inoue and coworkers syn-
thesized a series of basket handle porphyrin ligands with optical antipodes, as
shown in Figure 29. The iron complexes of these ligands were prepared and used
as catalysts for the epoxidation of aromatic olefins as shown in Table 30.87,88

Various axial ligands were used to coordinate to the open face of the porphyrin in
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Table 27. Comparison of picket fence and basket handle
porphyrins as catalysts for the asymmetric epoxidation of
4-chlorostyrene.83

Entrya Por* Yield (%) ee (%)

1 62 60 12 (S)
2 63 45 21 (S)
3 64 35 50 (R )

a Reactions were performed with 20 mol % of catalyst,
1 equiv. of oxidant, and 300 equiv. of substrate in DCM at
−5 °C in a 1:1 ratio of DCM and benzene for 3 h.

20 mol % [Fe(Por*)Cl]

PhIO, −5 °C

O

Cl Cl
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Figure 27. Vaulted binaphthyl porphyrins.84

Table 28. Asymmetric epoxidation of olefins catalyzed by [Fe(65)Cl].84,85

Entrya Substrate Yield (%) ee (%)

1 Styrene 23 30 (R )
2b Styrene 21 36 (R )
3 4-Chlorostyrene 39 38 (R )
4 tert-Butylethylene 14 40 (S)
5 trans-β-Methylstyrene 43 ~1 (1S,2S)
6 cis-β-Methylstyrene 35 62 (1S,2R )
7b cis-β-Methylstyrene 27 6 (1S,2R )
8 trans-2-Pentene 42 32 (1S,2S)
9 Indene 70 20 (1S,2S)

10 1,2-Dihydronaphthalene 61 42 (1S,2S)

a Reactions were performed with 1 mol % of catalyst, 1 equiv. of oxidant,
and 10 equiv. of substrate in toluene (iodobenzene for low boiling point
products) at 0 °C for 2 h; b [Mn(65)Cl] used as catalyst.

1 mol% [Fe(65)Cl]
Ar Ar

O

RR PhIO, toluene,
0 °C, 2 h
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an effort to prevent the generation of racemic products. As anticipated, both enan-
tiomers of catalyst 67 gave similar results with opposite senses of asymmetric
induction (entries 1–2, Table 30). The omission of the requisite axial ligand led to
an increase in the overall product yield, but with a significant drop in enantiomeric
excess as shown in entry 3 (Table 30).

III. Cyclopropanation

Metal-catalyzed cyclopropanation of olefins with diazo reagents has attracted
interest due to the fundamental and practical importance of the resulting cyclo-
propyl units.89–92 Cyclopropane rings are recurrent motifs in biologically important
molecules and can serve as versatile precursors in organic synthesis.93–96 Currently,
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Figure 28. “Binap-capped” porphyrin.86

Table 29. Asymmetric epoxidation of aromatic olefins catalyzed by [Fe(66)Cl].86

Entrya Substrate Yield (%) ee (%)

1 Styrene 62 48 (S)
3 4-Chlorostyrene 64 50 (S)
4 4-Nitrostyrene 39 56 (S)
5 2-Vinylnaphthalene 36 63 (S)
6 cis-β-Methylstyrene 59 29 (1S,2R )
8 1,2-Dihydronaphthalene 45 21 (1S,2R )

a Reactions were performed with 0.9 mol % of catalyst, 1 equiv. of oxidant, and
27 equiv. of substrate in DCM.

0.9 mol % [Fe(66)Cl]

PhIO, DCM
Ar Ar

O

RR
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Figure 29. Basket handle type porphyrin antipodes.87,88

Table 30. Asymmetric epoxidation of aromatic olefins catalyzed [Fe(67–69)Cl].87,88

Entrya Substrate Por*b Axial ligand Yield (%) ee (%)

1 Styrene (+)-67 Imidazole 43 49 (R )
2 Styrene (−)-67 Imidazole 45 48 (S)
3 Styrene (+)-67 None 72 18 (S)
4 Styrene (+)-67 1-Ethylimidazole 68 50 (R )
5 4-Chlorostyrene (−)-67 Imidazole 41 42 (S)
6 4-Chlorostyrene (−)-67 2-Methylimidazole 40 42 (S)
7 4-Chlorostyrene (−)-67 2-Phenylimidazole 36 8 (S)
8 4-Methylstyrene (+)-67 Imidazole 56 47 (R )
9 2-Vinylnaphthalene (+)-67 Imidazole 65 42 (R )

10 Indene (+)-67 Imidazole 58 58 (1R,2S)
11 1,2-Dihydronaphthalene (+)-67 Imidazole 32 52 (1R,2S)
12 Styrene (+)-68 1-Ethylimidazole 27 30 (R )
13 Styrene (+)-68 None 18 16 (S)
14 Styrene (+)-69 1-Ethylimidazole 33 17 (R )
15 Styrene (+)-69 None 30 16 (S)

a Reactions were performed with 1 mol % of catalyst, 10 mol % of axial ligand, 1 equiv. of
oxidant, and 5 equiv. of substrate in DCM for 3 h at −10 °C; b See Figure 29 for structures.

1 mol % [Fe(Por*)Cl]

PhIO, DCM
Ar Ar

O

RR
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the metal-mediated decomposition of diazo reagents in the presence of olefins con-
stitutes the most direct route to the synthesis of cyclopropanes. This approach pro-
vides the advantage of using achiral reagents with the induction of chirality
occurring as a direct result of the chiral environment of the catalysts. Prior to the
development of catalytic systems capable of decomposing diazo reagents, the
Simmons–Smith reaction was the predominant method for cyclopropanation,91 and
chiral starting materials or chiral auxiliaries were required for asymmetric induction.

In the last 20 years, a number of metal-mediated asymmetric cyclopropana-
tion systems incorporating copper, ruthenium, cobalt, rhodium, and various lig-
ands have been developed.97–104 Copper bisoxazoline and dirhodium complexes
are examples of some of the more general and selective catalysts that have been
prepared. For example, Doyle’s use of dirhodium carboxamides as catalysts for
the general and selective asymmetric intramolecular cyclopropanation with diazo
reagents has achieved broad use in the chemical literature.103–110

Among the wide variety of catalytic systems, metalloporphyrin-based ligand
designs are unique, owing to their excellent selectivities and high catalytic TON.
Metalloporphyrins were first used as catalysts for cyclopropanation by Callot and
coworkers.111,112 Their initial reports on rhodium-catalyzed cyclopropanation were
significantly expanded by Kodadek and coworkers.113–119 Woo and coworkers
showed that osmium porphyrins could also catalyze the cyclopropanation of
alkenes, although with less efficiency.120 Subsequently, Kodadek, Woo, and
coworkers jointly reported that iron porphyrins were effective catalysts for the
shape-selective and stereoselective cyclopropanation of alkenes.121 These early
works paved a solid foundation for the subsequent development of highly diastereo-
selective and enantioselective catalysts.

In the following sections, the asymmetric cyclopropanation of alkenes using
metalloporphyrins will be discussed. This section will follow the same general out-
line as the epoxidation section. The robust Halterman porphyrin 8, examined in var-
ious systems for the epoxidation of alkenes, has historically been one of the most
widely studied chiral porphyrin ligands for cyclopropanation. More recently, the
development of Co(II) complexes of a new family of D2-symmetric chiral porphyrins
capable of high levels of stereocontrol over an expansive substrate scope has broad-
ened the use of metalloporphyrin-based catalysts for asymmetric cyclopropanation.

A. Chiral Picket Fence Porphyrins

Inspired by the previous reports of Doyle105,106,110 and Callot111,112 who used rhodium
complexes for the cyclopropanation of olefins, O’Malley and Kodadek employed
their “chiral wall” porphyrin (6, Figure 4, Section II.A) as a ligand for rhodium-
catalyzed asymmetric cyclopropanation.116,117,119 Based on Callot’s work, they
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believed that the use of the bulky “chiral wall” ligand would favor cis cyclo-
propane isomers, which are normally the minor products in most catalytic cyclo-
propanations. As anticipated, the cis-isomer was generated when the Rh(III)
iodide complex of 6 was employed for the asymmetric cyclopropanation of
styrene, cis-β-methylstyrene, and allyl benzene in the presence of ethyl diazoac-
etate (EDA). The TON for this catalytic system were outstanding with up to 4,500
TON obtained for the cyclopropanation of cis-β-methylstyrene. In all the cases
examined, the cis isomer was favored over the trans, although the trans product
exhibited significantly higher enantioselectivity (Table 31).

Kodadek and O’Malley designed and synthesized a new chiral porphyrin,
termed the “chiral fortress” (70, Figure 30), incorporating bulkier aromatic rings
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Table 31. Asymmetric cyclopropanation of olefins catalyzed by [Rh(6)I].117,119

ee (%)

Entrya Substrate cis/trans cis trans TON

1 Styrene 2.3 10 — 2000
2 cis-β-Methylstyrene 7.8 20 50 4500
3 Allylbenzene 4.3 45 60 550

a Reactions were performed with 5 mol % of catalyst, 1 equiv. of substrate, and 1 equiv. of EDA
in DCM at 0 °C. EDA was added in 0.25 equiv. portions over the course of the reaction.

5 mol % [Rh(6)I]
EDA

DCM, 0 °C
Ar Ar

R R

CO2Et

R =

N

NH N

HN

R

R

RR

 "Chiral fortress" 70

Figure 30. “Chiral fortress” porphyrin.116
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Table 32. Asymmetric cyclopropanation of olefins catalyzed by [Rh(70)I].116

ee (%)

Entrya Substrate cis/trans cis trans TON

1 Styrene 2.5 15 — 1600
2 cis-β-Methylstyrene 5.1 25 20 770
3 Allylbenzene 1.0 10 10 420
4 Ethoxyethane 0.83 15 10 130

a Reactions were performed with [Rh(70)I] as catalyst, 1 equiv. of substrate, and 1 equiv.
of EDA in DCM at rt. EDA was added in 0.25 equiv. portions over the course of the
reaction.

[Rh(70)I]
EDA

DCM, rt
Ar Ar

R R

CO2Et

in an effort to enhance the formation of the cis-cyclopropanated products.116 The
rhodium complex of 70, [Rh(70)I], was shown to be an active catalyst for the cyclo-
propanation of olefins. In comparison to the “chiral wall”, [Rh(6)I], the cis:trans
ratio was only slightly improved for styrene, and a decrease in diastereoselectiv-
ity was observed for all other substrates (Table 32). It was concluded that the
active site was too sterically encumbered to induce similar levels of selectivity in
comparison to the “chiral wall”.

In 1997, Simonneaux and coworkers reported the successful use of ruthe-
nium porphyrins such as [Ru(71)(O)2] (Scheme 14) for the asymmetric cyclo-
propanation of olefins with EDA.122 Previous studies using this system reported
complex mixtures of products, with EDA dimerization identified as the major
product of the reaction. The introduction of EDA over several hours minimized
the formation of these side products and produced the desired cyclopropane deriv-
atives with good diastereoselectivity albeit low enantioselectivity (Scheme 14).
This technique ultimately proved useful for most rhodium, iron, and ruthenium
systems.

Che and coworkers expanded their previous work on Halterman complexes
by using ruthenium complexes, [Ru(8)(CO)] and [Ru(8)(CPh2)] (Figure 5,
Section II.A), as catalysts for the cyclopropanation of styrene derivatives with
diazo reagents (Tables 33 and 34).123,124 Overall, the [Ru(8)(CO)] complex gener-
ated higher yields and greater diastereo- and enantioselectivities over a range of
aromatic olefins in comparison to [Ru(8)(CPh2)]. In addition, the catalytic effi-
ciency of both of these complexes were shown to be outstanding, providing TONs
greater than 1,200.
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The ruthenium carbonyl complex of the Halterman porphyrin, [Ru(8)(CO)],
was also examined as a potential catalyst for intramolecular cyclopropanation to
produce valuable cyclopropyl fused ring products (Table 35). Although the yields
and enantioselectivities reported for these cyclopropanes are low to moderate, this
represents one of the first reports of asymmetric intramolecular cyclopropanation
catalyzed by a ruthenium porphyrin complex.
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Table 33. Asymmetric cyclopropanation of aromatic olefins catalyzed by [Ru(8)(CO)].123,124

ee (%)

Entrya Substrate Yield (%) trans/cis trans cis TON

1 Styrene 83 18 87 4 1700
2 α-Methylstyrene 69 3.0 87 35 1400
2 4-Chlorostyrene 66 23 90 4 1300
3 4-Fluorostyrene 83 19 87 3 1700
4 4-Methylstyrene 78 18 81 9 1600
5 4-Methoxystyrene 61 15 85 8 1200

a Reactions were performed with 0.05 mol % of catalyst, 1 equiv. of EDA, and 5 equiv. of
substrate in DCM at room temperature for 20 h.

0.05 mol % [Ru(8)(CO)]
EDA

DCM, rt, 20 h
Ar Ar

CO2Et
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Che and coworkers investigated ruthenium and rhodium complexes of the
Halterman porphyrin 8 for both inter- and intramolecular asymmetric cyclopropa-
nation.125 As presented in Tables 36 and 37, for both inter- and intramolecular
cyclopropanation systems, [Ru(8)(CO)] generated higher diastereo- and enantio-
selectivities. Despite using catalysts with the same ligand environment, an “enan-
tiomeric switch” was observed for one of the substrates when the rhodium metal
was exchanged with ruthenium (entry 4, Table 37). These results led to the
assumption that these two metal complexes cyclopropanate via different mecha-
nistic pathways, generating the two different enantiomers.
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Table 34. Asymmetric cyclopropanation of aromatic olefins catalyzed by [Ru(8)(CPh2)].123,124

ee (%)

Entrya Substrate Yield (%) trans/cis trans cis TON

1 Styrene 36 11.0 83 7 720
2 α-Methylstyrene 72 5.6 66 25 1400
2 4-Chlorostyrene 61 5.2 88 40 1200
3 4-Fluorostyrene 71 8.4 85 12 1400
4 4-Methylstyrene 62 4.1 71 — 1200
5 4-Methoxystyrene 75 12 71 9 1500

a Reactions were performed with 0.05 mol % of catalyst, 1 equiv. of EDA, and 5 equiv. of
substrate in DCM at room temperature for 20 h.

0.05 mol % [Ru(8)(CPh2)]
EDA

DCM, rt, 20 h
Ar

Ar

CO2Et

Table 35. Intramolecular asymmetric cyclopropanation catalyzed by [Ru(8)(CO)].123,124

Entrya Rt Rc Yield (%) ee (%)

1 H H 45 24 (1R,5S)
2 Me Me 65 36 (1R,5S)
3 Me H 65 28
4 Ph H 60 85 (1R,5R )

a Reactions were performed with 0.6 mol % of catalyst and 1 equiv. of substrate in DCM at
room temperature for 20 h.

0.6 mol % [Ru(8)(CO)]

DCM, rt, 20 h

Rt

Rc

O

O

N2

OO

Rt Rc
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Che and coworkers also reported the use of ruthenium complex [Ru(8)(CO)]
encapsulated in mesoporous molecular sieves for intramolecular cyclopropana-
tion.40 Although only one example was reported (Scheme 15), the catalytic system
generated a respectable enantioselectivity (85% ee) and could be reused up to four
times. The results from this heterogeneous system were comparable to the corre-
sponding homogenous system (Table 37).
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Table 36. Asymmetric cyclopropanation of aromatic olefins catalyzed by rhodium and
ruthenium complexes of 8.125

[Rh(8)I] [Ru(8)(CO)]

ee (%) ee (%)

Entrya Substrate Yield (%) trans/cis trans cis Yield (%) trans/cis trans cis

1 Styrene 66 1.5 61 36 83 18 86 4
2 α-Methylstyrene 75 1.0 46 46 69 3.0 87 35
2 4-Chlorostyrene 81 1.2 62 20 66 23 90 4
3 4-Fluorostyrene 72 0.9 62 33 83 19 87 3
4 4-Methylstyrene 71 1.2 49 42 78 18 81 9
5 4-Methoxystyrene 83 1.6 68 44 61 15 85 8

a Reactions were performed with 0.05 mol % of catalyst, 1 equiv. of EDA, and 5 equiv. of
substrate in DCM at room temperature for 20 h.

0.05 mol % [M(8)]
EDA

DCM, rt, 20 h
Ar Ar

CO2Et

Table 37. Intramolecular asymmetric cyclopropanation catalyzed by rhodium and ruthenium
complexes of 8.125

[Rh(8)I] [Ru(8)(CO)]

Entrya R1 R2 R3 Yield (%) ee (%) Yield (%) ee (%)

1 H H H 23 20 (1R,5S) 48 24 (1R,5S)
2 Me Me H 81 37 (1R,5S) 65 36 (1R,5S)
3 Me H H 33 24 (1R,5S) 65 41 (1R,5S)
4 Ph H H 84 20 (1R,5S) 77 85 (1S,5R )
5 H Ph H 31 31 (1R,5S) 18 22 (1R,5S)

a Reactions were performed with 0.6 mol % of catalyst and 1 equiv. of substrate in DCM at
room temperature for 20 h.

0.6 mol % [M(8)]

DCM, rt, 20 h

R1

R2

O

O

N2

OO

R1 R2

R3

R3
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Iron complex [Fe(8)Cl] was also reported by Che and coworkers for asym-
metric cyclopropanation with ethyl diazoacetate. The diastereo- and enantioselec-
tivities reported were similar to those of the aforementioned rhodium and
ruthenium complexes (Table 38).126 However, the iron complex produced the
cyclopropanes with lower TON in comparison to the ruthenium complex (Tables 38
and 33). Further investigation of the iron-catalyzed system showed that the use of
nitrogen-based axial ligands could improve the diastereo- and enantioselectivity
across a range of substrates as shown in Table 39. However, the use of an axial lig-
and resulted in even lower TON as shown in Table 39.

Berkessel and coworkers evaluated ruthenium complexes of the Halterman
porphyrin 8 and its derivatives 9–11 (Figure 6, Section II.A)42 as catalysts for the
cyclopropanation of aromatic olefins using the slow addition method for the intro-
duction of EDA (Table 40). Excellent diastereoselectivities and high enantioselec-
tivities were observed with all ligand derivatives when styrene was used as the
substrate (entries 1–5, Table 40). Results showed that the derivatization of the
para-phenyl position of the meso-aryl group with electron-donating or -with-
drawing groups did not have a pronounced effect on the diastereo- and enantiose-
lectivity in comparison to the metal complexes of the Halterman porphyrin.
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[Ru(8)(CO)]
MCM-48

Ph O

O

N2

O

O

Ph
85 %ee

TON: 1500

Scheme 15.40

Table 38. Asymmetric cyclopropanation of aromatic olefins catalyzed by [Fe(8)Cl].126

Entrya Substrate Yield (%) trans:cis trans ee (%) TON

1 Styrene 71 12:1 80 368
2 4-Chlorostyrene 57 18:1 75 284
3 4-Methylstyrene 56 12:1 79 424
4 4-Methoxystyrene 65 13:1 74 416
5 α-Methylstyrene 68 3:1 81 390
6 1,1-Diphenylethane 72 — 83b 410

a Reactions were performed with 0.5 mol % of catalyst, 1 equiv. of EDA, and 5 equiv. of
substrate in DCM at room temperature. 4 h slow addition of EDA is followed by 1 h of stirring
in DCM; b Z isomer.

0.5 mol % [Fe(8)Cl]
EDA

DCM, rt, 5 h 
Ar Ar

CO2Et
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Table 39. Asymmetric cyclopropanation of styrene catalyzed by [Fe(8)L].126

Entrya Axial ligand (L) trans:cis trans ee (%) TON

1 — 12:1 80 368
2 Pyridine 33:1 82 307
3 DMAP 24:1 81 321
4 1-Methylimidazole 26:1 83 275
5 1-Methylpyrrolidine 27:1 86 293
6 4-Phenylpyridine-N-oxide 23:1 83 209
7 DMSO 17:1 82 385

a Reactions were performed with 0.5 mol % of catalyst, 4 mol % of axial ligand (L), 1 equiv.
of EDA, and 5 equiv. of substrate in DCM at room temperature for 4 h slow addition is
followed by 1 h of stirring in DCM.

0.5 mol % [Fe(8)Cl]
4 mol % axial ligand (L)

EDA

DCM, rt, 5 h 
Ar

Ar

CO2Et

Table 40. Asymmetric cyclopropanation of olefins catalyzed by [Ru(8–11)(CO)].42

Entrya Substrate Por*b Conversion (%) trans:cis ee trans (%) ee cis (%)

1 Styrene 8 80 96:4 87 (1S,2S) 14 (1S,2R )
2 Styrene ent-9 81 96:4 90 (1R,2R ) 31 (1R,2S)
3 Styrene ent-10 83 96:4 89 (1R,2R ) 11 (1R,2S)
4 Styrene 11 94 97:3 89 (1S,2S) <1
5 Styrene 8c 81 96:4 87 (1S,2S) 14 (1S,2R )
6 α-Methylstyrene 8 79 66:34 90 (1S,2S) 38 (1S,2R )
7 α-Methylstyrene ent-9 76 68:32 91 (1R,2R ) 43 (1R,2S)
8 α-Methylstyrene ent-10 81 67:33 91 (1R,2R ) 46 (1R,2S)
9 α-Methylstyrene 11 >98 69:31 91 (1S,2S) 36 (1S,2R )

10 α-Methylstyrene 8c 78 66:34 90 (1S,2S) 38 (1S,2R )
11 1-Hexene 8 20 86:14 46 (1S,2S) 9
12 1-Hexene ent-9 15 85:15 40 (1R,2R ) <2
13 1-Hexene ent-10 20 82:18 39 (1R,2R ) <2
14 1-Hexene 11 30 85:15 46 (1S,2S) 4
15 1-Hexene 8c 42 99.5:0.5 32 (1S,2S) 6

a Reactions were performed with 0.1 mol % of catalyst, 1 equiv. of substrate, and 1 equiv. of
EDA in DCE at 0 °C. Diazo was added by means of a syringe pump over 2 h; b See Figure 6
for structures; c [Ru(8)PF3] used as catalyst.

0.1 mol % [Ru(Por*)(CO)]
EDA

DCE, 25 °C
Ar Ar

CO2Et
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Simonneaux and coworkers reported the synthesis of a water-soluble
Halterman porphyrin derivative (72, Scheme 16) and the use of its iron and ruthe-
nium complexes for the cyclopropanation of styrene with EDA.127 While both
[Fe(72)Cl] and [Ru(72)(CO)] catalysts displayed very similar diastereo- and enan-
tioselectivities, the iron complex provided superior yields (Scheme 16). It was also
noted that the iron complex was recyclable up to four times, with no significant
decrease in enantioselectivity while retaining excellent diastereoselectivity.
However, the enantioselectivity and yield of the cyclopropanated product gener-
ated by the ruthenium complex decreased significantly after the first cycle.

Continued development by Simonneaux and coworkers led to the introduc-
tion of heterogeneous catalytic systems for olefin cyclopropanation, and in 2005
they introduced the use of a heterogeneous polymer-supported Halterman por-
phyrin system as a catalyst for the cyclopropanation of olefins (Figure 31). Iron
and ruthenium complexes of the Halterman porphyrin 8 were incorporated into the
backbone of the polymer-based system,128 and the use of an alternative diazo
reagent, trifluorodiazoethane (Table 41), was employed for the first time.129 The
diastereoselectivities reported for this polymer-supported system were excellent,
however, the yield and enantioselectivity were only moderate.

Following their use of trifluorodiazoethane, Simmonneaux and coworkers
explored bulkier diazo reagents for asymmetric cyclopropanation. For example,
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 0.5 mol % catalyst
EDA

H2O, rt, 24 h 
Ph

Ph

CO2Et

[Fe(72)Cl]: 85% yield
trans:cis = 92:8
trans ee = 83%

N

NH N

HN
NaO3S SO3Na

SO3Na

SO3Na

72

[Ru(72)(CO)]: 52% yield
trans:cis = 96:4
trans ee = 83%

Scheme 16.127
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the diazo reagent 2,6-di-tert-butyl-4-methylphenyl diazoacetate (Scheme 17) was
employed in the cyclopropanation of styrene by [Ru(8)(CO)].130 Although excel-
lent diastereoselectivity was achieved with this system, the yield and enantio-
selectivity was relatively low. The authors speculated that the low yield and
enantioselective outcome was a consequence of the formation of a stable carbene
intermediate. Acquisition of a crystal structure of the carbene intermediate supported
this claim.

Further studies on the expansion of diazo substrate scope led Simonneaux and
coworkers to the use of the ruthenium Halterman complex for the asymmetric
cyclopropanation of styrene with diisopropyl diazomethylphosphonate (DAMP).131

The results, shown in Table 42, demonstrate that excellent diastereo- and
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N

NH N

HN

R R

R

R

73: R =

Heterogeneous
catalyst

Figure 31. Polymer-supported Halterman ligand.128

Table 41. Asymmetric cyclopropanation with trifluorodiazoethane catalyzed by [Fe(8)Cl]
and [Ru(73)(CO)].128,129

Entrya Catalyst Yield (%) trans:cis ee (%, trans)

1 [Fe(8)Cl] 50 99:1 61
2 [Ru(8)(CO)] 32 98:2 58
3 [Fe(73)Cl] 52 97:3 56
4 [Ru(73)(CO)] 33 99:1 61

a Reactions were performed with 0.5 mol % catalyst, 1 equiv. of diazo, and 5 equiv. of substrate
in DCM at room temperature for 2 h.

 0.5 mol % catalyst
trifluorodiazoethane

DCM, rt, 2 h
Ph

Ph

CF3
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enantioselectivities as well as high product yields could be achieved with this
diazo reagent.

Simonneaux and coworkers also reported the design and synthesis of a new por-
phyrin ligand. The incorporation of a mixture of two types of rigid, bulky groups
onto the meso positions of the porphyrin ring generated porphyrin ligands 74–76, as
shown in Figure 32. The ruthenium complexes of these Halterman-like porphyrins,
bearing 1–4 chiral appendages (with 4 chiral appendages being the Halterman por-
phyrin 8) were employed as catalysts for the cyclopropanation of styrene with EDA
and DAMP (Table 43). Catalyst [Ru(74)(CO)] bearing three chiral groups displayed
high levels of asymmetric induction, while ligands [Ru(75)(CO)] and [Ru(76)(CO)]
having only one and two chiral groups, respectively, led to a significant reduction.

In 2006, Cenini and coworkers reported the use of porphyrin 77 for the
ruthenium-catalyzed cyclopropanation of α-methylstyrene with EDA (Scheme 18).132

In comparison to the Halterman porphyrin-based catalysts, this system produced
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Table 42. Asymmetric cyclopropanation of styrene with DAMP catalyzed by [Ru(8)(CO)].131

ee (%)

Entrya Substrate Yield (%) trans:cis trans cis

1 Styrene 97 96:4 90 34
2 4-Methylstyrene 93 99:1 87 23
3 4-Methoxystyrene 96 97:3 90 23
4 4-Trifluoromethylstyrene 90 95:5 92 5
5 4-Chlorostyrene 92 97:3 88 27

a Reactions were performed with 0.5 mol % of catalyst, 1 equiv. of DAMP, and 5 equiv. of EDA
in DCM at room temperature for 2 h.

0.5 mol % [Ru(8)CO]
DAMP

DCM, rt, 2 h
Ar P

O

OiPrOiPr

Ar

[Ru(8)(CO)]

toluene

trans
N2

H+

62% yield
trans:cis = 100:0
60% ee (trans)

O

O

O
CH3

tBu

tBu

O

tBu
CH3

tBu

Scheme 17.130
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significantly lower selectivities. In the same report, a cobalt complex of 77 was
used for the cyclopropanation of styrene with EDA. It was shown that [Co(77)]
generated slightly greater diastereoselectivities (trans:cis = 4.4:1) than the ruthenium-
catalyzed system. The enantioselectivities of the products generated from this
cobalt-catalyzed system were not reported.
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≡≡

8 74

75 76

Figure 32. Schematic representation of the chiral porphyrin ligands 74–76.131

Table 43. Asymmetric cyclopropanation of styrene with DAMP and EDA catalyzed by
ruthenium complexes of Halterman porphyrin 8 and its derivatives 74–76.131

Entrya Por*b Diazo Yield (%) trans:cis trans ee (%)

1 8 EDA 96 95:5 87
2 8 DAMP 97 96:4 90
3 74 EDA 95 93:7 65
4 74 DAMP 65 96:4 77
5 75 EDA 94 90:10 41
6 75 DAMP 55 95:5 66
7 76 EDA 96 90:10 25
8 76 DAMP 13 96:10 33

a Reactions were performed with 0.5 mol % of catalyst, 1 equiv. of diazo, and 5 equiv. of substrate
in DCM at room temperature for 2 h (EDA) or 48 h (DAMP). R = CO2Et from reaction with
EDA and R = P(O)(OiPr)2 for reactions with DAMP; b See Figure 32 for structures of ligands.

0.5 mol % [Ru(Por*)(CO)]
EDA or DAMP

Ph
Ph

RDCM, rt
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Independently, Zhang and coworkers also reported some of the first examples of
cobalt porphyrin-catalyzed asymmetric cyclopropanations.133,134 One of the distinct
advantages of using cobalt over the existing metal-catalyzed systems was that the
slow addition of the diazo reagent was no longer required to inhibit dimer formation.

In the initial report by Zhang and coworkers, cobalt complexes of several chiral
porphyrins (78–82, Figure 33) were prepared and evaluated for the asymmetric
cyclopropanation of styrene with EDA (Table 44). Their initial results demon-
strated that chiral groups directed toward the metal-center, as with complex 82,
provided the highest selectivities. Continued development of porphyrin ligand
systems with chiral groups in close proximity to the metal center led to improved
selectivities in Co(II)-catalyzed asymmetric cyclopropanation.

Based on this work, Zhang and coworkers designed and synthesized a series
of D2-symmetric chiral porphyrins for use in cobalt-catalyzed cyclopropanation
(Figure 34).135,136 One notable feature of these systems is the modular design of the
porphyrin ligand. The synthetic strategy reported by Zhang and coworkers allows
for the direct installation of select chiral amides using a palladium-catalyzed cross-
coupling approach between brominated porphyrins and chiral amides. Through
selection of the appropriate chiral groups, each of the four diastereomers of the
cyclopropanated product could be accessed with excellent enantioselectivity
(Scheme 19).
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[Ru(77)(CO)]

benzene, 1 h CO2Et

CO2Et
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trans cis

3.2:1

72.5% yield
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16.5% yield
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N HN
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Scheme 18.132
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The resulting chiral porphyrins (selected examples are shown in Table 45)
were evaluated for the cobalt-catalyzed cyclopropanation of styrene with
EDA and tert-butyl diazoacetate (t-BDA). Axial ligands, such as 4-N,N-
dimethylaminopyridine (DMAP), were found to significantly increase
diastereo- and enantioselectivity without diminishing the yields (entries 1 and
5, Table 45). Further improvements were achieved by lowering the reaction
temperature (entries 8 and 9, Table 45). Given the low cost of cobalt, the “one-
pot” process practicality, yield and enantioselectivity, chiral cobalt complexes
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Figure 33. Chiral cobalt porphyrin complexes.133,134

b867_Vol-10_Ch-43.qxd  6/21/2010  3:15 PM  Page 58



presented themselves as desirable alternatives to other cyclopropanation
systems.137

Zhang and coworkers continued to focus their attention on increasing the sub-
strate scope of their cobalt-based system (Table 46).138 The cobalt D2-symmetric
porphyrin 87 was shown to be a suitable catalyst for the asymmetric cyclopropa-
nation of aromatic olefins (entries 1–5, Table 46). However, the most notable fea-
ture of this catalytic system was its ability to cyclopropanate electron-deficient
olefins, normally shown to be inactive in other cyclopropanation systems (entries
7–10, Table 46).138

In 2008, Zhang and coworkers reported the use of diazosulfones as diazo
reagents for cobalt-catalyzed cyclopropanation.139 During the course of this study,
it was discovered that a new porphyrin ligand would be required to obtain high
enantioselectivities (Figure 35). The results, shown in Table 47, demonstrated that
the porphyrin complexes examined in the previous cyclopropanation system
(87–88) did not produce adequate levels of enantioselectivity. Subsequently, lig-
ands 89 and 92 were designed and synthesized in an effort to increase the rigidity
and polarity of the chiral environment, thereby enhancing enantioselectivity. The
more sterically demanding ligand 92 of the “group of six” (Figure 35) was shown
to be the best for supporting cobalt-catalyzed cyclopropanation with diazosulfones
(entry 7, Table 47).

With the cobalt complex of ligand 92 identified as the catalyst of choice, the
substrate scope was examined (Table 48). Results showed that cobalt-catalyzed
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Table 44. Asymmetric cyclopropanation of styrene catalyzed by cobalt porphyrin
complexes.133,134

% ee

Entrya Por*b Yield (%) cis:trans cis trans

1 82 73 64:36 77 62
2 47 84 48:52 31 10
3 78 97 28:72 1 9
4 79 99 32:68 1 1
5 81 79 36:64 1 1
6 80 80 34:66 6 6

a Reactions were performed with 2 mol % catalyst, 1.2 equiv. of diazo, and 1 equiv. of styrene
at 80 °C for 12 h; b See Figures 21 and 33 for structures.

2 mol % [Co(Por*)]
EDA

Ph
Ph

CO2Ettoluene, 80 °C, 12 h
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cyclopropanation reactions with diazosulfones could be applied to a broad range
of olefins, including aromatic and electron-deficient olefins, to generate the
desired products with high levels of diastereo- and enantioselectivity.

The use of succinimidyl diazoacetate as a carbene source was examined by
Zhang and coworkers for the cobalt-catalyzed cyclopropanation of both aro-
matic and electron-deficient olefins (Table 49).140 Both ligands 87 and 90 from
the “group of six” (Figure 35) provided excellent diastereo- and enantioselec-
tivities. Although the yields associated with the cyclopropanation of electron-
deficient olefins were diminished in this system, the stereoselectivities were
still very high. The products of these reactions, cyclopropyl succinimidyl
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Figure 34. D2-symmetric chiral porphyrins.135
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esters, are valuable intermediates for the synthesis of cyclopropyl carboxamide
derivatives.140

Zhang and coworkers also reported on the use of an acceptor/acceptor type
diazo reagent, α-nitrodiazoacetate, which was shown to be a suitable diazo source
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Table 45. Asymmetric cyclopropanation of styrene catalyzed by [Co(83–87)].135

Entrya Por*c Diazo Additive Yield (%) trans:cis ee (%)

1 83 EDA — 92 87:13 31
2 84 EDA — 77 66:34 35
3 85 EDA — 92 32:68 48
4 86 EDA — 95 32:68 51
5 83 EDA DMAP 91 96:04 67
6 87 EDA — 89 88:12 43
7 87 EDA DMAP 86 97:03 78
8 87 t-BDA DMAP 88 99:01 95
9 87 t-BDA DMAP 84 99:01 98

a Reactions were performed with 2 mol % catalyst, 1.2 equiv. of diazo, and 1 equiv. of styrene
at room temperature for 20 h; b −20 °C; c See Figure 34 for structures.

2 mol % [Co(Por*)]
diazo reagent

Ph
Ph

CO2Ettoluene, rt, 20 h
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for use by many cobalt-catalyzed systems.141,142 The results generated by the “group
of six” (Figure 35) in the cyclopropanation of styrene with ethyl α-nitrodiazoacetate
(ENDA) are shown in Table 50. Similar to other diazoacetate systems, 87 generated
high diastereo- and enantioselectivities (Table 50). Among the solvents examined,
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Table 46. Asymmetric cyclopropanation of olefins with t-BDA catalyzed by [Co(87)].135–138

Entrya Substrate Yield (%) trans:cis ee (%, trans)

1 Styrene 84 >99:1 95
2 4-Chlorostyrene 69 98:2 91
3 4-Methoxystyrene 86 98:2 96
4 Pentafluorostyrene 74 97:3 84
5 2-Vinylnaphthalene 84 99:1 98
7b Ethyl acrylate 92 99:1 91
8b Acrylamide 77 99:1 97
9b Pent-1-en-3-one 81 99:1 94

10b Acrylonitrile 83 76:24 93

a Reaction conditions: 1 mol % of catalyst, 1.0 equiv. of olefin, 1.2 equiv. of t-BDA, and 0.5
equiv. of DMAP in toluene at 25 °C under N2 for 20 h; b Chlorobenzene was used as solvent.
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Figure 35. “Group of six” of D2-symmetric chiral porphyrins.139
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Table 47. Asymmetric cyclopropanation of styrene with diazosulfone catalyzed by Co(II)
complexes of the “group of six” porphyrins.139

Entrya [Co(Por*)]b Additive Yield (%) trans:cis ee (%) trans

1 [Co(87)] DMAP −6 >99:01 3
2 [Co(87)] — 86 >99:01 14
3 [Co(88)] — 60 >99:01 23
4 [Co(89)] — 30 >99:01 54
5 [Co(90)] — 78 >99:01 56
6 [Co(91)] — 99 >99:01 61
7 [Co(92)] — 99 >99:01 92

a Reaction conditions: Performed at 25 °C for 48 h with DCM as solvent using 1 mol %
[Co(Por*)] with 1.0 equiv. of styrene and 1.5 equiv. of N2CHTs; [styrene] = 0.25 M; b See
Figure 35 for structures.

[Co(Por*)]
Ph +

N2

H S

Ph

S
OO

CH3

O O

CH3

Table 48. Asymmetric cyclopropanation of olefins with diazosulfone catalyzed by [Co(92)].139

Entrya Substrate Yield (%) trans:cis ee (%) trans

1 Styrene 99 >99:01 92
2 4-t-Butylstyrene 57 >99:01 94
3 4-Methoxystyrene 80 >99:01 97
4 4-Trifluoromethylstyrene 72 >99:01 95
5 3-Nitrostyrene 77 >99:01 95
6 2-Vinylnaphthalene 81 >99:01 93
7 Methyl acrylate 96 96:04 89
8 Ethyl acrylate 72 >99:01 90
9 But-3-en-2-one 93 99:01 89

10 Acrylonitrile 81 79:21 61

a Reaction conditions: Performed at 25 °C for 48 h with DCM as solvent using 1 mol %
[Co(92)] with 1.0 equiv. of styrene and 1.5 equiv. of N2CHTs; [styrene] = 0.25 M.

R +

N2

H S

R

S
O

[Co(92)]
O

CH3

O O

CH3

n-hexane was found to be the preferred solvent, generating the highest enantio-
selectivity while maintaining high yield and diastereoselectivity (entry 2, Table 50).
It was also shown that aromatic and electron-deficient olefins as well as aliphatic
olefins were suitable substrates for cyclopropanation with ENDA (Table 51).
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B. Chiral Strapped Porphyrins

In 1998, Simonneaux and coworkers described the use of threitol-strapped ligand
47 (Figure 21), previously reported by Gross and coworkers for epoxidation72,73

(Section II.B), for the ruthenium-catalyzed asymmetric cyclopropanation of aro-
matic olefins. The ruthenium complex [Ru(47)(CO)] was used with ethyl dia-
zoacetate to generate cyclopropane products with excellent yields and moderate
diastereo- and enantioselectivities (Table 52).143

In 2003, Simonneaux and coworkers reported on their work with threitol-
strapped ruthenium catalysts for the cyclopropanation of styrene with diiso-
propyl diazomethylphosphonate (DAMP) as the carbene source.144 The yield and
diastereoselectivities (Scheme 20) produced with [Ru(47)(CO)] in the presence
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Table 49. Asymmetric cyclopropanation of olefins with succinimidyl diazoacetate catalyzed
by [Co(87)] and [Co(90)].140

Entrya Substrate Yield (%) trans:cis ee (%) trans

1 Styrene 86 >99:01 92
2b Styrene 70 >99:01 96
3 4-Methylstyrene 90 >99:01 95
4b 4-Methylstyrene 71 98:02 96
5 4-t-Butylstyrene 80 >99:01 97
6b 4-t-Butylstyrene 81 >99:01 98
7 4-Methoxystyrene 71 >99:01 95
8b 4-Methoxystyrene 75 99:01 97
9 4-Chlorostyrene 66 >99:01 90

10b 4-Chlorostyrene 48 >99:01 92
11 4-Trifluoromethylstyrene 77 >99:01 90
12b 4-Trifluoromethylstyrene 30 >99:01 94
13 4-Vinylphenyl acetate 71 >99:01 91
14 3-Nitrostyrene 50 >99:01 92
15 2-Vinylnaphthalene 33 99:01 91
16 Ethyl acrylate 57 >99:01 89
17 N,N-dimethylacrylamide 52 >99:01 96
18 But-3-en-2-one 55 >99:01 91

a Reaction conditions: Performed at 25 °C for 48 h with toluene as solvent using 5 mol %
[Co(87)] with 1.0 equiv. of styrene and 1.5 equiv. of N2CHCO2Suc in the presence of 0.5
equiv. of DMAP; [styrene] = 0.25 M; b [Co(90)] used as catalyst.

R +

N2

H
O

O
N

O

O R

O

O N

O

O

[Co(87)]

or
[Co(90)]
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Table 50. Asymmetric cyclopropanation of styrene with ENDA catalyzed by Co(II) complexes
of the “group of six” porphyrins.141

Entrya Por*b Solvent Yield (%) Z:E ee (%) Z

1 [Co(87)] CH2Cl2 99 91:09 81
2 [Co(87)] n-C6H14 87 92:08 89
3 [Co(88)] CH2Cl2 20 67:33 33
4 [Co(89)] CH2Cl2 31 66:34 −23
5 [Co(90)] CH2Cl2 99 91:09 58
6 [Co(91)] CH2Cl2 69 81:19 47
7 [Co(92)] CH2Cl2 <5 85:15 nd

a Reaction conditions: Performed at 25 °C for 48 h with DCM as solvent using 1 mol %
[Co(Por*)] with 1.0 equiv. of styrene and 1.2 equiv. of ENDA; [styrene] = 0.25 M; b See
Figure 35 for structures.

Ph +

N2

O2N
Ph

[Co(Por*)]
OEt

O

NO2

CO2Et

Table 51. Asymmetric cyclopropanation of olefins with α-nitrodiazoacetate catalyzed by
[Co(87)].141

Entrya Substrate Yield (%) Z:E ee (%) Z

1 Styrene 93 92:08 92
2 4-Methylstyrene 86 93:07 90
3 4-Chlorostyrene 82 91:09 90
4 4-Trifluoromethylstyrene 88 92:08 90
5 3-Nitrostyrene 81 93:07 95
6b Methyl acrylate 42 53:47 88
7b Ethyl acrylate 62 56:44 88
8b N,N-Dimethylacrylamide 92 63:37 75
9c 1-Hexene 45 92:08 80

a Reaction conditions: Performed at 25 °C for 24 h with hexane as solvent using 5 mol %
[Co(87)] with 1.0 equiv. of styrene and 1.2 equiv. of ENDA; [styrene] = 0.25 M; b DCE used
as solvent; c Reaction performed under neat conditions.

R +

N2

O2N
R

[Co(87)]
OEt

O

NO2

CO2Et

of DAMP were excellent, and comparable to the results generated by the ruthe-
nium complex of the Halterman porphyrin 8 (Section III.A). However, unlike
the Halterman system, the enantiomeric excess was shown to be significantly
lower.
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The research groups of Rose and Cenini collaboratively developed an asym-
metric cyclopropanation system utilizing cobalt complexes of the binaphthyl-
strapped porphyrins 45 and 46 (Figure 20 in Section II.B).145 These porphyrin
complexes, first developed by Collman and Rose for asymmetric epoxidation,
were evaluated for cobalt-catalyzed cyclopropanation of various styrene deriva-
tives using EDA (Table 53). Although the yields were consistently excellent across
a range of substrates, the diastereo- and enantioselectivities reported were not as
high as the cobalt-catalyzed cyclopropanation systems developed by Zhang and
coworkers.135

In 2002, Rose, Woo, and coworkers published a report using the Halterman
porphyrin derivative 12 and Collman’s bis-binaphthyl strapped ligand 43 for the
Fe(II)-catalyzed asymmetric cyclopropanation of styrene with EDA.146 The Fe(II)
complex of the Halterman porphyrin derivative, [Fe(12)], generated excellent
yields and diastereoselectivities. However, it afforded only a modest 45% ee
(Scheme 21). The Fe(III) bis-binaphthyl strapped complex, [Fe(43)], showed
decreased selectivities.
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Table 52. Asymmetric cyclopropanation of aromatic olefins catalyzed by [Ru(47)(CO)].143

Entrya Substrate Yield (%) trans:cis ee (%) trans

1 Styrene 85 4:1 46
2 4-Methoxystyrene 95 6:1:1 47
3 4-Methylstyrene 82 9:9:1 46
4 4-Chlorostyrene 93 8:6:1 52
5 4-Bromostyrene 93 7:1:1 45
6 4-Fluorostyrene 92 11:0:1 50

a Reactions were performed with 1 mol % catalyst, 1 equiv. of diazo, and substrate neat at
room temperature for 8 h.

 1 mol % [Ru(47)(CO)]
EDA

rt, 8 h
Ar

Ar

CO2Et

P
P +

trans cis
N2

PH
O OiPr

+

92% yield
trans:cis = 97:3
33% ee trans

OiPr

O

OiPr
OiPr

O
OiPr

OiPr
DAMP

[Ru(47)(CO)]

Scheme 20.144
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Table 53. Asymmetric cyclopropanation of aromatic olefins EDA catalyzed by [Co(45)] and [Co(46)].145

[Co(46)]b [Co(45)]b

ee (%) ee (%)

Entrya Substrate Time (h) Yield (%) cis:trans cis trans Time (h) Yield (%) cis/trans cis trans

1 Styrene 36 92 27:33 60 10 48 96 25:75 57 42
2c Styrene 60 89 16:84 50 46 60 93 18:82 66 31
3 α-Methylstyrene 20 95 27:33 76 31 16 94 28:72 39 22
4 4-Chlorostyrene 24 90 29:71 61 8 24 85 17:83 8 21
5 4-Methylstyrene 36 90 27:33 62 10 — — — — —
6 1,1-Diphenylethylene 72 93 — 56 72 93 — 22

a Reactions were performed with 0.5 mol % of catalyst, 1 equiv. of EDA, and 10 equiv. of substrate in benzene at room temperature; b See
Figure 20 for structures; c N-methylimidazole (20 equiv.) was added to reaction mixture.
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IV. Aziridination

The fundamental and practical significance of aziridine derivatives in chemistry
and biology has stimulated intensive research into their synthesis.147–151 Among the
most important routes for the preparation of aziridines, the metal-catalyzed azirid-
ination of alkenes with nitrene sources has received significant attention as this
method provides direct access to the desired products.

Despite the success of metalloporphyrins in other atom/group transfer reac-
tions, their use in asymmetric aziridination has been limited.152–155 Early important
efforts in the development of asymmetric aziridination systems by Evans and
Jacobsen were based on non-metalloporphyrin systems.156,157 More recently,
several research groups have made significant progress in the development of
metalloporphyrin complexes capable of performing asymmetric aziridination. For
example, Che and coworkers used manganese and ruthenium Halterman com-
plexes for the asymmetric aziridination of a number of different olefins. In addi-
tion, Zhang and coworkers used cobalt complexes of their D2-symmetric
porphyrin catalysts for the aziridination of olefins using azides as nitrene sources.
Finally, Marchon and coworkers employed the manganese complex of the “chiro-
porphyrin” ligand 27a developed previously for epoxidation and cyclopropanation
for use in asymmetric aziridination.

Traditionally, aziridination systems relied heavily on hypervalent iodine
species, such as PhI=NTs and its derivatives.158–163 Current investigations in the
field have focused on the development of alternative nitrene sources, such as the
in-situ generation of iminoiodane derivatives and azides.164–172

This section will review the current efforts in metalloporphyrin-catalyzed
asymmetric aziridination, including recent developments concerning the use of
new nitrene sources. As in previous sections, the reaction system will be catego-
rized by the type of porphyrin ligand.
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[Fe(Por*)]

EDA CO2Et

CO2Et
+

trans cis

99% yield
21:1 trans:cis
45% ee (trans), 21% ee (cis)

N2

H
O

OEt+

[Fe(12)]:

95% yield
5.8:1 trans:cis
27% ee (trans), 25% ee (cis)

[Fe(43)]:

Scheme 21.146
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A. Chiral Picket Fence Porphyrins

Che and coworkers investigated the catalytic asymmetric aziridination of olefins by
the manganese complex of the Halterman porphyrin 8, [Mn(8)(OH)], using PhI=NTs
as nitrene source.173 Moderate yields and enantioselectivities were achieved with the
manganese-catalyzed system, and modest TONs were reported (Table 54).

In a later report, Che and coworkers compared the ruthenium and manganese
complexes of the Halterman porphyrin 8 (Table 55).174 In the case of styrene, the
manganese complex generated selectivity superior to that of its ruthenium coun-
terpart (entries 1 and 2, Table 55). Comparisons between entries 3 and 4 in Table 55

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 69

Table 54. Asymmetric aziridination with PhI=NTs catalyzed by [Mn(8)(OH)].173

Entrya Substrate Yield (%) TON ee (%)

1 Styrene 71 130 49
2b Styrene 73 142 55
3 4-Methylstyrene 66 132 44
4 4-Chlorostyrene 43 86 45
5 3-Chlorostyrene 49 98 49
6 2-Bromostyrene 44 88 62

a Reactions were performed with 0.5 mol % of catalyst, 20 equiv. of substrate, and 1 equiv. of
PhI=NTs in DCM at 40 °C for 2 h; b 4-Phenylpyridine-N-oxide as additive.

0.5 mol % [Mn(8)(OH)]

PhI=NTs, DCM
Ar Ar

NTs

Table 55. Asymmetric aziridination of aromatic olefins catalyzed by ruthenium and manganese
complexes of 8.174

Entrya Substrate Catalyst Yield (%)b ee (%)

1 Styrene [Mn(8)(OH)] 78 (99) 47
2 Styrene [Ru(8)(CO)] 84 (71) 21
3 4-Methylstyrene [Mn(8)(OH)] 76 (99) 44
4 4-Chlorostyrene [Mn(8)(OH)] 93 (99) 50
5 2-Vinylnaphthalene [Mn(8)(OH)] 94 (99) 56
6 Indene [Ru(8)(CO)] 73 (99) 11

a Reactions were performed with 1.3 mol % of catalyst, 1 equiv. of substrate, and 3 equiv. of
PhI=NTs in DCM at 40 °C for 2 h; b Yields are based upon the amount of alkene consumed in
the reaction. The number in parenthesis represents conversion of substrate.

1.3 mol % catalyst

PhI=NTs,
DCM, 40 °C, 2 h

Ar
Ar

NTs

R
R
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and those in Table 54 demonstrate that an improvement in yield could be achieved
with higher catalyst loadings without sacrificing enantioselectivity.

Marchon and coworkers employed iron and manganese complexes of “chiro-
porphyrin” 27a for the aziridination of aromatic olefins with PhI=NTs.175 They
reported that [Mn(27a)Cl] produced higher yields and greater enantioselectivities
than [Fe(27a)Cl] when styrene was employed as a substrate (Scheme 22).

In their 2006 report on the use of the ruthenium complex of 77 for cyclo-
propanation using EDA, Cenini and coworkers also communicated the first report
of the ruthenium porphyrin-catalyzed aziridination of olefins using aryl azides
(Scheme 23).132 They observed the formation of the aziridine product in low yield
and enantioselectivity with the corresponding triazoline produced as the major
side product.

The success of the D2-symmetric chiral porphyrins developed for asymmetric
cyclopropanation encouraged Zhang and coworkers to continue investigating
other atom/group transfer reactions, including aziridination.176 Their research
focused not only on using the “group of six” porphyrins (Figure 35, Section III.A)
as ligands for cobalt-catalyzed aziridination, but also on the use of nitrene sources
other than hypervalent iodine reagents. They reported the use of diphenylphos-
phoryl azide (DPPA) for the asymmetric aziridination of aromatic olefins (Table 56).
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2 mol % [M(27a)Cl]

PhI=NTs
DCM

NTs

N

N N

N

M

H

H

H

H

O

O

O

O

OCH3

OCH3

H3CO

OCH3

M = Fe: 27% yield, 28% ee
Mn: 34% yield, 57% ee

27a

Scheme 22.175

b867_Vol-10_Ch-43.qxd  6/21/2010  3:15 PM  Page 70



While their early attempt at cobalt-catalyzed asymmetric aziridination produced
modest yields and enantioselectivities, their report is significant in that it pres-
ents one of the first uses of diphenylphosphoryl azide (DPPA) for asymmetric
aziridination.

In their continued efforts to develop nitrene sources other than PhI=NTs and its
derivatives, Zhang and coworkers synthesized and explored trichloroethoxysulfonyl

43/Metalloporphyrin-Catalyzed Asymmetric Atom/Group Transfer Reactions 71

[Ru(47)(CO)]

benzene:substrate = 1:3
rt, 1 week

CH3

H3C
N

+

35% Yield
10% ee

+

N HN

NNH

O2N

N3

NO2

H3C

N
N

N

NO2

29% Yield

77

Scheme 23.132

Table 56. Asymmetric aziridination of aromatic olefins with DPPA catalyzed
by [Co(87)].176

Entrya Substrate Yield (%) ee (%)

1 Styrene 88 37
2 4-Methylstyrene 58 37
3 4-tert-Butylstyrene 77 53
4 4-Bromostyrene 65 28
5 4-Chlorostyrene 64 6
6 4-Trifluoromethylstyrene 64 44
7 3-Nitrostyrene 58 46

a Reactions were performed with 10 mol % of catalyst, 5 equiv. of substrate,
and 1 equiv. of DPPA in PhCl at 40 °C for 18 h in the presence of 5 Å MS.

10 mol % [Co(87)]
DPPA, PhCl

40 °C, 18 h
5Å MS

Ar Ar
N-DPP

b867_Vol-10_Ch-43.qxd  6/21/2010  3:15 PM  Page 71



azide, TcesN3.
177 The cobalt complex of the D2-symmetric porphyrin 92 generated

excellent yields and enantioselectivities for asymmetric aziridination of both aro-
matic and aliphatic olefins with TcesN3 (Table 57). The importance of Pd(OAc)2

as a co-catalyst was noted. The addition of sub-stoichiometric amounts of
Pd(OAc)2 improved yield without affecting the asymmetric induction (entries 1–2,
Table 57). This effect is attributed to the potential activation of the olefin by
Pd(OAc)2 as a π-electrophilic Lewis acid.

The [Co(92)] catalyst was also demonstrated to be recyclable in the catalytic sys-
tem. The cobalt catalyst could be precipitated onto molecular sieves with the addition
of hexanes. After being filtered and dried, it was reused in subsequent reactions with-
out significant loss of enantioselectivity over at least three cycles (Scheme 24).
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Table 57. Asymmetric aziridination of olefins with TcesN3 catalyzed by
[Co(92)].177

Entrya Substrate Yield (%) ee (%)

1 Styrene 91 94
2b Styrene 69 94
3 4-Methylstyrene 89 90
4 4-Chlorostyrene 93 91
5 4-Trifluoromethylstyrene 88 81
6 3-Nitrostyrene 82 88
7c α-Methylstyrene 48 80
8d Allylbenzene 42 91

a Reactions were performed with 5 mol % of catalyst, 5 equiv. of substrate,
and 1 equiv. of TcesN3 in PhCl at 0 °C for 48 h in the presence of 4 Å MS;
b Without Pd(OAc)2; c rt; d 24 h without Pd(OAc)2.

5 mol % [Co(92)]
5 mol % Pd(OAc)2

PhCl, 0 °C, 48 h
4 Å MS

Ar Ar
N-Tces

N3
S

O

O O

CCl3
TcesN3

+

5 mol % [Co(92)]
5 mol % Pd(OAc)2

TcesN3

PhCl, rt, 48 h
4 Å MS

N-Tces

Br Br

first cycle: 95% yield, 96% ee
second cycle: 89% yield, 94% ee

third cycle: 81% yield, 94% ee

Scheme 24.177
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V. Carbon–Hydrogen Bond Functionalization

Carbon–hydrogen bond functionalization via atom/group transfers represents a
direct way to convert hydrocarbons into valuable intermediates.52,154,178–184 This
section will examine several examples of asymmetric carbon–hydrogen bond
functionalization reactions, encompassing hydroxylation and amination, in addi-
tion to the analogous oxidation reactions including sulfoxidation and carbene
insertion into thiols. Asymmetric catalytic systems that have been developed using
chiral porphyrin catalysts, which were discussed previously in this chapter, will be
briefly highlighted in these applications.

A. Chiral Picket Fence Porphyrins

1. Hydroxylation

In 1997, Halterman and coworkers reported on the use of the manganese complex of
porphyrin 8, [Mn(8)Cl], for the asymmetric hydroxylation of hydrocarbons.34

Although reactions with ethylbenzene (entry 1, Table 58) gave rise to products in low
yield and with poor enantioselectivity, reactions with indan and tetrahydronaphthalene
resulted in improved yields and higher enantioselectivities (entries 2–3, Table 58).
The authors noted that the reactions needed to be carefully monitored, as longer reac-
tion times resulted in over-oxidation and the formation of a ketone side product.

The ruthenium complex of the Halterman porphyrin 8, [Ru(8)(CO)], was also
used by Che and coworkers in 1999 for asymmetric hydroxylation.76,185 The use of
the ruthenium carbonyl complex led to significant improvements in enantioselec-
tivity when compared to the [Mn(8)Cl] prepared by Halterman. The ruthenium
oxide complex [Ru(8)(O)2] was also shown to be capable of performing hydroxy-
lation under stoichiometric conditions, although with lower yield and enantiose-
lectivities in comparison to [Ru(8)(CO)] (entries 1 and 2, Table 59).
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Table 58. Asymmetric benzylic hydroxylation catalyzed by [Mn(8)Cl].34

Entrya Substrate Time Yield (%) ee (%) A:B

1 Ethylbenzene 16 h 27 9 1:1
2 Indan 20 m 50 53 5:1
3 Tetrahydronaphthalene 40 m 39 44 3:1
4 2-Ethylnaphthalene 14 h 24 40 2:1

a Reactions were performed using 1 mol % of catalyst, 10 equiv. of substrate, and 1 equiv. of
PhIO with 20 mol % of t-BuPy as additive in DCM.

1 mol % [Mn(8)Cl]

PhIO, t-BuPy 
DCM

Ar R Ar R

OH

A

+
Ar R

O

B
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2. Sulfoxidation

In conjunction with their previous reports on epoxidation and hydroxylation using
porphyrin 8, Halterman and coworkers reported sulfoxidation of prochiral aro-
matic aryl alkyl sulfides.34 Using the manganese complex [Mn(8)Cl], they demon-
strated that the sulfoxide products A could be generated in high yields with
moderate enantioselectivities (Table 60). Similar to the work on hydroxylation,
minimal amounts of over-oxidized sulfone side products B were produced.
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Table 59. Asymmetric benzylic hydroxylation catalyzed by [Ru(8)(CO)].76,185

Entrya Substrate Time Yield (%)b ee (%)

1 Ethylbenzene 12 62 (13) 72
2c Ethylbenzene 12 30 37
3 4-Ethyltoluene 30 72 (20) 76
4 1-Bromo-4-ethylbenzene 8 63 (14) 74
5 4-Ethylanisole 8 65 (15) 62
6 2-Ethylnaphthalene 20 62 (15) 75
7 Indan 6 65 (54) 12
8 Tetrahydronaphthalene 2 60 (42) 12

a Reactions were performed using 0.1 mol % of catalyst, 1 equiv. of substrate, and 1.1 equiv.
of Cl2pyNO as oxidant in benzene; b Yields are based upon the amount of alkene consumed
in the reaction. The number in parenthesis represents conversion of substrate; c [Ru(8)(O)2]
used under stoichiometric condtitons.

0.1 mol % [Ru(8)(CO)]

Cl2pyNO, DCM
Ar R

Ar R

OH

Table 60. Asymmetric sulfoxidation catalyzed by [Mn(8)Cl].34

Entrya Substrate Yield A (%) ee (%, A) A:B

1 Thioanisole 93 55 44:1
2 Ethyl phenyl sulfide 82 42 13:1
3 2-Bromothioanisole 99 68 >95:1
4 4-Bromothioanisole 98 59 34:1
5 4-Methoxythioanisole 99 40 44:1
6 Thiochroman-4-one 99 47 >95:1

a Reactions were performed using 0.5 mol % of catalyst, 2 equiv. of substrate, and 1 equiv. of
PhIO in DCM.

0.5 mol % [Mn(8)Cl]

PhIO 
DCM

Ar
S

R Ar
S

R

O

A

+
Ar

S
R

O

B

O
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3. Amination

During the course of their study on the asymmetric aziridination of olefins with
metal complexes of 8, Che and coworkers reported the asymmetric amination of
hydrocarbons.174 The ruthenium complex [Ru(8)(CO)] was explored for catalytic
amination of various benzylic substrates with PhI=NTs. Moderate to low enantio-
selectivities were produced (Table 61). Improvements were achieved through the
in-situ generation of the nitrene from a sulfonyl amide in the presence of PhI(OAc)2

(Table 62). These systems were able to achieve moderate enantioselectivities
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Table 61. Asymmetric amination of benzylic hydrocarbons catalyzed by
[Ru(8)(CO)].174

Entrya Substrate Yield (%) ee (%)

1 4-Ethylanisole 82 (29) 22
2 Indan 92 (32) 3
3 Tetrahydronaphthalene 85 (22) 28
4 2-Ethylnaphthalene 84 (23) 47

a Reactions were performed using 1.3 mol % of catalyst, 2 equiv. of PhI=NTs,
and 1 equiv. of substrate in DCM at 40 °C for 2 h; b Yields are based upon
the amount of alkene consumed in the reaction. The number in parenthesis
represents conversion of substrate.

Table 62. Asymmetric amination of benzylic hydrocarbons with in-situ
generation of nitrene source catalyzed by [Mn(8)(OH)].174

Entrya Substrate Yield (%)b ee (%)

1 4-Ethylanisole 84 (26) 50
2 Tetrahydronaphthalene 84 (22) 46
3 2-Ethylnaphthalene 92 (21) 56
4c 2-Ethylnaphthalene 90 (34) 40

a Reactions were performed using 1 mol % of catalyst, 1 equiv. of PhI(OAc)2,
1.25 equiv. of sulfonyl amide, and 1.5 equiv. of substrate in DCM at 40 °C for
2 h; b Yields are based upon the amount of alkene consumed in the reaction.
The number in parenthesis represents conversion of substrate; c Catalyzed by
[Ru(8)(CO)].

PhI(OAc)2, NH2SO2Me 
DCM

Ar R
Ar R

NHSO2Me1 mol % [Mn(8)OH]

1.3 mol % [Ru(8)(CO)]
Ar R

Ar R

NHTs

PhI=NTs 
DCM
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across a variety of benzylic substrates. It was also shown that [Mn(8)OH] was able
to induce a higher level of asymmetry than the ruthenium complex [Ru(8)(CO)]
(entries 3 and 4, Table 62).

B. Chiral-Strapped Porphyrins

1. Hydroxylation

In 1999, Gross and coworkers reported the use of the threitol-strapped porphyrin 51
(Figure 21) for the ruthenium-catalyzed hydroxylation of a racemic tertiary alkane.75

The desired hydroxylation product was generated in 38% enantiomeric excess
(Scheme 25). The result is remarkable since the asymmetric induction relies on the
differentiation of the similar methyl and ethyl groups on the substrate by the active
site of the catalyst (Scheme 25).

2. Carbene Insertion

In addition to using porphyrin ligand 47 for the ruthenium-catalyzed asymmetric
cyclopropanation of olefins with EDA, Simonneaux and coworkers reported the
ability of the catalyst to perform carbene insertion with thiols.143 Although high
yields were generated with this system, the resulting asymmetric induction was
low (Scheme 26).

C. Chiral Basket Handle Porphyrins

1. Hydroxylation

Groves and coworkers employed both iron and manganese complexes of
“vaulted” binaphthylporphyrin 65 (Figure 27) for studying the catalytic hydroxy-
lation of hydrocarbons.84 Several substrates were screened for hydroxylation with
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[Fe(65)Cl] and [Mn(65)Cl] as catalysts (Table 63). Although the yields generated
by the manganese complex were typically higher, the iron-catalyzed system gave
higher enantioselectivities. In addition to the desired hydroxylation products,
ketones were observed as the side products, even in the presence of a tenfold
excess of substrate.

2. Sulfoxidation

The iron complex of “vaulted” binaphthyl porphyrin 65 was also used by Groves
and coworkers for asymmetric sulfoxidation of aryl sulfides.84 Similar to the
results by Halterman with [Mn(8)Cl] (Table 60), it was shown that the [Fe(65)Cl]-
based sulfoxidation process could successfully generate the desired sulfoxide
products A in good yields, but low enantioselectivities and with sulfones B as the
over-oxidation side products (Table 64).
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86% yield
8% ee
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Table 63. Asymmetric sulfoxidation catalyzed by iron and manganese complexes of
ligand 65.84

[Fe(65)Cl] [Mn(65)(Cl)]

Entrya Substrate Yield (%) ee (%) A:B Yield (%) ee (%) A:B

1 Ethylbenzene 40 40 2.3:1 77 26 1:3:1
2 1-Phenylpropane 32 44 5.0:1 98 16 1:4:1
3 Indan 72 54 7.2:1 82 18 4:5:1
4 Tetrahydronaphthalene 47 72 20.2:1 46 12 1:3:1

a Reactions were performed with 1 mol % of catalyst, 1 equiv. of PhIO, and 10 equiv. of
substrate in DCM at 0 °C.

1 mol% [M(65)Cl]
PhIO

DCM, 0 °C
Ar R

Ar R

OH
+

Ar R

O

A B
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Table 64. Asymmetric sulfoxidation catalyzed by [Fe(65)Cl].84

Entrya Substrate Yield (%) ee (%) A:B

1 Thioanisole 84 24 8.2:1
2 Ethyl phenyl sulfide 73 42 7.9:1
3 2-Bromothioanisole 74 48 8.4:1
4 4-Bromothioanisole 88 20 7.5:1
5 4-Methoxythioanisole 70 14 6.2:1
6 Thiochroman-4-one 67 28 8.9:1

a Reactions were performed using 0.5 mol % of catalyst, 1 equiv. of substrate, and 10 equiv.
of PhIO in DCM at 0 °C.

VI. Conclusions

The use of chiral porphyrin ligands for asymmetric atom/group transfer reactions
has significantly evolved since the first report by Groves and Myers in 1983.
Various metal complexes of chiral porphyrins have been used for catalytic asym-
metric epoxidation, cyclopropanation, aziridination, and in several reports of
carbon–hydrogen bond functionalizations. The greatest efforts have been focused
on the development of metalloporphyrin catalysts for asymmetric epoxidation.
Much of the research in this area has been devoted to the synthesis and evaluation
of metal complexes of Halterman porphyrin 8. Catalytic systems based on this
robust porphyrin have been shown to be capable of achieving several thousand
TON for some catalytic processes. Complexes of Collman’s binap-strapped por-
phyrins 43–44, including its derivatives 45–46 prepared by Rose, have been
demonstrated with the highest enantioselectivities for metalloporphyrin-catalyzed
asymmetric epoxidation reactions.

The successes of both the Halterman porphyrin and Collman’s binap-strapped
porphyrins emphasize a balanced need for open access and steric hindrance of cat-
alyst’s active site where the approach of substrates and subsequent reactions take
place. The desired balance of the two factors in these successful metalloporphyrin-
catalyzed epoxidation processes has allowed for facilitation of reaction rates and
reduction of catalyst degradation while reaching high selectivities.

Research activities on metalloporphyrin-catalyzed asymmetric cyclopropana-
tion were also dominated by the use of metal complexes of Halterman porphyrin 8.
Similar to the development of metalloporphyrin-based asymmetric epoxidation, var-
ious metal complexes of the Halterman porphyrin have been employed as catalysts
for asymmetric cyclopropanation. High diastereoselectivity and enantioselectivity,
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along with high TON, have been achieved for some asymmetric cyclopropanation
processes. The recent development of Co(II) complexes of the D2-symmetic chi-
ral porphyrins 87–92 by Zhang and coworkers has provided some of the most
selective and practical cyclopropanation catalytic systems. These Co(II)-catalyzed
cyclopropanation systems have been demonstrated to be effective for a wide range
of alkene substrates and with different types of diazo reagents, providing the
desired cyclopropane products in high yields with excellent diastereoselectivities
and enantioselectivities.

The development of metalloporphyrin-catalyzed asymmetric aziridination has
lagged behind in comparison to epoxidation and cyclopropanation reactions.
Many of the same catalytic systems employed for asymmetric cyclopropanation
have been extended to asymmetric aziridination. Although this direction of efforts
have been further advanced by the recent publications from the research groups of
Che, Zhang, and others, many challenging issues remain to be solved in the devel-
opment of catalytic systems for asymmetric aziridination.

The demonstrated examples of asymmetric carbon–hydrogen bond function-
alization processes, developed in conjunction with other atom/group transfer reac-
tions, are another indication of the catalytic versatility of metalloporphyrin-based
catalysts. Further development for these more challenging catalytic transforma-
tions is one of the most important on-going objectives in asymmetric catalysis by
metalloporphyrins.

Finally, the diverse porphyrin ligand systems already developed and the great
amount of progress achieved in epoxidation and cyclopropanation reactions
ensure that the continued development of metalloporphyrin-based asymmetric
atom/group transfer processes will remain an active goal for researchers around
the world in the years to come.
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I. Introduction

Cytochromes P450 (CYP 450s) are a superfamily of cysteine thiolate-ligated
heme enzymes that catalyze the transfer of one oxygen atom from molecular oxy-
gen into a wide variety of biological substrates (S), whereby the second oxygen
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atom is reduced by two electrons and two protons to a water molecule (Eq. 1).1–7

They are therefore mono-oxygenase enzymes, as only one oxygen atom from
molecular oxygen is incorporated into substrates. CYP 450s are widespread in
nature and perform a vast array of oxidative transformation reactions of endoge-
nous and exogenous molecules.8–10 The most-often-encountered oxidation reac-
tions by CYP 450s are the hydroxylation of saturated hydrocarbons, the
epoxidation of olefins, the oxidation of heteroatoms, the oxidation of aromatic
compounds, and heteroatom dealkylation (Scheme 1).11–15 CYP 450s have a range
of different functions in biosystems, varying from the biosynthesis of antibiotics
in prokaryotes and hormones in eukaryotes to the biodegradation of drugs and
xenobiotics.16

S + O2 + 2e− + 2H+ (Cytochrome P450) SO + H2O (1)

Due to their versatility and efficiency in performing complicated hydroxyla-
tion reactions in regio- and stereoselective ways, they have attracted much atten-
tion in the communities of biological, bioinorganic, and oxidation chemistry.
Moreover, templates of the active site have been created and investigated as bio-
mimetics to gain insight into the fundamental properties of the CYP 450’s active
center. Most recently, computational chemists have become interested in CYP
450,17–20 and the combination of experimental and computational studies with
native and mutant enzymes and biomimetic complexes has given insights into the
critical components of the CYP 450’s active site. In this chapter, we will focus on
biomimetic and computational research while paying special attention to reaction
mechanisms of substrate monoxygenation by CYP 450.

The first X-ray crystal structure of CYP 450 was reported by Poulos and
coworkers in 1985: the soluble bacterial CYP 450cam isolated from the bac-
terium Pseudomonas putida.21 Since then, many more crystal structures of cat-
alytic cycle intermediates have been detected and characterized and, as a result, a
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protein databank22 search on “P450” gives well over 300 different structures of
various CYP 450 isozymes. These enzymes show considerable homology and all
contain a central heme group, where the catalysis takes place. CYP 450 enzymes
consist of a single polypeptide chain containing a heme b group (iron protopor-
phyrin IX) linked to a cysteine (Cys) amino acid via the axial ligand of the metal.23

Figure 1 gives the active site structure of a typical CYP 450 isozyme, namely
CYP 450cam, as taken from the 1DZ9 protein databank structure.24 This is a bacte-
rial CYP 450 that regioselectively hydroxylates camphor at the C5 position and is
one of the most extensively studied CYP 450s.25,26 The heme b group is bound to
the protein via an iron-cysteinate bond that is deeply embedded in the hydropho-
bic interior of the enzyme to accommodate hydrophobic substrates, and the prox-
imal Cys amino acid forms hydrogen bonds with neighboring amide protons of
three amino acids,27 which is believed to play a significant role in modulating the
catalytic activity of CYP 450.28–33 Indeed, the name “cytochrome P450” is derived
from the fact that a red-shifted strong Soret band (high-energy π–π* transition of
the porphyrin ring) appears at 450 nm when CO binds to ferrous heme (FeII–CO),
which is caused by the strong electron-donating character of the cysteinate
proximal ligand.34–36

Since activation of inert C–H bonds is a holy grail of chemistry, mechanistic
details of dioxygen activation and oxygen transfer reactions by CYP 450 have
been intensively investigated in enzymes and biomimetic iron porphyrin com-
plexes over the past four decades, thereby proposing the catalytic cycle of CYP
450 (Figure 2).1–20,37,38 Recently, theoretical chemistry, and especially density func-
tional theory (DFT) and quantum mechanics/molecular mechanics (QM/MM)
techniques, have provided important clues to understanding structures, spin states,
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and chemical and physical properties of the unstable intermediates involved in the
enzymatic and biomimetic oxidation reactions.17–20,39 Since the topic of this review
is not about the catalytic cycle of CYP 450 but is focused more on the reactivities
of active oxidants in oxygenation reactions, only a bird’s eye view of the overall
catalytic reaction cycle is given and the interested reader is referred to the various
detailed reviews of the catalytic cycle of CYP 450 enzymes.17–20,39

The catalytic cycle starts from the resting, substrate-free state, 1, where CYP
450 contains a six-coordinate low-spin ferric state with water as the displaceable
distal ligand (Figure 2). The binding of substrate into the substrate-binding pocket
triggers a spin state crossing from low spin to high spin,40 whereby the distal
water molecule is expelled and a five-coordinate high-spin ferric state, 2, is gen-
erated. In many CYP 450 isozymes, substrates bind in a very-tight-binding
pocket where they are locked in position through electrostatic and hydrogen
bonding interactions.41 DFT and QM/MM calculations on model complexes
indeed confirmed a different spin state ordering for 1 and 2.42–44 This spin state
change triggers an electron transfer process from the reductase domain to reduce
the ferric complex to a ferrous complex, 3.40 Dioxygen then binds to the ferrous
heme to form the ferric-superoxo heme (FeIII–O2

−), 4. Addition of the second
electron to 4, which is presumed to be the rate-limiting step in the catalytic
cycle,45 yields a ferric-peroxo species (FeIII–O2

2−), 5, which is then protonated to
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highlighted in red.
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give a ferric-hydroperoxo complex, 6, also known as compound 0 (Cpd 0).
Recently, the ferric-peroxo and ferric-hydroperoxo intermediates were generated
by radiolytic cryoreduction of the ferric-superoxo of CYP 450cam, 4, with gradual
temperature annealing and characterized by EPR, ENDOR, and UV-vis spectro-
scopies.24,46–48 The delivery of the second proton in the catalytic cycle onto the
ferric-hydroperoxo species, 6, results in heterolytic O–O bond cleavage to release
a water molecule and generate a putative iron(IV)-oxo porphyrin π-cation radical
intermediate, 7, which is equivalent to compound I (Cpd I) of horseradish perox-
idase (HRP). Although the intermediate 7 is believed to be the most likely candi-
date for the reactive species of CYP 450 that hydroxylates unactivated
hydrocarbons, the characterization of the intermediate has not been successful,
probably due to its high reactivity. Schlichting and coworkers reported that the
ferric superoxo of CYP 450cam, 4, was converted by X-ray irradiation at cryogenic
temperature into an intermediate that would be consistent with an iron(IV)-oxo
species.24 In different studies, the oxidation of CYP 450 by m-chloroperbenzoic
acid (m-CPBA) generated intermediates with UV-vis spectral features character-
istic of an iron(IV)-oxo porphyrin π-cation radical, 7.49,50 The final step of the
CYP 450 reaction cycle is the transfer of an oxygen atom from 7 to the substrate
to give the alcohol product, followed by the regeneration of the resting, water-
bound state, 1.

The catalytic cycle shown in Figure 2 is the consensus mechanism2,3,5 for dioxy-
gen activation by CYP 450. Among the short-lived intermediates in the catalytic
cycle, the nature of active oxidants which are responsible for oxygen atom transfer
to organic substrates attracted much attention in the bioinorganic and biological
chemistry communities. It has been believed for a long time that iron(IV)-oxo por-
phyrin π-cation radicals, Cpd I, are generated via O–O bond heterolysis of ferric-
hydroperoxo porphyrins, Cpd 0, and are the active oxidants that effect the
oxygenation of organic substrates (Scheme 2, pathways A and B). Although Cpd I
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has been poorly characterized in enzymatic reactions, probably due to high reactiv-
ity and instability in nature, a number of synthetic iron(IV)-oxo porphyrin π-cation
radicals have been prepared and investigated in various oxygenation reactions,
including alkane hydroxylation and olefin epoxidation.14,15 Thus, there is no doubt
that Cpd I is a strong oxidant capable of oxygenating various organic substrates.
However, the nature of the active oxidant was thrown into doubt by site-directed
mutagenesis studies that implicated the participation of Cpd 0 as a second elec-
trophilic oxidant in substrate monoxygenation reactions, such as oxygenation of
alkanes, olefins, sulfides, and N,N-dialkylanilines (Scheme 3).51,52 The primary evi-
dence for the second electrophilic oxidant derives from site-directed mutagenesis
studies, in which different products and/or product distributions were observed in
the reactions of CYP 450 and their mutants.53–56 Thus, studies using so-called
radical-clock substrates which distinguish between radical and cationic mechanisms
implicated an ultrashort lifetime indicative of two active oxidants in the reaction
mechanism.52 Site-directed mutations were done that disrupted the proton relay
machinery and supposedly blocked formation of Cpd I by termination of the catalytic
cycle at Cpd 0. The key amino acids assigned to the proton transfer mechanisms in
CYP 450cam include the alcohol side-chain of Thr252 and the carboxylic acid group of
Asp251 (see Figure 1). Indeed, the Thr252Ala mutation significantly decreased the
activity of the enzyme and led to a substantial increase of decoupling whereby the
ferric-hydroperoxo was converted into ferric-hydrogen peroxide and no hydroxyla-
tion took place.57 Further studies showed that although the activity of the Thr252Ala
mutant had sharply decreased toward aliphatic hydroxylation reactions, in fact dou-
ble bond epoxidation reactions still proceeded and, in cases where epoxidation and
hydroxylation mechanisms were competitive, a regioselectivity switch was
observed.53–56,58 Based on these studies, a two-oxidant scenario was hypothesized51

wherein Cpd I is the oxidant for aliphatic hydroxylation reactions whereas Cpd 0 is
responsible for double bond epoxidation (Scheme 3).
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The two-oxidant hypothesis has created extensive discussion as a viable
hypothesis, but was questioned by computational and biomimetic studies.59–62 In
particular, computational studies using DFT and combined QM/MM59–62 have
resulted in an alternative, namely the two-state reactivity (TSR) scenario,19,63

wherein one oxidant, i.e. the iron(IV)-oxo heme π-cation radical (or Cpd I), is the
active oxidant and reacts with substrates on several close-lying spin state surfaces.
Later in this chapter a more detailed explanation of the TSR principle will be
given. Biomimetic studies support the TSR scenario and have ruled out the ferric
hydroperoxo as a potential oxidant of aliphatic and aromatic hydroxylation and
sulfoxidation reactions.64 Thus, in situ generated nonheme iron(III)-hydroperoxo
complexes did not show any activity in nucleophilic and electrophilic reaction
mechanisms, such as olefin epoxidation and sulfoxidation. The results derived
from the direct reactivity studies of nonheme iron(III)-hydroperoxo intermediates
imply that Cpd 0 is unlikely to be an oxidant of C=C epoxidation and sulfoxida-
tion reactions as proposed by the two-oxidant model, and the experimental prod-
uct distributions, therefore, originate from another oxidant.

To further ascertain that Cpd 0 is an unlikely oxidant, DFT and QM/MM cal-
culations focused on the proton transfer step that converts Cpd 0 into Cpd I. These
studies implicated that Cpd 0 and Cpd I are close in energy.65–69 Recent QM/MM
studies69 showed that active site mutations, such as Thr252Ala, can give rise to
extra water molecules in the substrate-binding pocket that promote distal protona-
tion of Cpd 0 leading to hydrogen peroxide products (called uncoupling) rather
than the formation of Cpd I. The intricate shape and size of the substrate-binding
pocket and the availability of proton donors and acceptors, therefore, influence the
protonation steps in the catalytic cycle and determine whether Cpd I or hydrogen
peroxide is formed.

DFT calculations on the relative activity of ferryl-oxo versus ferric-hydroperoxo
in C=C double bond epoxidation59,60 found little evidence of activity of Cpd 0 and
as such contradicted the experimental two-oxidant hypothesis. These studies used
small model complexes and ignored the protein surroundings of enzymes. Never-
theless, as discussed above, the work was supported by experimental biomimetic
studies on substrate epoxidation and hydroxylation by synthetic iron(IV)-oxo
complexes versus their iron(III)-hydroperoxo analogs.64 Thus, the sulfoxidation
and epoxidation reactions of three different ferric-hydroperoxo oxidants, namely
[(N4Py)FeIII(OOH)]2+, [(Bn-tpen)FeIII(OOH)]2+, and [(TPA)FeIII(OOH)]2+, with
N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)-methylamine, Bn-tpen =
N-benzyl-N,N ′,N ′-tris(2-pyridylmethyl)ethane-1,2-diamine and TPA = tris(2-
pyridylmethyl)amine, were investigated in electrophilic and nucleophilic reac-
tions. No reaction was observed between these ferric-hydroperoxo complexes and
either thioanisole or cyclohexene (Scheme 4), thus supporting the DFT calculations.
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In addition to the lack of electrophilic oxidation by ferric-hydroperoxo, activity
with respect to nucleophilic deformylation was not detected either.64 By contrast,
the analogous iron(IV)-oxo complexes reacted efficiently with olefins and sulfides
to give epoxide and sulfoxide products.64

Similarly, reactivity and spectroscopic studies of a mononuclear nonheme
iron(III)-alkylperoxo complex, [(TPA)FeIII(OOtBu)]2+ (tBuOOH = tert-butyl
hydroperoxide), revealed that this intermediate is not capable of oxygenating sub-
strates either and that a high-valent iron(IV)-oxo intermediate, [(TPA)FeIV(O)]2+,
which is generated via O–O bond homolysis of the [(TPA)FeIII(OOtBu)]2+

species,70 is the active oxidant that effects the oxygenation of organic substrates,
such as sulfides, olefins, and alcohols (Scheme 5).71 These experimental results are
strongly supported by DFT calculations, in which the energy barrier for the O–O
bond activation of Fe(III)-OOR species is lower than that for the direct oxygen
atom transfer from the intermediate to organic substrates.71

More recently, Woggon, van Eldik, and coworkers provided spectroscopic
evidence for the formation of reactive intermediates, such as (Porp)+• FeIV=O, and
the involvement of the intermediate in oxygen atom transfer to substrates, such as
cis-stilbene, in the reaction of an RSO3

−-substituted iron(III) porphyrin complex
and m-CPBA.72 In addition to the spectroscopic evidence for the formation of the
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iron(IV)-oxo porphyrin intermediate, rate constants for the formation and decay of
intermediates formed in the catalytic reaction of the iron porphyrin complex and
m-CPBA and for the oxygen atom transfer to the substrate were determined by
using low-temperature rapid-scan stopped-flow techniques. Similarly, Nam and
coworkers have provided strong evidence that a high-valent iron(IV)-oxo porphyrin
π-cation radical is an active oxidant in the catalytic oxygenation of organic substrates
by an iron(III) porphyrin complex and m-CPBA, whereas an iron(III)-oxidant
porphyrin adduct is a sluggish oxidant in iron porphyrin model reactions.73 In the
study, the authors determined rate constants for the oxygenation of various sub-
strates by [(TMP)+•FeIV=O]+ (TMP = meso-tetramesitylporphyrin). Then, the reac-
tion of Fe(TMP)Cl with m-CPBA was carried out in the presence of the substrates
under catalytic reaction conditions. The formation of [(TMP)+•FeIV=O]+ was
observed, followed by the disappearance of the intermediate with rates identical to
those observed in the reaction of [(TMP)+•FeIV=O]+ and substrates under
stoichiometric conditions. These results demonstrated that [(TMP)+•FeIV=O]+,
which is formed via O–O bond heterolysis of FeIII(Porp)(m-CPBA) (Scheme 6,
pathway A),74,75 is an active oxidant that is responsible for the oxygenation of
organic substrates at low and room temperatures (Scheme 6, pathway B). The
results further implied that an iron(III) porphyrin-oxidant adduct, FeIII(Porp)
(m-CPBA), is a sluggish oxidant in oxygenation reactions (Scheme 6, pathway C).

II. Iron(IV)-Oxo Porphyrin ππ-Cation Radical Complexes

“High-valent iron-oxo porphyrins” is a description that refers to iron complexes
with porphyrin ligands in which the oxidation state of the iron ion is higher than
+3 and contains a terminal oxo group bound to the metal center. The first synthetic
iron(IV)-oxo porphyrin π-cation radical complex, [(TMP)+•FeIV=O]+, was reported
by Groves and coworkers after reacting Fe(TMP)Cl with m-CPBA in a
CH2Cl2/CH3OH mixture at −78 °C.76 The formation of [(TMP)+•FeIV=O]+ occurs
via O–O bond cleavage of the (TMP)FeIII–OOC(O)Ar intermediate, as shown in
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oxygenation of organic substrates by Fe(TMP)Cl and m-CPBA.
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Scheme 6, pathway A.74,75 The green species, formulated as [(TMP)+•FeIV=O]+,
was characterized by various spectroscopic techniques, such as UV-vis,76

1H NMR,76,77 EPR,77 Mössbauer,77,78 resonance Raman,77,79 magnetic circular
dichroism,80 and EXAFS spectroscopies.81 The [(TMP)+•FeIV=O]+ complex was
also prepared using other oxidants, such as ozone,82 dimethyldioxirane,83 and
iodosylbenzene.84 Since then, a number of iron(IV)-oxo porphyrin complexes
have been synthesized with porphyrin ligands bearing electron-donating and
-withdrawing substituents on the porphyrin ligand. The reactivities of the iron por-
phyrins were then investigated in various oxidation reactions under catalytic or
stoichiometric conditions, to understand the electronic effect of porphyrin ligands
on the chemical properties of the iron-oxo intermediates.85–87 As electron-deficient
iron(III) porphyrin complexes are better catalysts in catalytic oxygenation reac-
tions,85–87 iron(IV)-oxo porphyrin π-cation radicals bearing electron-deficient por-
phyrin ligands show high reactivities in hydrocarbon oxygenation.88 This result
indicates that the electronic nature of porphyrin ligands is an important factor that
controls the oxidizing power of iron(IV)-oxo porphyrin π-cation radicals, and that
iron-oxo species with electron-deficient porphyrins are more powerful oxidants in
the electrophilic oxidation of organic substrates (Scheme 7).

Since the thiolate axial ligand in CYP 450 is believed to play a significant role
in dioxygen activation and oxygen atom transfer reactions,28–33,89,90 the effects of
axial ligands bound trans to the iron-oxo moiety have also been investigated in
various oxygenation reactions with iron(IV)-oxo porphyrin π-cation radical com-
plexes bearing different axial ligands.91–96 Gross and Nimri reported a pronounced
axial ligand effect on the epoxidation of olefins by (TMP)+•FeIV(O)(X), in which
(TMP)+•FeIV(O)(X) complexes bearing ligating anionic ligands (X = F−, Cl−,
CH3CO2

−) showed a greater reactivity than those bearing nonligating anions (X =
CF3SO3

− and ClO4
−) in the epoxidation of styrenes.82 Subsequently, Nam and

coworkers demonstrated that iron(IV)-oxo porphyrin π-cation radicals bearing

94 de Visser and Nam

NN

NN

Ar

ArAr

Ar

FeIV

H3C

H3C

CH3

Cl

Cl

F

F

F

F

F

F

F+·
O

Ar  =

TMP TDCPP TDFPP TPFPP

low highoxidizing power
of intermediate

electron-richness
of porphyrin ligand

rich deficient

Scheme 7. Porphyrin ligand effect on the oxidizing power of iron(IV)-oxo porphyrin π-cation
radicals in oxygenation reactions.14,85

b867_Vol-10_Ch-44.qxd  6/21/2010  3:15 PM  Page 94



different axial ligands such as chloride and acetonitrile, (TPFPP)+•FeIV(O)(Cl) (8)
and (TPFPP)+•FeIV(O)(NCCH3) (9) [TPFPP = meso-tetrakis(pentafluorophenyl)
porphyrin] (Scheme 8), exhibit diverse reactivity patterns, such as in the selectiv-
ity of cis- versus trans-olefins (reaction a) and of styrene versus para-substituted
styrenes (reaction b) in olefin epoxidation, the oxidizing power in alkane C–H
activation (reaction c), the kinetic isotope effect (reaction d), the regioselectivity
of aromatic ring oxidation versus C–H hydroxylation in ethylbenzene (reaction e)
and of C=C epoxidation versus C–H hydroxylation (reaction f ) in olefin oxy-
genation.14,97 These results indicated that the axial ligands control not only the oxi-
dizing power of the iron-oxo moiety but also the stereo- and regioselectivity
change in substrate oxygenation reactions. The results further demonstrated that
iron(IV)-oxo porphyrin π-cation radicals can exhibit diverse reactivity patterns
under different circumstances, suggesting that one oxidant, not multiple oxidants,
is involved in oxygenation reactions.53–56 Very recently, theoretical calculations
provided plausible explanations for the role of axial ligands in the change of the
regioselectivity of aliphatic versus aromatic hydroxylation in ethylbenzene
hydroxylation (reaction e)98; the change of the regioselectivity is proposed as a
result of differences in orbital interactions between the axial ligand and the iron-
oxo porphyrin system.

The effects of axial ligands on the reactivities of iron(IV)-oxo porphyrin
π-cation radicals have also been studied with [(TMP)+•FeIV(O)(para-Y-PyO)]+

bearing para-substituted pyridine N-oxides (para-Y-PyO, Y = OCH3, CH3, H, Cl)
as axial ligands in various oxygenation reactions, such as olefin epoxidation,
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aromatic hydroxylation, alcohol oxidation, and alkane hydroxylation.99 In all of
the reactions, the reactivities of the iron-oxo porphyrin intermediate were found to
depend on the axial ligands, giving negative Hammett ρ values of −1.4 ∼ −2.7
when the reaction rates were plotted against σ ρ of the substituents of para-Y-PyO.
These results, as well as previous ones on the effect of anionic ligands,82,97 show
that iron(IV)-oxo porphyrin π-cation radicals bearing electron-donating axial ligands
are more reactive in both oxo-transfer and hydrogen-atom abstraction reactions
(Figure 3, left). Since iron(IV)-oxo porphyrin π-cation radicals are electrophilic
species, the observed negative Hammett ρ values are counterintuitive. Thus, the-
oretical calculations of anionic and neutral ligands were attempted to elucidate the
counterintuitive experimental findings.99 In the case of anionic ligands, as the lig-
and becomes a better electron donor, it strengthens the FeO–H bond and enhances
thereby H-abstraction activity. In addition, it weakens the Fe=O bond and encour-
ages thereby oxo-transfer reactivity. Both are Bell–Evans–Polanyi effects.100–102

However, in a series of neutral ligands like para-Y-PyO, there is a relatively weak
trend that appears to originate in two-state reactivity (TSR).19 This combination of
experimental and theoretical studies provided rationales that shed light on the fac-
tors that control the reactivity patterns of iron(IV)-oxo porphyrin π-cation radicals
in oxidation reactions either by TSR or by basicity of the iron-oxo reagent.99

As shown in Figure 3, the axial ligand effects have also been investigated
systematically in nonheme iron(IV)- and ruthenium(IV)-oxo systems.103–106 For
example, the reactivity of a nonheme iron(IV)-oxo complex bearing different axial
ligands, [Fe(IV)(O)(TMC)(X)]n+ (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane; X = CH3CN, CF3CO2

−, N3
−, and RS−), in oxo-transfer to PPh3

and hydrogen atom abstraction from phenol O–H and alkylaromatic C–H bonds is
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affected by the nature of anionic axial ligands (X−) in opposite ways, depending
on the reaction types (Figure 3, middle).103,104 As can be seen in Figure 3 (middle),
oxo-transfer reactivity correlates with the electrophilicity of the nonheme iron(IV)
complex and is enhanced by the electron-withdrawing ligand, whereas H-atom
abstraction reactivity follows an opposite trend and is enhanced by the electron-
donating ligand. This dichotomy was theoretically interpreted based on the fact
that nonheme iron(IV)-oxo reagents possess two close-lying spin states: a ground
state with a triplet spin state (T) and a low-lying quintet spin state (Q).104 As such,
the inverted reactivity in H-atom abstraction was ascribed to the increased contri-
bution of the more reactive quintet state (such as blending of the triplet and quin-
tet states or faster spin crossover for the better donor ligand).103,105,106 By contrast,
in the analogous Ru(IV)-oxo complexes, [Ru(IV)(O)(TMC)(X)]n+ (Figure 3,
right), where the ground state is triplet and the quintet state is high-lying, it was
observed that both reaction types were enhanced by electron-withdrawing ligands,
in line with the increased electrophilicity of the Ru(IV)-oxo reagent.106 Hence, the
electrophilic reactivity trend in the nonheme Ru(IV)-oxo complexes was shown to
be an outcome of a single-spin-state reactivity, which is quite different from the
nonheme iron-oxo reagent that proceeds via TSR.20,103,105

Since the electron-donating property of the axial-thiolate ligand in CYP 450
is believed to be responsible for the strong oxidizing power of CYP 450 in the acti-
vation of C–H bonds,28,89,90 continued extensive research is in progress to elucidate
the axial ligand effects on the chemical and physical properties of iron(IV)-oxo
intermediates in heme enzymes and the biomimetic heme and nonheme iron-oxo
complexes.

III. Theoretical Modeling of CYP 450 Properties and
Reactivities in Oxygenation Reactions

In recent years computational chemistry resources have improved significantly,
and nowadays relatively large chemical systems (up to about 200 atoms) can be
calculated with relative accuracy. As a consequence of that, there has been a sub-
stantial increase in computational studies focused on biomimetic and enzymatic
systems. Many of these theoretical studies investigated the structure and function
of heme enzymes. In this work, we will restrict ourselves to heme-based monoxy-
genase enzymes and biomimetics, and in particular focus on the mechanisms of
substrate activation by their active oxidant.

As described in detail above, CYP 450s are heme-based monoxygenases that
react with substrates efficiently. The reactions catalyzed by them include aliphatic
C–H hydroxylation, C=C double bond epoxidation, aromatic C–H hydroxylation,
sulfoxidation, dehydrogenation, and N-dealkylation.5,11–13 In many substrates,
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therefore, competing reaction mechanisms are possible, with multiple products
formed; thus, the nature of the environment in the active site, such as the substrate-
binding topology, plays in many cases a key role in determining the regioselectiv-
ity of a reaction.11–13 By using combined experimental and theoretical modeling,
mechanisms have been established for most of these reactions, which we will dis-
cuss in the following. Before discussing the reactivity patterns of CYP 450s in
detail, let us first examine the active oxidant and its electronic properties and how
these have an effect on its reactivity patterns.

There are many closely related heme enzymes, such as peroxidases and cata-
lases, which have different functions and properties. Although their active site
shows similarities to CYP 450s, including an iron(IV)-oxo species in the catalytic
cycle, we will not look at these systems in depth. Studies on the mechanism and
function of peroxidases and catalases have been reviewed elsewhere and therefore
will not be dealt with in great detail here.108–110

A. Compound I

It is generally accepted that compound I (Cpd I) is the active species of CYP 450
that performs substrate monoxygenation, although there have been suggestions of
alternative oxidants such as Cpd 0, which we will discuss later in this work. Cpd
I of CYP 450 is elusive, but indirect experimental evidence through product dis-
tributions, kinetic isotope effects, and low-pressure mass-spectrometric studies
has shown an iron(IV)-oxo porphyrin cation radical species to be the most likely
candidate.49,50,111 Further extensive theoretical modeling has made predictions on
its electronic and spectroscopic properties, and confirmed it to be the most likely
oxidant of CYP 450 enzymes. In this subsection we will describe the electronic
properties of Cpd I and in particular the effect of the ligands on its chemical prop-
erties. Studies have been reported of many different Cpd I analogs, which essen-
tially differ in the nature of the axial ligand used. To highlight the axial ligand used
in the model, we will designate it in parentheses after Cpd I, i.e. Cpd I(SH−) is a
Cpd I mimic with SH– in the axial ligand position.

Figure 4 displays the high-lying occupied and low-lying virtual molecular
orbitals of [FeIV=O(Por+•)Cl] or Cpd I(Cl−), whereby the heme is abbreviated to
iron(II) protoporphyrin IX and all side chains replaced by hydrogen atoms.
Replacement of the axial ligand with another anionic ligand gives molecular
orbitals with very similar shapes and energies. In this system the axial ligand is
chloride, which is isoelectronic to thiolate (SH−) and has been shown to produce
similar electronic properties and molecular orbitals.112 Experimental studies on
biomimetic iron(IV)-oxo porphyrin complexes usually have trimethylphenyl or
related groups on the meso-position (see Scheme 7).14,15,104,113–115 Recent DFT
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studies with 2,6-dichlorophenyl groups on the four meso-positions of the por-
phyrin (TDCPP) implicated no change in the orbital occupation due to meso-
substitution.116 Although the stretch vibration for the Fe–O bond (νFe–O) is
decreased by 8 cm−1 upon addition of meso-substituents, as a matter of fact the
bond distances are the same with respect to the unsubstituted porphyrin. However,
the charge of the meso-carbon decreases from Q = 0.21 for the unsubstituted por-
phyrin to Q = 0.09 for TDCPP, which affects substrate binding.

The key molecular orbitals of Cpd I are divided into a set of metal-based 3d
orbitals (left-hand side of Figure 4) and some high-lying heme- and ligand-based
orbitals (right-hand side of Figure 4).19,117,118 The metal 3d-type orbitals split into a
nonbonding orbital (δx2–y2), a set of π*FeO orbitals (π*xz and π*yz) and a pair of σ *
orbitals (σ *xy and σ *z2). The lowest-lying of those is the nonbonding δx2–y2 orbital,
which, due to the symmetry in the heme ligand, cannot form favorable orbital
interactions and is doubly occupied in Cpd I. Higher in energy are the two π*FeO

antibonding orbitals built from 3dxz,yz atomic orbitals on Fe with 2px,y on oxygen
π*xz and π*yz, which are singly occupied in Cpd I. Two virtual metal-type orbitals
in Cpd I are for the σ * interactions of the metal with the porphyrin macrocycle
(σ *xy) and for the metal with its distal and axial ligands (σ *z2). Thus, due to the
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occupation of the metal 3d-type orbitals with four electrons, the oxidation state is
Fe(IV) in Cpd I. The heme ligand has many π*-type orbitals, and two of them are
shown in Figure 4, namely the ones that in D4h symmetry have the labels a1u and
a2u.

117,119–122 The former is doubly occupied in Cpd I and although the a2u orbital is
expected at an energy similar to that for the a1u orbital, in fact in Cpd I it is much
higher in energy due to mixing of the a2u orbital with a π orbital on the axial lig-
and.123,124 Thus, the a2u orbital is a mixed a2u and πCl orbital in Cpd I(Cl−) and is
raised in energy, and as a consequence is also singly occupied.119 Thiolate ligation
has a similar effect, and also mixing of the a2u and πS orbital destabilizes the singly
occupied orbital, although it is considerably smaller in peroxidase Cpd I models
where an imidazole (ImH) group of a neutral histidine ligand binds to the axial
position. Due to the fact that the a2u and π*FeO orbitals are close in energy and the
electrons in them interact little, Cpd I can exist in an overall quartet spin state or
an overall doublet spin state, both with occupation δx2–y2

2 π*xz
1 π*yz

1 a1u
2 a2u

1. As
will be described in the next subsection, these two spin states will create TSR
patterns on competing spin state surfaces.63

In many of the valence and virtual orbitals in Cpd I, the ligand trans to the oxo
group, i.e. the axial ligand, plays a key role that determines its stability and elec-
trophilicity.125,126 For instance, the a2u orbital mixes strongly with a lone-pair
orbital on the axial ligand and hence is destabilized. As a consequence of these
ligand interactions, the energies of the valence orbitals and also the optimized
geometries vary, depending on the chosen model. Figure 5 depicts a selection of
optimized geometries of different Cpd I systems with a variable axial ligand: Cpd
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Figure 5. Optimized geometries of Cpd I models of P450, catalase, cytochrome c peroxi-
dase, and a biomimetic iron(IV)-oxo porphyrin cation radical. Data taken from Refs. 127–131.

b867_Vol-10_Ch-44.qxd  6/21/2010  3:15 PM  Page 100



I(SH−),127 Cpd I(Cl−),112 Cpd I(Cat),128 and Cpd I(CcP).129–131 The latter two struc-
tures are mimics of the iron(IV)-oxo species of catalase and cytochrome c perox-
idase (CcP) enzymes. In catalase a tyrosinate ligand binds in the axial ligand
position that is held by hydrogen-bonding interactions with an arginine residue. In
peroxidases, such as CcP, an axial histidine binds to the metal, which is involved
in a triad of hydrogen-bonding interactions with a neighboring aspartic acid side
chain that bridges also with a tryptophan group. This unique system has a trypto-
phan radical rather than a heme-based radical; however, addition of a point charge
(Q = +1) at a distance of about 8 Å from the tryptophan group in the K+ binding
loop changed the system to a porphyrin radical instead.129–132 Optimized geome-
tries give only minor differences in the strength of the Fe–O bond, so that it does
not appear to matter whether a neutral or anionic ligand binds to the metal in the
axial position. This does not change when the axial ligand is replaced by one of
the many other axial ligands tested so far.

The catalytic cycle of peroxidase enzymes is shown in Scheme 9 with CcP as
an example. Thus, in CcP the heme is bound to an axial histidine residue (of
His175) that is part of a hydrogen-bonded triad with the acetic acid group of Asp235

and a proton from Trp191. On the distal side several proton sources can be found,
namely His52 and Arg48. Hydrogen peroxide binds to the distal side, and the imi-
dazole group of His52 abstracts one of its protons to give an Fe(III)-hydroperoxo
species, i.e. Cpd 0. A subsequent proton transfer gives water and an Fe(IV)-oxo
species, similarly to the catalytic cycle of CYP 450 shown above. This species
abstracts an electron to give Cpd II, which is involved in the further reduction of
the oxo group to a water molecule.

A closely related enzyme with a very similar active site to CcP is ascorbate
peroxidase (APX), but despite its close resemblance to CcP in Cpd I(APX) the
porphyrin is a cation radical and the tryptophan group in the axial binding site is
neutral.133 Further studies on the difference between Cpd I(APX) and Cpd I(CcP)
with QM/MM methods revealed that the induced electric field due to the protein
is responsible for the difference in orbital occupation: the electron affinity of the
tryptophan and heme groups are influenced by perturbations of the protein and
change Cpd I from [FeIV=O(Por)His---Trp+•] in CcP to [FeIV=O(Por+•)His---Trp]
in APX.134 Indeed, DFT calculations on an active site model of Cpd I(CcP) with
an additional point charge in the K+ binding position gave a dramatic change in
orbital occupation and hence electron distributions (Scheme 10).128 Thus, without
the point charge the group spin densities indicate a mixture between porphyrin
cation radical and tryptophan radical, as also highlighted by Siegbahn and
coworkers in earlier studies.134 However, a positive charge in the K+ binding site
position changed the group spin densities and created a situation with a porphyrin
cation radical and a closed shell tryptophan (Por+• Trp). By contrast, the opposite
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was found with a negative point charge, where a tryptophan radical was created
(Por Trp•). These studies support experimental work135,136 and have confirmed a
strong electronic change to the active species upon the addition of a point charge
at a distance of almost 10 Å from the heme.

The differences in chemical properties between CYP 450s, heme peroxi-
dases, and catalases were assigned to the axial ligand bound to the iron-heme,
which is a cysteinate residue in CYP 450s, a histidine in peroxidases and a phe-
nolate group of a tyrosine residue in catalases.134,137 It was reasoned that cys-
teinate prompts a push effect of electrons, whereas histidine withdraws electrons
from the active center and thereby changes the electronegativity of the iron(IV)-
oxo oxidant. Quantum-chemical calculations have established two factors con-
tributing to the push or pull effect of the axial ligand: (1) a quantum-chemical
factor (∆EQM) due to orbital mixing between ligand and metal, and (2) an electric
field effect (∆Efield) from electrostatic interactions between the negatively charged
ligand and the metal.31 Figure 6 displays the estimated values of ∆EQM and ∆Efield
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Scheme 10. Group spin densities of Cpd I(CcP) in the gas phase and with a point charge
added.

b867_Vol-10_Ch-44.qxd  6/21/2010  3:15 PM  Page 103



for Cpd I(SH−) and Cpd I(Cat).31,138 The electron affinity of Cpd I (EACpd I) is cal-
culated for Cpd I(SH−) and Cpd I(Cat). Subsequently, the ligand is removed from
both systems and a single-point calculation of Cpd I and Cpd II provides EANL,
the electron affinity of the iron(IV)-oxo porphyrin complex without ligand.
Finally, the axial ligand of Cpd I and of Cpd II are replaced by a point charge,
and single-point calculations give EAPC. Subsequently, using the calculated val-
ues of EANL, EAPC, and EACpd I, the contributions of the field effect (∆Efield) and the
QM effect (∆EQM) are estimated (Figure 6). As follows, in Cpd I(Cat) the domi-
nant contribution is the field effect, primarily because the distance between the
ligand and the metal is small: rFe–OPh = 2.117 Å in 4Cpd I(Cat), while rFe–SH = 2.581 Å
in Cpd I(SH−). On the other hand, Cpd I(SH−) has a much larger QM effect due
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to mixing of the a2u orbital with a πS orbital, which is much less when a tyrosi-
nate group binds in the axial ligand position. As a consequence of the differences
in ∆Efield and ∆EQM between Cpd I(Cat) and Cpd I(SH−), there is a 14.3 kcal mol−1

larger push effect in the thiolate ligated system, which will affect the elec-
trophilicity of the oxo group.

DFT calculations on Cpd I(SH−) that took environmental effects into consid-
eration, such as a dielectric constant or hydrogen-bonding interactions toward the
thiolate by additional ammonia molecules in the model, showed a shift of group
spin densities away from the thiolate ligand onto the porphyrin macrocycle, as
indicated in Figure 7.124,139 Thus, the a2u orbital is described as a mixture of two
valence bond (VB) states, |a〉 and |b〉; |a〉 reflects an FeIV=O(Por)(SH•) configuration,
whereas |b〉 is an FeIV=O(Por+•)(SH−) state. Environmental effects, such as through
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hydrogen-bonding interactions, change the charge of the thiolate ligand and make
the system more|b〉-like.

To establish the electronic configuration of Cpd I of CYP 450 in its native
environment, QM/MM calculations were performed on the complete enzyme with
the active site in the QM region and the rest of the protein with solvent in the MM
layer.140 Figure 7(b) displays results of comparative QM/MM and gas phase DFT
calculations on CYP 450cam with three different Cpd I models deviating in the
description of the axial ligand (SR) ranging from the smallest system SH− via
SCH3

− to a full description of cysteinate and its neighboring peptide groups (SR3).
Only results for the quartet spin state structures are given in Figure 7(b), since the
doublet spin data follow the same trends. The optimized geometries are all very
much alike and the only differences obtained concern the Fe–S distance which is
somewhat elongated in the gas phase models. The group spin densities give
dramatic changes from a dominant thiolate-based radical in the gas phase to a por-
phyrin radical in an enzyme-mimicked environment. For the description of Cpd I
of CYP 450, it is important, therefore, to take environmental perturbations into
consideration since the gas phase distorts the orbital contributions. Further
QM/MM calculations of Harvey and coworkers141 on a selection of Cpd I struc-
tures of various CYP 450 isoforms showed only minor fluctuations in the elec-
tronic description of Cpd I, so that the actual size and shape of the protein are
expected to have only minor effects.

B. Two-State Reactivity

As discussed above, the iron(IV)-oxo oxidant has close-lying doublet and quartet
spin states with the same orbital occupation. Reaction mechanisms with sub-
strates, as a consequence, proceed on both spin state surfaces, but not necessarily
with the same barriers.14–16,63 This has led to the experimental suggestion that two
oxidants are active in the reaction mechanism, although it may be these two spin
states that masquerade as two different oxidants. Figure 8 shows the potential
energy profile of a typical TSR reaction starting from Cpd I(SH−) for the aliphatic
hydroxylation of propene. In the past this mechanism was shown for a range of
different substrates irrespective of the axial ligand.142–147 Thus, Cpd I is a
chameleonic oxidant that behaves as multiple oxidizing species, but in fact is the
same oxidant in a different spin state.19 As a matter of fact, this appears a common
phenomenon in bioinorganic chemistry that CYP 450s share with mononuclear
nonheme iron(IV)-oxo complexes.148–150

Generally, hydroxylation reactions proceed with an initial hydrogen abstraction
barrier (TSH) to form an iron-hydroxo complex (IH). Subsequently, a radical rebound
step via a rebound transition state (TSreb) gives alcohol product complexes (PH).
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On the doublet and quartet spin state surfaces, usually similar aliphatic hydrogen
abstraction barriers and energies are encountered due to the same electron transfer
processes in the reaction, namely electron donation into the a2u orbital. As a result,
4IH and 2IH have the same orbital occupation, namely δx2–y2

2 π*xz
1 π*yz

1 a1u
2 a2u

2 φR
1,

and hence are degenerate. The radical rebound step, by contrast, undergoes differ-
ent electron transfer processes. Namely, in the low spin state an electron is trans-
ferred from the substrate into the π*xz orbital, whereas in the high spin state it
moves into a higher-lying σ *z2 orbital.151 Consequently, the high-spin process
encounters a significant rebound barrier, whereas on the low-spin surface a virtu-
ally barrierless transition leads to alcohol products. The difference in rebound
barrier between the high-spin and low-spin surfaces influences rearrangement
reactions and product distributions. For instance, it was shown, using trans-2-
phenylmethylcyclopropane as a radical-clock substrate, that rearrangement reac-
tions are possible only on the quartet spin state surface and not on the doublet one,
which influences product distributions as well as kinetic isotope effects.152,153

There are cases where one of the two spin state surfaces is stabilized with respect
to the other so that single-state reactivity (SSR) is encountered instead. Thus, aro-
matic hydroxylation generally proceeds on a dominant low-spin surface, whereas
sulfoxidation does so on a high-spin surface. In the following subsections, there-
fore, we will discuss the various substrate monoxygenation reactions separately
and discuss the differences and comparisons.
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Figure 8. TSR potential energy profile for propene hydroxylation by Cpd I(SH−).
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C. Aliphatic C–H Activation by Cpd I of CYP 450

As shown in the previous subsection, Cpd I reacts with aliphatic substrates via an
initial hydrogen abstraction reaction, leading to a radical intermediate followed by
a radical rebound of the hydroxyl group to the substrate rest group to form alco-
hol products. Thermodynamically, the hydrogen abstraction from substrate RH by
Cpd I or [FeIV=O(Por+•)L], with L the axial ligand to form the intermediate com-
plex IH, has an exothermicity (∆HHA) dependent on the energies of reactants and
products in Eq. 2.

[FeIV=O(Por+•)L] + RH → [FeIV(OH)(Por)L] + R• + ∆HHA. (2)

The reaction enthalpy (∆HHA) for reaction 2 can be described as a function of
the bond dissociation energy (BDE) of the C–H bond of the substrate and the
BDEO–H for the O–H bond of [FeIV(OH)(Por)L] through combination of Eqs. 2
and 3 to get Eq. 4.

RH → R• + H• + BDEC–H, (3)

∆HHA = BDEC–H − BDEO–H. (4)

Since all hydrogen atom abstraction reactions using Cpd I(SH−) have the same
BDEO–H, this means that the reaction exothermicity for formation of the interme-
diate complexes (4,2I) in Figure 8 should correlate linearly with BDEC–H for a series
of substrates RH. This correlation is shown in Figure 9 and indeed fits a straight
line in agreement with Eq. 4. The standard deviation displayed in that figure is
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Figure 9. Correlation of the reaction energy of hydrogen abstraction (∆HHA) with BDEC–H.
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small and shows that the reproducibility of DFT calculations is quite good.
Moreover, it appears that DFT-calculated exothermicities are within an error of a
few kcal mol−1. This is much smaller than the systematic error generally reported
for DFT calculations of 3–5 kcal mol−1 with respect to experimentally determined
enthalpies.154–156

The hydrogen abstraction mechanism has been further generalized by a
valence bond (VB) curve crossing diagram, as shown in Figure 10.147 Thus, the
reaction starts on the bottom left of the figure with the reactant geometry, where
the critical VB electrons are highlighted with dots. Thus, the Fe–O bond in Cpd
I is described by the pairs of πxz,yz and π*xz,yz molecular orbitals. The bonding pair
is doubly occupied, whereas the antibonding pair has two unpaired electrons
spread out over the iron(IV)-oxo group due to single occupation of two π*FeO

orbitals, and hence six dots are drawn next to the Fe–O bond. In addition, Cpd I
has a heme cation radical due to single occupation of the a2u molecular orbital.
The reaction finishes with the alcohol product complexes shown on the bottom
right of the figure in red, which is the result of two-electron oxidation of our reac-
tant species and transfer of one electron into the heme (a2u) and one in a π*
orbital to give the metal oxidation state Fe(III). A VB curve crossing diagram is
constructed by drawing a line from the reactant geometry, which has wave func-
tion Ψr, and connecting it to the product geometry with excited state wave func-
tion Ψp*. Similarly, starting from the product complexes with wave function Ψp,
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a connection is made with the reactants via Ψr*. Thus, in Ψr* the system has the
reactant geometry but the electronic configuration of the products, while for Ψp*
it is the other way around. Crossing of these two VB curves will give rise to an
avoided crossing and consequently a transition state for the reaction. Thus, a con-
certed reaction mechanism, such as ethylbenzene hydroxylation by iodosylben-
zene, has only one barrier through the mixing of reactant and product curves.157

However, in CYP 450 a third curve for the intermediate wave function bisects the
reactant and product wave functions to give rise to two avoided crossings: one for
hydrogen abstraction and one for radical rebound. This intermediate curve has
either the metal in the oxidation state Fe(IV) together with a closed-shell heme,
i.e. [FeIV(OH)(Por)L---R•], or the metal in the oxidation state Fe(III) combined
with a cation radical on the heme to give [FeIII(OH)(Por+•)L---R•]. These two
intermediate wave functions are identified with ΨI(IV) and ΨI(III), respectively,
and give rise to the two distinctive radical intermediates in the reaction mecha-
nism. Figure 10(a) displays the VB curve crossing mechanism that passes the
Fe(III) intermediate, while the one passing the Fe(IV) intermediate is shown in
Figure 10(b). Generally, gas-phase DFT calculations predict the Fe(IV) interme-
diates to be the lowest-lying,146,158 but QM/MM seems to lower the Fe(III) inter-
mediates.140 Therefore, the relative ordering of the Fe(IV) and Fe(III)
intermediates is dependent on polarized effects from, for example, the protein
surroundings or through hydrogen-bonding interactions, and leads to multistate
reactivity (MSR) patterns.

The intermediate curve crosses the reactant wave function and gives rise to an
avoided crossing and hence a hydrogen abstraction transition state. This barrier
leads to the corresponding radical intermediate but past the intermediate the wave
function crosses the product wave function to give rise to a second avoided cross-
ing and the radical rebound barrier. Thus, the VB curve crossing model explains
why the reaction is stepwise via a radical intermediate. In VB terms, the hydrogen
abstraction barrier (∆EH

‡) can be written in terms of the height of the crossing
point (∆Ec) minus the resonance energy (B):

∆EH
‡ = ∆Ec − B. (5)

It was shown that the height of the crossing, in fact, is a fraction ( f ) of the
promotion gap (GH).159 Since the electronic difference between the reactant con-
figuration and the excited intermediate wave function (ΨI) is based on the singlet-
to-triplet excitation energy of the C–H bond, this implies that the promotion gap
is actually proportional to the strength of the C–H bond, i.e. the bond dissociation
energy of the C–H bond (BDEC–H), Eq. 6. In addition, the promotion gap contains
electron transfer energies which for the Fe(IV) wave function reflect the energy
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transfer from π*OO into the a2u orbital, while for Fe(III) the electron transfer is into
the π*xz orbital.

∆EH
‡ = f GH − B ∝ BDECH. (6)

Indeed, DFT calculations of a series of hydrogen abstraction barriers by
Cpd I(SH−) and Cpd I(SCH3

−) gave a linear correlation with BDEC–H; one of these
correlations is shown in Figure 11.146,160 Further correction to the trend with reso-
nance energy stabilization of the transition state structures gave the C–H bond
strength DC–H, which correlates perfectly with the barrier heights of C–H abstrac-
tion of nine aliphatic C–H bonds. Olsen and coworkers calculated 24 hydrogen
abstraction barriers by Cpd I(SCH3

−) and found correlations similar to those given
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in Figure 11.160 In their paper the resonance energy is labeled “frozen BDE” and
addition of this factor improves the correlation significantly. These studies con-
firm and rationalize experimental correlations of the logarithm of the rate constant
with BDE as found for several mononuclear metal-oxo complexes.161–164

The subsequent step in the aliphatic hydroxylation mechanism is the radical
rebound step which leads to alcohol product complexes. The general reaction for
this is described by Eq. 7 for the process starting from the Fe(IV) intermediate,
and by Eq. 8 for the Fe(III) intermediate. The reaction exothermicities for this
reaction are ∆HrebIV and ∆HrebIII, respectively. Obviously, the two reactions lead to
the same products, so that the overall exothermicity from Cpd I(L) and RH to form
[FeIII(Por)] and ROH products is identical.

[FeIV(OH)(Por)L] + R• → [FeIII(Por)] + ROH + ∆HrebIV, (7)

[FeIII(OH)(Por+•)L] + R• → [FeIII(Por)] + ROH + ∆HrebIII. (8)

The reaction energies given in Eqs. 7 and 8 reflect the OH transfer energies
from the iron-porphyrin complexes to the radical R. Using the definition of the
hydroxyl affinity (BDEC–OH) as defined in Eq. 9, the reaction enthalpy for Eqs. 7
and 8 can be described in terms of differences in hydroxyl affinity between
[FeIII(Por)] and R•, as shown in Eqs. 10 and 11.

ROH → R• + OH• + BDEC–OH, (9)

∆HrebIV = BDEFeIV–OH – BDEC–OH, (10)

∆HrebIII = BDEFeIII–OH – BDEC–OH. (11)

The overall reaction enthalpy (∆Hr) for the reaction starting from Cpd I and
substrate (RH) to give alcohol products and an FeIII-porphyrin complex is there-
fore the sum of Eqs. 4 and 10 as given in Eq. 12:

∆Hr = ∆HHAIV + ∆HrebIV = BDEC–H – BDEO–H + BDEFeIV–OH – BDEC–OH. (12)

For the radical rebound step, a VB curve crossing diagram was designed to
explain the differences in rebound barriers between the high-spin and low-spin
surfaces, as well as between the FeIV and FeIII states. Figure 12 shows the VB curve
crossing diagrams starting from [FeIV(OH)(Por)SH---R•], i.e. 4,2I(IV).

As described in Eq. 6, the hydrogen abstraction barrier height (∆EH
‡) correlates

with the excitation energy from the ground state wave function to the excitation
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state wave function, GH. The same is true for the radical rebound barrier (∆Ereb
‡),

which is proportional to the excitation energy from the ground state to the excita-
tion state in the intermediate geometry, i.e. excitation from 4,2ΨI(IV) to 4,2Ψr* for
the Fe(IV)-type intermediates 4,2I(IV) and from 4,2ΨI(III) to 4,2Ψr* for the Fe(III)-
type intermediates 4,2I(III). Thus, 2I(IV) has electronic configuration δ 2 π*xz

1 π*yz
1

a2u
2 φR

1, whereas for the product complex 2P and hence also 2Ψr* the configuration
is δ 2 π*xz

2 π*yz
1 a2u

2. In other words, the excitation energy involves ionizing the
substrate rest group and reduction of the iron-hydroxo complex with one electron
(EAFeIVOH). The low-spin barrier will, therefore, correlate with the difference
between the ionization potential of R (IPR) and EAFeIVOH:

∆Ereb,LS
‡ ∝ IPR – EAFeIVOH. (13)

The electron affinity of the iron-hydroxo complex leads to electron donation into
the π*xz orbital to give 2[FeIII(OH)(Por)L]; however, excitation from 4ΨI(IV) to
4Ψr* gives a quartet spin iron-hydroxo complex with occupation π*xz

1 π*yz
1 σ *z2

1.
As a consequence of this, the excitation energy from 4ΨI(IV) to 4Ψr* is larger than
the difference between IPR and EAFeIVOH by the excitation energy (EFeOH) of an
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electron from π*xz to σ *z2, (Eq. 14). This is the reason why a low-spin rebound is
generally barrierless or small, whereas in high spin significant barriers are encoun-
tered that can cause reorganization of the radical leading to stereochemical scram-
bling or formation of by-products.

∆Ereb,HS
‡ ∝ IPR – EAFeIVOH + EFeOH(π*xz → σ *z2). (14)

In summary, electron transfer mechanisms, orbital occupations, and thermo-
dynamic data explain why aliphatic hydroxylation reactions are stepwise via TSR
scenarios on competing doublet and quartet spin state surfaces. Indeed, all calcu-
lated aliphatic hydroxylation reactions have so far been shown to proceed via the
general mechanism shown in Figures 8 and 10. In the last few paragraphs of this
subsection we will give some examples of aliphatic hydroxylation reactions stud-
ied by theoretical methods.

The first hydrogen abstraction reactions by CYP 450 model systems studied
with DFT methods used methane as a substrate.142,165,166 However, in the past
10 years, more realistic substrates have also been studied. Special emphasis
always has been on camphor hydroxylation by CYP 450cam, since it is the natural
substrate hydroxylation reaction of this CYP 450 isozyme. Moreover, several
crystal structures are available for this CYP 450 enzyme.24,26 Initial studies used
DFT methods, but later on complete enzyme studies with the QM/MM technique
were reported.145,167 Essentially, all these studies predict the same mechanistic
trends that are described by the fundamental rules in this section: an initial hydro-
gen atom abstraction followed by a radical rebound. The regioselectivity of C5

hydroxylation from camphor is determined by the substrate-binding site, where
camphor is tightly bound and only the C5 position approaches the heme close
enough to enable hydroxylation.

Table 1 summarizes substrate hydroxylation reactions calculated with DFT
or QM/MM methods for Cpd I(L).112,133,147,160,168–181 Essentially, all calculations
support the general mechanism shown in Figure 8, with a rate-determining
hydrogen atom abstraction leading to an iron-hydroxo species that rebinds to the
radical to give alcohol product complexes. Occasionally, however, the rebound
step is replaced by N-dealkylation or dehydrogenation, but also in these cases
the hydrogen atom abstraction is rate-determining. On average the low-spin
states are below the high-spin ones by 0.9 ± 1.3 kcal mol−1, irrespective of the
axial ligand used. Clearly, substrate hydroxylation is a TSR phenomenon with
competing spin state surfaces and reaction barriers. The close energy between
4TSH and 2TSH is evident from the electron transfer processes shown in Figure 10,
where most substrates lead to an intermediate with the metal in the oxidation
state Fe(IV). The only exceptions to this are methane hydroxylation which leads
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Table 1. DFT-calculated hydrogen abstraction barriers (in kcal mol−1) by Cpd I(L), as reported in the literature.

L Substrate ∆EH,HS ∆EH,LS Ref. L Substrate ∆EH,HS Ref.

SH− methane 22.9 22.3 147 SCH3
− methane 20.7 160

SH− methane 22.9 24.7 170 SCH3
− propane, 1° carbon 17.7 160

ImH methane 25.8 25.0 170 SCH3
− propane, 2° carbon 14.8 160

PhO− methane 25.4 26.8 170 SCH3
− Isobutene 14.3 160

Cl–− methane 24.7 25.1 170 SCH3
− propene 12.9 160

SH− ethane 17.4 15.3 147 SCH3
− propionaldehyde 11.4 160

SH− ethanol: from C1 11.7 10.3 175 SCH3
− toluene 13.0 160

SH− ethanol: from OH 12.3 12.7 175 SCH3
− ethylbenzene, 2° 12.1 160

SH− acetaldehyde 8.2 10.0 171 SCH3
− 1-methylethyl-benzene 13.3 160

SH− propane, 2° carbon 15.8 13.9 147 SCH3
− dimethylether 12.2 160

SH− propane, 1° carbon 17.5 15.2 147 SCH3
− dimethylsulfane 11.0 160

SH− propanec 20.6 19.5 167 SCH3
− methylphenylsulfane 10.8 160

SH− propene 13.0 12.8 147 SCH3
− dimethylamine 7.6 160

ImH propene 11.0 9.7 168 SCH3
− trimethylamine 6.7 160

Cl− propene 14.8 12.9 112 SCH3
− fluoroethane, 2° 18.4 160

Cat propene 12.0 11.3 138 SCH3
− fluoroethane, 1° 14.7 160

CcP propene 18.4 17.8 131 SCH3
− ethylbenzene, 1° 17.3 160

ImP propene 19.1 13.0 174 SCH3
− 2-fluoroprop-1-ene 13.2 160

SO3CH3
− propene 11.9 11.4 169 SCH3

− prop-1-en-2-ol 11.7 160
OH− propene 5.7 3.9 181 SCH3

− p-xylene 12.7 160
SCH3

− trimethylamine 9.6 8.3 178 SCH3
− 1-methyl-4-nitrosobenzene 11.8 160
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Table 1. (Continued )

L Substrate ∆EH,HS ∆EH,LS Ref. L Substrate ∆EH,HS Ref.

SH− N,N-dimethylaniline 5.5 5.0 147 SCH3
− methoxybenzene 13.0 160

SH− toluene 12.4 12.1 147 SCH3
− N-methylaniline 7.6 160

SH− ethylbenzene 12.6 11.5 147 SCH3
− N,N-dimethylaniline 6.9 160

Cl− ethylbenzene 11.7 9.1 173
SH− camphor 14.5 15.9 147
SCys− camphor c 21.8 21.1 167
SH− trans-2-phenyl-methylcyclopropane 14.5 13.1 147
SH− trans-2-phenyl-isopropyl-cyclopropane 13.4 12.3 147
SH− arginine 10.5 4.9 176
SCH3

− morpholine < 1 < 1 179
OH− cyclohexane 2.2 1.0 172
CH3COO− cyclohexane 11.0 7.6 172
Cl− cyclohexane 12.7 10.1 172
CF3SO3

− cyclohexane 15.4 12.9 172
SH− N-cyclopropyl-N-methylanilinea 11.4 9.6 180
SH− N-cyclopropyl-N-methylanilineb 11.2 9.2 180
SH− testosterone-β1 13.0 11.4 177
SH− testosterone- β2 8.2 9.7 177
SH− testosterone- β6 6.1 5.3 177
SH− testosterone- β15 11.6 9.7 177

aMethyl group hydroxylation
bCyclopropane ring hydroxylation
cQM/MM result
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to an Fe(III) intermediate and substrate hydroxylation studied with QM/MM
methods on enzymatic systems.

Three substrates (methane, propene, and cyclohexane) have been studied with
a range of different Cpd I species with variable axial ligands. Thus, a phenolate
ligand (PhO−) as appears in catalase, for instance, destabilizes hydrogen abstrac-
tion barriers by a couple of kcal mol−1 with respect to Cpd I(SH−), and therefore
catalase is not a likely oxidant of hydroxylation reactions.138,170 The theoretical
studies on the effect of an imidazole ligand mimicking peroxidases such as horse-
radish peroxidase (HRP) or cytochrome c peroxidase (CcP) give conflicting
results. Methane hydroxylation by an HRP mimic gave increased barrier heights
with respect to those found for Cpd I(SH−),170 whereas in propene hydroxylation
the opposite trend was observed.168 Studies on propene hydroxylation by Cpd I of
CcP using the model shown above in Figure 5, which includes the hydrogen-
bonded axial triad, predicted sluggish activity of substrate hydroxylation reac-
tions.131 This is because Cpd I(CcP) is essentially [FeIV=O(Por)L---Trp+•] and has
no heme cation radical, like all other Cpd I species. As a consequence the electron
transfer processes take place over a larger distance and the barriers are higher.
Recent experimental studies on biomimetic iron(IV)-oxo porphyrin complexes
with imidazole, 2-methylimidazole, and 3-fluoro-4-nitrophenolate as axial ligands
showed increased cyclooctene epoxidation rate constants for imidazole and phe-
nolate ligated complexes as compared with a chloride axial ligand.182 However,
the nature of the oxidant in all these cases is FeIV=O(Por+•)L with single occupa-
tion of the a2u orbital.

Cyclohexane hydroxylation was studied with four different Cpd I(L) models,
where L = OH−, CH3COO−, Cl−, and CF3SO3

−, as well as with a range of para-
substituted pyridine N-oxides as axial ligand.99,172 Thus, the hydrogen abstraction
barrier of cyclohexane hydroxylation by Cpd I(L) was found to correlate linearly
with both the electron affinity of Cpd I(L) and the Fe–O distance in the transition
states. Moreover, calculations of second-order perturbation stabilization interac-
tion energies between the transition state and reactants showed an increase with
enhanced electron-donating ability of the oxidant. Therefore, the electron-donating
ability of anionic axial ligands in iron(IV)-oxo complexes controls aliphatic
hydroxylation reactions. The studies with para-substituted pyridine N-oxides as
axial ligands showed that as the ligand becomes a better electron donor the FeO–H
bond is strengthened and the Fe=O bond weakened to give more efficient
hydrogen abstraction.

So far, all these DFT and QM/MM calculations have resulted from a hydro-
gen atom abstraction; however, technically, a hydride transfer is also possible as
the first reaction step. As shown recently by Nam, Fukuzumi, and coworkers,183,184

iron(IV)-oxo porphyrins are able to react with substrates with weak C–H bonds
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via an initial hydride abstraction (Eq. 15), with exothermicity ∆HHT, rather than
the commonly observed hydrogen atom transfer:

[FeIV=O(Por+•)L] + RH → [FeIII(OH)(Por)L] − + R+ + ∆HHT. (15)

In analogy with Eqs. 3 and 4, the exothermicity of Eq. 15 is written as a func-
tion of the hydride affinity of Cpd I (HACpd I), the bond dissociation energy of the
C–H bond in RH (BDEC–H, Eq. 3), the ionization potential of the radical rest group
R (IPR), and the electron affinity of a hydrogen atom (EAH):

∆HHT = HACpd I − BDEC–H + IPR − EAH. (16)

In the case where hydride transfer is a much more exothermic process than
hydrogen atom abstraction by Cpd I, ∆HHT > ∆HHA, which can be rewritten by
combining Eqs. 4 and 16:

HACpd I − BDEO–H > EAH − IPR. (17)

Since the difference in energy between the hydride transfer and the hydrogen
atom abstraction energies is roughly the difference between EAH and EAFeIVOH,
this means that if IPR < EAFeIVOH the hydride transfer is more exothermic, whereas
the hydrogen atom transfer is more exothermic for IPR > EAFeIVOH. Most substrate
rest groups have substantially larger ionization potentials than EAFeIVOH; however,
cofactor analogs such as 10-methyl-9,10-dihydroacridine (AcrH2) have a very low
ionization potential and as a consequence react via hydride transfer abstraction
instead of the normal hydrogen atom abstraction.185

DFT studies of the reaction of Cpd I(Cl−) with AcrH2 predicted a hydride
transfer mechanism via very low barriers (4,2TSH,cat) of 5.6 and 6.1 kcal mol−1 for
the quartet and doublet spin state surfaces, respectively (Figure 13).185 These bar-
riers are much lower than the hydrogen abstraction barriers of most substrates
shown in Table 1. Moreover, an alternative hydrogen atom abstraction (via
4TSH,rad) was calculated and found to be higher in energy by 5.5 kcal mol−1. The
inset of Figure 13 shows the alternative hydroxylation mechanism starting from
the one-electron reduced complex of Cpd I, namely compound II or Cpd II(Cl−).
This oxidant reacts with AcrH2 via significantly higher barriers; furthermore, the
reaction proceeds via hydrogen atom abstraction rather than hydride transfer.
These calculations, therefore, show that Cpd II(Cl−) is a possible oxidant of weak
C–H bonds, but will not be as efficient and reactive as Cpd I(Cl−), which can
react via an alternative hydride transfer mechanism. The difference in energy
between the hydrogen atom abstraction barriers by Cpd I and Cpd II in Figure 13
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Figure 13. Potential energy profile of AcrH2 hydroxylation by Cpd I(Cl−) and Cpd II(Cl−) as calculated by DFT. Energies are in kcal mol−1 relative
to isolated reactants. Also shown are optimized geometries with group spin densities and bond lengths (in angstroms) of the hydrogen and
hydride transfer transition states for Cpd I(Cl−).
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is 4.4 kcal mol−1, which is close to the QM/MM difference of camphor hydroxy-
lation by Cpd I and Cpd II of P450cam.186 This implies that the protein environment
has little effect on the relative barriers and will not favor Cpd II over Cpd I.
Although 4,2TSH,cat appear to be transition states for a hydride transfer, in fact,
looking at the group spin densities reveals that the hydride transfer is actually an
initial hydrogen atom abstraction followed by a fast electron transfer prior to for-
mation of the intermediate complex.

D. Aliphatic Hydroxylation Mechanisms with Byproduct Formation

The lifetime of the intermediate complexes (4,2I) in the reaction mechanisms deter-
mines whether a substrate can undergo skeletal rearrangement and produce
rearranged products. Experimentally, Ortiz de Montellano and Stearns187 used
bicyclo[2.1.0]pentane as a substrate to determine the lifetime of the radicals, i.e.
4,2I in Figure 8. They measured the product ratio of un-rearranged (U) to
rearranged (R) products, as well as the free radical rearrangement constant kr

(Figure 14). These studies established the lifetime of the radical: τ = 50 ps. For a
series of radical clock substrates, however,53–56 it was shown that the lifetime of
the radical is not realistic and the results pointed to carbocationic intermediates
instead. Thus, it was suggested that radicals are not present and presumably two
oxidants were active in the reaction mixture, which were assigned as ferric-
hydroperoxo (Cpd 0) and Cpd I. To prove that these radical clock results are
obtained through TSR patterns, a set of calculations on radical clock substrates,
namely trans-2-phenyl-methylcyclopropane and trans-2-phenyl-isopropylcyclo-
propane, with Cpd I(SH−) models were performed, and the highlights of those
results are shown in Figure 15.152,153,188

Cpd I(SH−) reacts with trans-2-phenylmethylcyclopropane via an initial and
rate-determining hydrogen abstraction to give radical intermediates (4,2IU), as
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L

+ RH + R•

SCys

˜

SCys

SCys

˜

kreb,U

kr
Cpd I

FeIV

O

FeIV

OH

FeIII

O

U

R

H

FeIII

O
H

R

R

+ R•

SCys

FeIV

OH
kreb,R

Figure 14. Reaction mechanism for formation of rearranged (R) and un-rearranged (U )
products in the reaction of RH with Cpd I.
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Figure 15. DFT-calculated reaction mechanism of trans-2-phenylmethylcyclopropane activation by Cpd I(SH−) leading to un-rearranged (U ) and
rearranged (R ) products. Energies in kcal mol−1, with ZPE included taken from Ref. 153 and optimized geometries of hydrogen abstraction
transition states from Ref. 147, with bond lengths in angstroms.

b
8
6
7
_
V
o
l
-
1
0
_
C
h
-
4
4
.
q
x
d
 
 
6
/
2
1
/
2
0
1
0
 
 
3
:
1
6
 
P
M
 
 
P
a
g
e
 
1
2
1



expected from the TSR discussion above. From these un-rearranged intermediates,
the potential energy surface bifurcates, whereby one mechanism leads to a direct
radical rebound and the formation of un-rearranged products (4,2PU), whereas the
alternative mechanism provides radical rearrangement via a barrier 4,2TSrearr to
give a rearranged radical intermediate (4,2IR). A final rebound barrier from
rearranged intermediates gives rearranged product complexes (4,2PR). As follows
from Figure 15, the rebound barrier of the un-rearranged intermediate on the dou-
blet spin state is negligible, whereas a small barrier leads to rearranged intermedi-
ates, so that dominant un-rearranged products may be expected. On the other
hand, on the quartet spin state surface, the rebound barrier of the un-rearranged
intermediate is significant (2.2 kcal mol–1), whereas the rearrangement costs only
a few tenths of a kcal mol–1, which implies that on the quartet spin state rearrange-
ment will be the preferred mechanism. Accordingly, the product isotope effect
(PIE) observed from the ratio of un-rearranged to rearranged products is in fact
proportional to the kinetic isotope effect (KIE) ratio of the low-spin and high-spin
structures (Eq. 18). Indeed, calculated PIE values were in excellent agreement
with experimentally determined PIE data and hence proved the existence of a TSR
scenario153:

PIE(PU/PR) = KIELS/KIEHS. (18)

Subsequent studies tested the activity of Cpd 0 and ferric-hydrogen peroxide
(FeIII–H2O2) as possible oxidants of trans-2-phenylmethylcyclopropane.189 These
C–H hydroxylation barriers by Cpd 0 and FeIII–H2O2 are 9.9 and 3.6 kcal mol−1

higher in energy than those obtained for Cpd I(SH−) with environmental effects
included. Moreover, the bond dissociation energy of the Fe–O bond in FeIII–H2O2

is much lower in energy than the hydrogen abstraction barrier, so that predominant
uncoupling reactions leading to free H2O2 are expected rather than C–H hydroxy-
lation. In Cpd 0, the Fe–O bond is sufficiently strong and much higher in energy
than the homolytic O–O bond breakage energy. Despite this, little C–H hydroxy-
lation is expected from the Cpd 0 mechanism, due to a lower-lying barrier leading
to meso-hydroxylation instead. These studies, therefore, have given theoretical
evidence that neither Cpd 0 nor FeIII–H2O2 can act as an alternative oxidant in C–H
hydroxylation reactions in P450 enzymes. 

Cpd I of CYP 450 enzymes often regioselectively hydroxylates a specific
C–H bond of a substrate, such as the C5 position in camphor by CYP 450cam,
whereby the substrate-binding topology determines the reactivity patterns. In
many cases, therefore, gas phase DFT calculations on model complexes are
insufficient to ascertain these regioselectivity preferences, and advanced meth-
ods such as QM/MM on the complete enzyme are required. In some cases,
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however, the substrate-binding pocket is large and the regioselectivity is simply
determined by the relative strengths of the available C–H bonds in the substrate.
For instance, testosterone hydroxylation by CYP 450 can take place on many
different positions, and experimentally determined product distributions yielded
hydroxylated products at the β1, β2, β6, and β15 positions of testosterone
(Figure 16). Gas phase DFT calculations177 using a Cpd I(SH−) oxidant on the
hydroxylation of these four C–H bonds of testosterone showed that the product
distributions and experimental rate constants correlate with the calculated
hydrogen abstraction barrier heights and consequently with the strength of the
C–H bond of the substrate.

Finally, a not-uncommon byproduct in aliphatic hydroxylation reactions is
dehydrogenation of the substrate to give alkenes. Studies of C–H hydroxylation
of the antiepileptic drug valproic acid by CYP 450 enzymes showed dehydroge-
nase-oxidase activity that originated from the same precursor as substrate
monoxygenation, possibly an iron(IV)-oxo species.190 Several studies, so far,
have focused on substrate dehydrogenation by CYP 450 model complexes.116,188

Figure 17 gives the general reaction scheme of competitive hydroxylation and
dehydrogenation of a substrate R2CH2CH2R1, which may be a cycloalkane, with
definitions of the reaction enthalpy of each individual step. Both investigations
confirmed an initial and rate-determining hydrogen atom abstraction to form an
iron-hydroxo complex. The reaction enthalpy ∆Hr,1 for this is as described in
Eq. 4 and will depend on the relative BDE values of the O–H and C–H bonds,
i.e. ∆Hr,1 = ∆HHA. The intermediate rebound of the radical gives alcohol products
with exothermicity ∆Hr,2, i.e. ∆Hr,2 = ∆HrebIV (Eq. 10). Instead of a radical rebound
(Eqs. 7 and 8), a second hydrogen abstraction can form an Fe(III)–H2O complex
with a nearby alkene.
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Figure 16. Testosterone hydroxylation at the β1, β2, β6, and β15 positions as calculated
with DFT. Barriers and BDEC–H values are in kcal mol−1, with low-spin data in parentheses.
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The reaction enthalpy ∆Hr,3 for dehydrogenation of the radical, as with Eq. 4
is equal to the difference in bond dissociation energy of an O–H bond in
[FeIII–H2O(Por)L] (designated BDEFeHO–H) and the C–H bond of the radical
complex (BDErad):

∆Hr,3 = BDErad − BDEFeHO–H. (19)

To test the regioselectivity preference for a series of substrates, we did DFT
calculations to obtain the reaction exothermicities ∆Hr,1, ∆Hr,2, and ∆Hr,3 from
BDE values; see Table 2.116 As follows from the table, the C–H abstraction reac-
tion exothermicity correlates linearly with the strength of the C–H bond, in
agreement with the trend depicted in Figure 11. The dehydrogenation exother-
micity is more or less constant for aliphatic hydrocarbons and sharply decreases
for cyclohexadiene as the result of formation of resonance-stabilized benzene.
An opposite trend is observed for the OH rebound to the radical, which is found
to be constant and highly exothermic for aliphatic hydrocarbons and is less
exothermic for cyclohexene and even more so for cyclohexadiene. As a conse-
quence, the most exothermic reaction for cyclohexadiene is dehydrogenation
rather than hydroxylation, which will be the preferred mechanism for all other
substrates.
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Figure 17. Reaction mechanism leading to substrate hydroxylation and dehydrogenation.

Table 2. DFT-calculated reaction enthalpies and BDE values (in kcal mol−1) of selected
substrates.

Substrate BDEC–H ∆Hr,1 BDErad ∆Hr,3 BDEC–OH ∆Hr,2

ethane 96.2 9.5 36.7 −34.0 85.8 −55.5
trans-butane 92.6 5.9 33.5 −37.3 85.4 −55.2
cyclohexane 93.0 6.4 33.6 −37.2 85.8 −55.6
cyclohexene 77.7 −9.0 47.5 −23.3 69.1 −38.9
cyclohexadiene 69.0 −17.6 21.8 −49.0 59.7 −29.5
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E. Aromatic C–H Activation by Cpd I of CYP 450

Aromatic hydroxylation deserves special attention, since its mechanism deviates
significantly from aliphatic hydroxylation, described extensively above. As a mat-
ter of fact, aromatic hydroxylation does not start with an initial hydrogen abstrac-
tion, but with a C–O bond activation to give either a cationic or radicalar
intermediate (Icat or Irad). Figure 18 displays the aromatic hydroxylation of ethyl-
benzene by Cpd I(Cl−).173 The mechanism observed for aromatic hydroxylation of
benzene and toluene by Cpd I(SH−),191,192 and benzene by Cpd I(SCH3

−),193–195 as
well as that for ethylbenzene hydroxylation by Cpd I(NCCH3),

98 are the same as
the mechanism shown in Figure 18. Moreover, combined experimental and theo-
retical studies using a nonheme iron(IV)-oxo oxidant showed the same mecha-
nism for nonheme complexes, so that it appears to be universal.196 The radical
intermediate has the same orbital occupation as the aliphatic hydroxylation inter-
mediate, namely δx2–y2

2 π*xz
1 π*yz

1 a2u
2 φR

1, and hence the metal is in the oxidation
state Fe(IV) and the substrate radical is smeared out over five neighboring carbon
atoms of the substrate. This delocalized radical has a low ionization potential and,
as a result of this, there is also a close-lying cationic intermediate with occupation
δx2–y2

2 π*xz
2 π*yz

1 a2u
2 φR

0 in the doublet spin state and δx2–y2
2 π*xz

1 π*yz
1 σ *z2

1 a2u
2

φR
0 in the quartet spin state; both have the metal in oxidation state Fe(III). The

latter state is not shown in Figure 18 since it is higher in energy than the radical
intermediate 4Irad. In the low spin state the ordering of the cationic and radical
intermediates is reversed with a cationic ground state. From the intermediate com-
plexes a proton shuttle takes place to one of the pyrrole nitrogen atoms of the por-
phyrin ring to form the proton transfer intermediate (4,2PT), which brings the
aromaticity back into the substrate ring and consequently is an extremely exother-
mic process. Indeed, this process has been observed for iron(IV)-oxo porphyrin
complexes as well as for nonheme iron(IV)-oxo oxidants.196 From 2Icat, the proton
shuttle to the heme is essentially barrierless, since the two structures have the same
electronic configuration, whereas the process from the radical intermediates
encounters a significant barrier (TSPT). Geometrically, the porphyrin ring is dis-
torted in 4,2PT and one pyrrole ring bends downward due to protonation. A subse-
quent proton transfer to the oxo group gives p-ethylphenol products (4,2Pphenol) via
negligible rebound barriers (TSreb). Alternatively, the proton can rebound to the
ortho-carbon position to form 4-ethylcyclohexa-2,4-dienone (4,2Pketon) via a
rearrangement barrier (TSrearr). This rearrangement barrier is considerable
(>10 kcal mol−1), so that the dominant products will be phenols rather than ketones.
Furthermore, the mechanism shown in Figure 18 explains the experimentally
detected “NIH” shift, which is the migration of protons from the hydroxylation
site to the adjacent carbon atom.197 Thus, crossing of 4,2TSrearr from the proton
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Figure 18. Aromatic hydroxylation of ethylbenzene by Cpd I(Cl−) leading to phenol and ketone product complexes. All energies are in
kcal mol–1 relative to isolated reactants, and bond lengths are in angstroms.
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transfer intermediates gives cyclohexadienone products where one hydrogen atom
has shifted to an adjacent carbon atom, in agreement with the NIH shift.
Additionally, these studies prove that phenol and cyclohexadienone products orig-
inate from the same intermediate (2Icat), which is of the cationic type. In contrast
to aliphatic hydroxylation (discussed above), aromatic hydroxylation appears via
single-state reactivity (SSR) on a dominant low-spin pathway, whereas the com-
peting high-spin pathway has much higher barriers due to much less stable
cationic intermediates. In addition to the mechanism shown in Figure 18, the
process from 2Icat also can lead to epoxide product complexes via a ring closure
transition state (TSrc). This barrier in the case of benzene hydroxylation is much
higher in energy than the proton shuttle barrier to form 4,2PT.

As follows from the energy diagram in Figure 18 for ethylbenzene hydroxy-
lation by Cpd I(Cl−), the rate-determining step in the reaction is the C–O bond acti-
vation. Moreover, the reaction takes place on a dominant low-spin surface due to
the difference in stability between 4Icat and 2Icat. Since no hydrogen atoms migrate
in the rate-determining step in the aromatic hydroxylation reaction, there is also
no kinetic isotope effect for replacement of hydrogen atoms in the substrate by
deuterium atoms. DFT studies of ethylbenzene-h10 and ethylbenzene-d10 hydroxy-
lation by Cpd I(Cl−) showed competing mechanisms via aromatic and aliphatic
hydroxylation, whereby ethylbenzene-h10 gave dominant aliphatic hydroxylation,
and the fully deuterated substrate aromatic hydroxylation.173

F. C==C Epoxidation by Cpd I of CYP 450

CYP 450s as well as biomimetic iron(IV)-oxo porphyrin complexes are known to
catalyze C=C double bond epoxidation reactions very efficiently.1,19,20 As a conse-
quence many theoretical studies have been devoted to this process, as well
as processes leading to byproducts of double bond epoxidation by Cpd
I(SH−).60,143,144,158,198–201 As with the hydrogen abstraction reactions described above,
C=C epoxidation proceeds by a stepwise mechanism via a radical intermediate.
Thus, an initial C–C bond activation via barrier 4,2TSE leads to formation of a C–O
bond between oxo and substrate groups whereby the other carbon atom of the dou-
ble bond remains as a radical center (4,2IE). This radical attacks the oxo group and
leads via a ring closure barrier (TSrc) to epoxide products. Figure 19 displays the
calculated potential energy profiles of ethene, propene, and styrene epoxidation by
Cpd I(SH−), taken from Refs. 144, 198, and 201. The reactions proceed via TSR
patterns on competing doublet and quartet spin states, where the doublet surface is
essentially concerted, whereas the quartet spin intermediate has a significant life-
time due to the existence of a ring closure barrier. The rate-determining barrier,
therefore, is the initial C–O bond activation via 4,2TSE and is the lowest for styrene,
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as expected from experimental observations. The calculated free energy of activa-
tion of styrene epoxidation by this CYP 450 model complex201 of ∆G‡ = 20.9 kcal
mol−1 is in line with biochemical studies of CYP 450 enzymes that estimated a bar-
rier of 24–25 kcal mol−1.52 The differences in barrier height lead to small differences
in transition state geometries (Figure 19), where the lowest barriers correspond to
early transition states with long C–O and short C–C and Fe–O distances.

Experimental studies on CYP 450cam and its T252A mutant showed that in the
mutant C–H hydroxylation reactions were hampered, but not in the C=C epoxida-
tion reactions.51,52 It was concluded that this was due to the participation of two
active oxidants in the reaction mixture, where Cpd I performs C–H hydroxylation
reactions and Cpd 0 alkene epoxidation. To test this hypothesis, DFT calculations
on competitive epoxidation of ethene by Cpd 0 and Cpd I were made.59,60

However, DFT studies showed Cpd 0 to be a sluggish oxidant that reacts with
alkenes via high reaction barriers, whereas the complementary reaction with Cpd I
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Figure 19. Potential energy profile of substrate (RH) epoxidation by CpdI(SH−). Energies are
in kcal mol−1 relative to isolated reactants in the quartet spin state. Also shown are optimized
geometries of the rate-determining transition states for ethene, propene, and styrene epoxida-
tion. The first line with data is taken from Refs. 144, 198, and 201 for ethene, propene, and
styrene epoxidation, whereas the second line gives ethene epoxidation data for the quartet
spin state from Ref. 60. The styrene data contain zero-point energies.
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encounters much lower barriers. Experimental studies on the reactivity differences
of the iron(IV)-oxo porphyrin cation radical versus ferric-alkylperoxo with respect
to C–H hydroxylation and epoxidation confirmed that Cpd 0 is a sluggish oxidant
unable to compete with Cpd I.64

Finally, alkene epoxidation reactions in some cases produce byproducts; for
instance, in enzymatic systems terminal olefins are known to give so-called suicidal
complexes, which are dead-end products that destroy the activity of the enzyme.202,203

In addition, byproducts have been reported as being due to stereochemical scrambling
and hydrogen migration to form aldehydes. DFT calculations158,200 established mech-
anisms for the formation of suicidal complexes (4PS) and aldehyde (4PA) byproducts,
(Figure 20). Thus, both products originate from the intermediate (IE) in the epoxida-
tion reaction mechanism and the amount of byproduct formation is therefore depend-
ent on the lifetime of this complex. In the low-spin state the ring closure barrier to
epoxide products is negligible, so that 2IE (Figure 19) will have a very short lifetime.
By contrast, a finite barrier for ring closure is found on the high-spin surface, which
implies that 4IE will have a finite lifetime during which rearrangement can occur.
Hence, a manifestation of TSR, is the fact that byproducts are possible only on the
high-spin surface and not on the low-spin surface since this is a pseudoconcerted
reaction for C–H hydroxylation as well as epoxidation.

The intermediate complex 4IE(IV) is a radical intermediate with orbital occu-
pation δx2–y2

2 π*xz
1 π*yz

1 φSt
1 and connects to the epoxide product complex 4PE with

configuration δx2–y2
2 π*xz

1 π*yz
1 σ *z2

1 via a ring closure transition state. It can react
to form the suicidal complex (4PS) through an attack of the radical on one of the
nitrogen atoms of the porphyrin ring, whereby an N–C bond is formed and one of
the pyrrole rings is lifted out of the plane of the heme. However, 4PS has electronic
configuration δx2–y2

2 π*xz
1 π*yz

1, σ *xy
1, and a lower-lying mechanism for its forma-

tion from 4IE is possible through an internal electron transfer and the formation of
a cationic complex 4Icat(xy) with configuration δx2–y2

2 π*xz
1 π*yz

1 σ *xy
1 that connects

without barrier to the suicidal complex. The alternative cationic complex 4Icat(z
2)

with configuration δx2–y2
2 π*xz

1 π*yz
1 σ *z2

1 connects without barrier to the aldehyde
product complex. The lifetime of the radical intermediates, i.e. either 4IE(IV) or
4IE(III), determines the amount of rearrangement to byproducts. Especially, mech-
anisms passing Fe(III) intermediates have high rebound barriers (as discussed
above with VB curve crossing diagrams) and consequently are prone to the
formation of suicidal inactivation and aldehyde byproducts.

G. Sulfoxidation by Cpd I of CYP 450

The final reaction catalyzed by CYP 450 enzymes and biomimetics that has
received considerable attention is alkylsulfide sulfoxidation (Figure 21).204–207 In
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contrast to aliphatic and aromatic hydroxylation and C=C epoxidation reactions,
this reaction is stepwise via a single transition state for the S–O bond formation
(TSSO), whereby two electrons are transferred from substrate to heme. These
electron transfer processes are different in the doublet and quartet spin states, and
hence considerably different barrier heights on the two spin state surfaces are
encountered. In the low spin state the electron transfers are into the a2u and π*xz

orbitals, whereas in the high spin state they are into the a2u and σ *z2 molecu-
lar orbitals. As a consequence of these differences, the substrate attacks from the
top in the quartet spin state to align the substrate with the σ *z2 orbital, whereas
the substrate attacks from the side in the doublet spin state for ideal overlap with
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Figure 20. Double bond activation mechanisms of styrene (St) by Cpd I(SH−) leading to
products and byproducts. Energies are in kcal mol−1 relative to isolated reactants.
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the π*xz orbital. Due to these differences, the energy gap between 4TSSO and
2TSSO is considerable in some cases (6.9 kcal mol−1 for CYP 450cam), but the DFT
model complexes predict an energy gap of 2–3 kcal mol−1 although the ordering
is reversed in Ref. 204. Nevertheless, all calculations give SSR patterns with
preference for one spin state over the other; in three studies the quartet spin
mechanism is the lowest, while in the remaining two studies the doublet spin is
rate-determining. Clearly, more work is needed to establish what spin state is
crucial for P450 sulfoxidation reactions.

IV. Conclusions

In the past two decades, significant understanding of the mechanistic functions
of enzyme catalysis on a heme center has been achieved. These studies were
focused on important and vital human heme enzymes such as CYP 450s which
are involved in key metabolic and biosynthetic reactions, including drug metab-
olism and the biosynthesis of hormones. Different approaches have been used,
ranging from enzymatic studies to experimental work on synthetic models (bio-
mimetics) and, most recently, computational studies. The research has resulted
in major breakthroughs in the understanding of the enzymatic processes. This
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20.0 [30.8]

H3C
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H3C
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O
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16.8 (9.1) [20.6]

19.2 (7.1) [17.4]

Fe

O
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O

CH3
H3C

S

CH3

CH3S

π*xz

σ*z2

DFT model complexes
QM/MM on CYP 450cam [QM/MM on CYP 450BM3]

(a) (b)

Figure 21. (a) DFT- and QM/MM-calculated sulfoxidation barriers of dimethylsulfide (DMS)
by CYP 450 Cpd I models. The top line represents energies (in kcal mol−1) from DFT model
complexes of Cpd I(SH−) or Cpd I(SCH3

−) from Refs. 204, 207, and 206. The bottom line shows
QM/MM-calculated energies of CYP 450cam (in red) and CYP 450BM3 (in blue) from Ref. 62.
(b) Electron transfer mechanisms in the high-spin (top) and low-spin (bottom) states.
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chapter has shown that the interplay of experimental and computational tech-
niques on biomimetic models leads to advanced understanding of reaction
mechanisms of iron-porphyrin complexes, which are correlated with enzymatic
systems.

In this chapter, studies using biomimetic and computational methods have
been reviewed. First of all, these studies established what the active oxidant of
CYP 450 enzymes is. Many potential oxidants were tested, including Cpd 0 and
Cpd II, but so far the iron(IV)-oxo porphyrin cation radical or Cpd I has been
found to be the most efficient oxidant of substrate monoxygenation reactions.
Alternative oxidants, such as the iron(III)-hydroperoxo complex, were tested and
found to be poor oxidants of substrate epoxidation and sulfoxidation reactions. In
principle, the reduced form of Cpd I, i.e. Cpd II, is able to react with substrates via
hydrogen atom abstraction reactions and either dehydrogenate or hydroxylate sub-
strates. Combined biomimetic and density functional studies showed that although
Cpd II and its analogs can abstract hydrogen atoms from weak C–H bonds, its
hydrogen abstraction barriers are much higher than those for Cpd I, especially in
cases where a hydride abstraction is possible.

Further studies have shown how the intricate interplay of the ligands on the
metal-oxo center influences the oxidative properties of the active species. Thus,
an axial ligand induces either a push or a pull effect on the metal center and
thereby changes the oxygen transfer ability of the oxidant. This ligand effect is
attributed to two factors: a quantum-mechanical effect due to orbital interac-
tions between the metal and the ligand, and an electric field effect due to
charge–charge interactions between the ligand and the metal. These contribu-
tions are dependent on the nature of the axial ligand and determine the elec-
trophilicity of the oxo group. In addition, Cpd I exists in close-lying doublet and
quartet spin states with the same orbital occupation, and hence reactions on two
spin state surfaces result, which has been termed “two-state reactivity” (TSR).
As a consequence of TSR, there are barriers on two spin state surfaces and
sometimes even different mechanisms on the doublet and quartet spin state sur-
faces. This makes interpretation of experimental data difficult, especially rate
constants and product distributions.

The CYP 450 enzymes are versatile oxidants that catalyze a range of differ-
ent reactions, including aliphatic and aromatic hydroxylation, dehydrogenation,
epoxidation, sulfoxidation, etc. Most of these mechanisms have been studied with
biomimetic and computational methods. General reaction schemes have been
derived and factors that influence mechanisms are being identified. Nevertheless,
the biomimetic and computational studies have shown that subtle changes to the
models influence mechanisms, barriers, and product distributions, so that a
universal mechanism is still lacking.
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So what are the key questions that remain in the studies of CYP 450 and bio-
mimetic analogs? First of all, there are still issues regarding the exact effects of
the nature of the axial ligand and the porphyrin ring and its substituents. Why is it
that with some biomimetic systems there is a regioselectivity preference for aro-
matic over aliphatic hydroxylation, whereas it is reversed with an alternative
model? Furthermore, how does the protein environment influence the reaction
mechanisms and regioselectivities? What happens if we replace the metal? The
goal for the future will be to create biosynthetic systems of CYP 450 enzymes that
have higher efficiency and turnover and regioselectively and stereospecifically
monoxygenase substrates. Combination of experimental biomimetic and compu-
tational studies may provide the right tools for achieving this goal.
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List of Abbreviations

BCP bathocuproine
BHJ bulk heterojunction
CHENO 3α, 7α-dihydroxy-5β-cholic acid
D–A donor–acceptor
DOTs dendritic oligothiophenes
DSSCs dye-sensitized solar cells
EBL exciton blocking layer
EQE external quantum efficiency
ERDS energy relay dyes
IPCE incident photon to current efficiency
ITO indium tin oxide
MDMO-PPV poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-

phenylenevinylene]
Ncs naphthalocyanines
OPVs organic photovoltaics
PCBM [6,6]-phenyl-C61-butyric acid methyl ester
PC71BM phenyl-C71-butyric acid methyl ester
Pcs phthalocyanines
PEDOT:PSS mixture of poly(3,4-ethylenedioxythiophene) and poly

(styrenesulfonate)
P3HT poly(3-hexylthiophene)
PPVs poly(para-phenylenevinylenes)
PTs polythiophenes
PTCBI 3,4,9,10-perylenetetracarboxylic bis(benzimidazole)
PyFs pyrrolidinofullerenes
SubNcs subnaphthalocyanines
SubPcs subphthalocyanines
SWNTs single walled carbon nanotubes

I. Introduction

During the last few decades, phthalocyanines (Pcs)1–4 have found applications in
different fields of technology. As a matter of fact, they have been successfully
incorporated as active components of semiconductor and electrochromic devices,
information storage systems and liquid crystal color displays, among others. More
recently, they have received particular attention at the research level as build-
ing blocks for the construction of molecular materials due to their outstanding
electronic and optical characteristics.5–7 Numerous properties arise from their
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electronic delocalization, which makes them valuable in different areas of science
and technology.

Solar energy technologies are emerging as one of the most promising options
for necessary sustainable energy production. In this connection, photosynthesis is
the unavoidable example to be followed; it relies on the simple fact that sunlight
constitutes the initial energy source of a complicated chain of events that take
place in the photosynthetic process in living things. The ultimate goal, therefore,
is to design and assemble artificial systems which can efficiently harvest, convert
and store sunlight, replicating the natural analogs.8–11 This is the reason why,
during the last few decades, the development of artificial photosynthetic systems
mimicking the natural process of solar energy conversion and the exploitation of
molecular devices have attracted a great deal of interest.12–17

Porphyrinoids are typically employed as components of such photovoltaic and
artificial photosynthetic devices.18–30 However, synthetic porphyrin analogs such
as phthalocyanines have the advantage, as photon harvesters, of exhibiting very
high extinction coefficients in a wavelength range that extends to around 700 nm,
where the maximum of the solar photon flux occurs.31 Consequently, Pcs have
emerged as excellent light-harvesting antennas for incorporation into donor–
acceptor systems, mainly in connection with fullerenes as an acceptor moiety.32–53

This overview is divided into two parts. The first is devoted to pure organic solar
cells and the second to organic–inorganic hybrid or dye-sensitized solar cells.

II. Phthalocyanines in Organic Solar Cells

Organic materials, both small molecules and π-conjugated polymers, are real
alternatives to silicon-based solar cells. In particular, they offer easy processing in
thin films, by either vacuum evaporation or solution cast technologies, and the
possibility of being adapted lo large-area substrates of complex shape.54–63

Furthermore, organic thin films may show high optical absorption coefficients,
which make them good chromophores for optoelectronic applications. Among
organic molecules, semiconducting conjugated polymers — particularly
poly(para-phenylenevinylenes) or PPVs and polythiophenes (PTs) — and
fullerene derivatives have played a special role.64,65

In organic photovoltaic (OPV) devices, light absorption leads to the formation
of excitons rather than free electron–hole pairs. Efficient exciton dissociation
occurs under strong electric fields or at the interface between two materials of
different electron affinities, i.e. donor–acceptor (D–A) interfaces. This concept has
been extensively applied to the fabrication of organic D–A bilayer devices, com-
monly by vacuum deposition of the molecular components. The efficiency of OPV
devices depends on the absorption efficiency of incident photons, which can be
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simply increased by using thicker photoactive layers.66 However, only excitons
generated close to the D–A interface will generate free carriers, limiting the Jsc and
the overall power conversion efficiencies. In order to improve the fraction of pho-
togenerated excitons that diffuse to the D–A interface, the so-called bulk hetero-
junction (BHJ) solar cell configuration was proposed instead, in which an
interpenetrating network of the donor and acceptor materials is used as a single
active layer, thereby maximizing the interfacial area between donor and acceptors.
The most effective BHJ organic solar cells currently reach power conversion
efficiencies up to 6%, employing semiconducting conjugated polymer–fullerene
composites as the active layer.67–75

A number of approaches have been explored for the optimization of organic
solar cell,76 starting from a better understanding of the mechanism of operation. It
has been shown that the optimization of the solar cells is influenced by many dif-
ferent parameters, among which are fine-tuning of the electronic properties of the
donor and acceptor components, active layer absorption properties, efficiency of
the interfacial charge transfer process, and transport of the charges in the respec-
tive phases to the electrodes.

A common strategy for implementing these devices is to employ materials
with a strong absorption in the red and near-infrared part of the solar spectrum, to
harvest the photons where the maximal flux is located (approximately 700 nm).
Despite significant progress in the synthesis of low-band-gap polymers capable of
absorbing a broad range of solar photons in which alternating electron-rich and
electron-poor units define the polymer backbone, only a few examples have
achieved power conversion efficiencies comparable with those of devices fabri-
cated from P3HT.77–85 On the other hand, substitution of the typical acceptor com-
ponent PCBM by the C70 derivative, with a significantly stronger absorption
across the visible region, led to an improvement in the performance of a variety of
polymer solar cells.73,86

Alternative routes would consist in introducing either on the polymer or in the
acceptor counter-partner “colored” antenna groups, or just blending the polymer
with small dye molecules or quantum dots. When one is selecting the chro-
mophore, it is crucial to consider that its energy levels should lie between those of
the polymer and the acceptor in order to avoid charge trapping on the dye.

Until very recently, solution-processable OPVs have always been related to
soluble conjugated polymers because of their ability to form uniform films upon
spin-coating. Solution-processable small molecule semiconductors have been pro-
posed as new donor materials in BHJ solar cells as alternatives to conjugated
polymers.87–92 They offer some specific advantages, such as reproducible synthe-
sis and easier purification, since they are intrinsically monodisperse. Moreover,
molecular organic materials exhibit, in general, better charge transport properties
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than polymeric semiconductors because they are more likely to exhibit long range
order. However, they may lack the necessary viscosity for film casting and often
present a poor solid state miscibility with the acceptor material. Until very
recently, published results were quite poor.87,93

Together with fullerene derivatives, phthalocyanines are among the bench-
mark materials for photovoltaic heterojunctions based on small molecules. They
exhibit very high extinction coefficients — typically higher than 100,000 M−1cm−1

at the Q band absorption (ca. 650–700 nm). In addition to their outstanding opti-
cal properties, Pcs have excellent thermal stability and a rich redox chemistry,
which can be modulated by chemical synthesis.1–6 Thus, it is possible to tune the
physicochemical properties of synthetic phthalocyanines through introduction of
specific substituents or central metals. Moreover, they exhibit a self-organization
tendency which is reflected in high charge carrier mobility values. Usually Pcs
play the double role of donor component and antenna. All of these properties make
them especially suitable for integration into photovoltaic devices, as will be
described in this review.

Unsubstituted Pcs possess remarkable limited solubility and a strong tendency
to aggregate in most organic solvents, which makes it difficult to apply solution-
processing techniques for the fabrication of solar cells. For this reason, phthalo-
cyanine thin films are typically prepared via vapor deposition. Most of the success
of phthalocyanines in the field of organic photovoltaics is based on unsubstituted
Pc thin films incorporated as active layers in different types of architecture
devices.

In contrast, chemically elaborate Pcs (including those with peripheral sub-
stituents to increase solubility in organic solvents or electroactive units to favor
intramolecular photoinduced processes) are usually not stable for the application of
high vacuum vapor deposition techniques. In these cases, photovoltaic device
fabrication requires solution-processing techniques. Efficient solar cells based on
solution-processed phthalocyanines are still scarce but have started to appear in the
literature, as will be discussed in the following pages. Even rarer are the cases
where efficient solar cells incorporate Pcs together with semiconducting polymers.

Depending on the production process, heterojunctions (both planar and bulk
heterojunction solar cells) can be differentiated in vapor-deposited and solution-
processed solar cells. However, mixtures of the two techniques are currently used
in the preparation of single- and multilayered heterojunction solar cells. For the
sake of schematizing the present overview, we have classified Pc-based organic
solar cells into two types: (a) heterojunctions of any type in which phthalocya-
nines (or Pc analogs) have been processed by vapor deposition and (b) Pc-based
organic solar cells in which these macrocycles have been solution-processed to be
incorporated into the active film.
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A. Incorporation of Phthalocyanines into Organic Photovoltaic
Devices by Vapor Deposition

Pcs have been used in molecular organic solar cells since the first report by Tang
in 1986.94 In fact, a two-layer thin film photovoltaic cell was fabricated by vacuum
evaporation of CuPc (donor) and the perylene derivative PTCBI (acceptor)
(Figure 1), achieving a power conversion efficiency of ca. 1% under simulated
AM2 illumination.

1. Introduction of Exciton-Blocking Layers

Device performance was significantly improved up to 2.4% by introduction
of a large band gap (3 eV) and, hence, transparent exciton-blocking layer
(EBL) of bathocuproine (BCP) between the photoactive organic layers and the
metal cathode (Figure 2).95 Inserting such a layer prevents damage of the active
layer due to cathode evaporation and prohibits excitons from diffusing toward
the Al electrode, where they would otherwise be quenched. Since the EBL
provides a spacer between the photoactive region and the cathode, the optical
intensity at the D–A interface is increased, thereby raising the light absorption
efficiency.

2. Hybrid Planar–Mixed Molecular Heterojunctions

The device modification proposed by Hiramoto et al. in 1991 consisted in employ-
ing a three-layered organic solar cell with a photoactive interlayer of codeposited
dyes, namely metal-free phthalocyanine and the perylene derivative PTCBI,
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between pristine donor and acceptor material layers (Figure 3).96 This device
architecture can be considered as a hybrid combination of planar and bulk hetero-
junction structures. However, the advantage of this configuration was not realized
by the authors, due to the use of excessively thick layers.

The substitution of the acceptor material PTCBI with fullerene C60 by
Forrest and coworkers in 2001 led to a substantial improvement in the cell effi-
ciency (up to 3.6% when a BCP exciton-blocking layer was also employed).97

The results were justified considering the longer exciton diffusion length of C60

(77 Å), which results in an enhanced transport of photogenerated carriers due
to the spherical shape of the C60 molecules, in contrast to the planar perylene
derivative.

Device implementation, namely fabrication of a hybrid planar–mixed hetero-
junction (PM–HJ) solar cell consisting of a 1:1 (by weight) mixed layer of CuPc
and C60 sandwiched between a homogeneous layer of CuPc and C60 [ITO/CuPc/
CuPc:C60/C60/BCP/Ag], gave rise to efficiencies up to 5% under 1–4 suns of
simulated AM1.5G solar illumination.98 The use of very thin layers turned out to
be crucial for facilitating the diffusion of excitons across the entire heterojunction
to the nearby D–A interface.
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3. Structural Modifications in the Phthalocyanines

Other unsubstituted metallophthalocyanines, such as TiOPc and (RuPc)2, have
been incorporated in phototovoltaic devices99–102 by high vacuum evaporation
techniques, although the most relevant results were found with CuPc and
ZnPc.103–105

Of special interest are metallophthalocyanines with strong absorption in the
near IR. Among them, aluminum phthalocyanine chloride (AlPcCl) and tin
phthalocyanine dichloride (SnPcCl2) have attracted much attention. In addition to
the work functions of the electrodes, most reports suggest that the Voc value
depends on the energy difference between the lowest unoccupied molecular
orbital (LUMO) energy of the acceptor and the highest occupied molecular orbital
(HOMO) energy of the donor.106,107 As predicted on the bases of its HOMO energy
(Figure 4), AlPcCl cells showed significantly higher open-circuit voltages than
CuPc ones and therefore higher conversion efficiencies under the same experi-
mental conditions (almost twice the values).108,109 In addition, both AlPcCl and
SnPcCl2 extend the solar cell photoresponse into the near-IR region (between 755
and 1000 nm).110 It seems that the main drawback of these long-wavelength
absorbing-materials-based solar cells are the low open-circuit voltages obtained
due to their small energy gaps and high dark currents. Recently, Forrest and
coworkers have reported the benefit of incorporating an electron-blocking layer
between the donor layer and the anode contact, which can help to reduce the dark
current and subsequently increase the photovoltaic cell efficiency.111 Thus, it was
shown how the dark current of SnPcCl2/C60 heterojunction solar cells is decreased
by two orders of magnitude compared to cells lacking the blocking layers, reach-
ing overall efficiencies of 2.1% at 1 sun.

Among the phthalocyanines analogs, the boron chlorosubphthalocyanine
derivative (SubPcCl) has been selected as a promising strongly absorbing donor
material for C60-based solar cells owing to its lower oxidation potential, which
results in an increase of the Voc as a consequence of a larger difference between
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the LUMO of the acceptor and the HOMO of the donor (Figure 5).112 Thus, it has
been described that a double-heterostructure SubPc/C60 thin film solar cell has a
more-than-doubled Voc compared to a conventional CuPc/C60 cell under 1 sun
AM1.5G simulated illumination. Power efficiencies of either 3% or 2.5% under 1
sun have been measured using SubPcCl or SubNcCl films, respectively, in com-
bination with C60 in a planar bilayer donor/aceptor heterojunction.113,114

Very rarely, Pcs bearing electron-withdrawing substituents such as fluoro,
namely CuF16Pc, have played the role of acceptors blended with typical p-type
materials, such as p-sexiphenyl.115 However, the scope of Pcs as acceptor compo-
nents has not been sufficiently studied yet.

In the same way, only very recently have perfluorinated SubPcs been
employed as acceptors in bilayer organic solar cells in which unsubstituted
SubPc played the expected role of donor material. Power conversion efficien-
cies of 0.96% and a remarkably high open-circuit voltage (as high as 940 mV)
were achieved in devices with the following structure: ITO (100 nm)/SubPcCl
(13 nm)/F12SubPcF (33 nm)/BCP (10 nm)/Al (80 nm) under 1 sun simulated
solar illumination.116

4. Bilayer Heterojunctions Fabricated Using Two Different
Processing Techniques

Bilayer heterojunctions can also be fabricated using solution-processing tech-
niques.117 An innovative approach was proposed by Sariciftci and coworkers
which consisted in donor–acceptor “diffused” bilayer solar cells formed by
deposition of solutions of pyrrolidinofullerenes (PyFs) bearing chelating
pyridyl groups on vacuum-evaporated films of ZnPc (Figure 6). The idea
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consisted in taking advantage of the coordination between the pyridyl groups
attached to the fullerene component and the Zn(II) metal in the Pc cavity that
would take place at the interface between the donor and the acceptor, thus facil-
itating the photoinduced charge separation process step. The devices exhibited
conversion efficiencies of up to 1.5% under 100 nmW/cm2 simulated AM1.5
illumination. Reference cells based on nonchelating fullerene derivatives
(namely PCBM) as acceptor yielded significantly lower power conversion effi-
ciencies (0.4–0.6%).118

5. Tandem Solar Cells

The number of photons that can be absorbed and collected in a single cell is lim-
ited by the maximum thickness of the active layer in regard to its transport prop-
erties. One way to bypass this limitation consists in tandem solar cells, which are
stacks of different cells connected in series by a transparent intermediate layer.
This layer ensures the recombination of electrons coming from one cell with the
holes coming from the other cell in such a way that the resulting Voc should be the
sum of the single cells.119 However, the overall efficiency is limited by the Jsc,
which is the lowest of the individual cells. Highly efficient (η = 5.7%) tandem
photovoltaic cells have been published by Forrest and coworkers by stacking two
CuPc/C60 hybrid PM–HJs in series.120

Tandem solar cells have also been proposed as an alternative solution for
overcoming the mismatch between the absorption spectra of the materials and
the terrestrial solar spectrum which limits the efficiency of the photovoltaic
devices.121 In this case, each connected cell contains different active layers
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which absorb in different spectral regions. Tandem solar cells based on the
combination of P3HT:PCBM and CuPc/C60 subcells have been reported.121–124

By using a highly transparent, high-work-function WO3 layer as part of the
interconnecting system for the two subcells, stacked devices with power con-
version efficiencies as high as 4.6% are claimed.124 The efficiency of the
stacked devices is close to the sum of the efficiencies of the individual subcells.
Organic connecting layers are highly desirable for simplifying the fabrication
process (by lowering the sublimation temperature) and optimizing the cell per-
formance. Namely, 3 nm each of SnPcCl2 and F16CuPc layers have recently
been used for joining two identical ZnPc/C60 subcells with a hybrid
planar–mixed heterostructure device configuration, shown in Figure 7.125

Doubling of the Voc was achieved for the tandem cell, whereas the overall effi-
ciency increased from 1.11% of the single cell to 1.46%, showing that these Pc
layers behave as good effective recombination centers for the electrons and
holes photogenerated in the front and the back cell by a tunnel mechanism. The
concept could be extended to tandem cells with different active layers wherein
device performance is expected to be further increased.

To overcome the inherent problems of tandem solar cells — namely, the inter-
cellular layer used to connect the subcells will reflect and absorb some light and
hence will decrease the amount of transmitted light, new device architectures are
being explored. Simple devices have been fabricated by spin-casting a
P3HT:PCBM blend onto an evaporated thin layer of CuPc (Figure 8). In this way,
two simultaneous bilayer heterojunctions are formed, achieving a power effi-
ciency (2.79%) which is nearly the sum of those of the individual CuPc/PCBM
and P3HT/PCBM cells with much less complex device architecture.126

Optimization of these cells gave power conversion efficiency as high as 4.13%.127
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Similarly, multicomponent devices made of spin-coated MDMO-PPV/[70]PCPP
blends and bilayer ZnPc/PyF cells (Figure 9) yielded photovoltaic devices that
showed power conversion efficiencies of up to 2.1%.118

Alternatively, OPV device performance enhancement can be based on the
incorporation of absorbing dopants, aimed at extending the sensitivity of the
device across the absorption of the three components. Absorbing dopants such as
rubrene, SnPcCl2 and SubPcCl have been tested independently as a second donor
in well-established CuPc/C60 solar cells.128–132 In all cases a remarkable enhance-
ment of the power conversion efficiency has been observed as a consequence of
the simultaneous formation of D1/C60 and D2/C60 nanoheterojunctions and/or the
extended light-harvesting efficiency.

Another promising strategy consists in coupling an “antenna system” —
which will not take part in the charge generation and transport steps but will
donate the energy from photons absorbed in the blue and green spectral ranges —
to the red absorbing solar cell materials.133 The application of luminescent con-
centrators in organic solar cells based on ZnPc and C60 has been reported134

wherein a photocurrent density increase from about 8.5 up to 10 mA/cm2 was
observed compared to a single solar cell of equal active area.
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B. Incorporation of Phthalocyanines into Organic Photovoltaic
Devices by Solution Processing

Solution process fabrication involving spin-coating techniques has attracted much
attention, because they are suitable for producing low-cost large-area devices at
ambient temperature and pressure. Moreover, these techniques are applicable to
flexible devices.

Solution-processed Pc-based bulk heterojunction solar cells are rarely
reported and almost ineffective.135,136 In one report, the PV properties of cells
containing soluble discotic liquid crystalline phthalocyanines and C60 as an
active layer were discussed.137 Highly ordered structures were obtained by ther-
mal annealing of spin-coated thin films. However, efficiencies were only up to
0.08%.

Recently, bulk heterojunction devices made by spin-coating a blend contain-
ing rare earth phthalocyaninato double or triple deckers as electron donors and a
perylenedi-imide derivative as electron acceptor have been published (Figure 10).
These Pc derivatives offer unique optical electronic and optical properties, includ-
ing a broad absorption which extends from the UV range to the near-IR, large
exciton delocalization and high carrier mobility. The best cells (conversion effi-
ciency of 1.3% under AM 1.5 solar illumination) were fabricated using a triple-
decker Pc derivative and incorporating TiO2 layers between the active layer and
the electrodes.138
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In contrast with unsubstituted Pcs, the nonplanar structure of unsubstituted
phthalocyanine boron analogs, so-called subnaphthalocyanine (SubNcCl)
(Figure 5b), provides this macrocycle with distinctive physical properties such as
high solubility and low tendency to aggregate, which makes feasible the fabrica-
tion of thin films via solution-processing techniques. A remarkable 1.5% power
conversion efficiency has recently been reported by Frechet et al. with a planar
heterojunction device made of a subnaphthalocyanine donor layer prepared by
solution casting and a vapor-deposited C60 film.139

In addition, well-defined multilayered structures are difficult to construct
using solvent-casting deposition techniques. New solution process techniques
such as the layer-by-layer deposition method allow the fabrication of ultrathin
films with a multilayered structure in the direction normal to the substrate and
control of the thickness of each functional layer with nanometer precision.140 This
technique is based on the electrostatic adsorption of oppositely charged materials
such as polycations or polyanions, and charged small molecules. Solution-
processed thin film organic solar cells were developed by spin-coating deposition
of a C60 film on top of PDDA/CuPcTS (tetrasodium tetrasulfonate CuPc deriva-
tive) films constructed by the layer-by-layer technique (Figure 11).141 Although
the reported efficiencies were very low compared with conventional CuPc-based
solar cells fabricated by vacuum deposition, the approach seems useful for con-
structing solution-processed organic solar cells with a controlled multilayered
structure.

In the field of OPVs, tandem solar cells have been shown to be the most suc-
cessful option for catching as many photons of different energies as possible by
connecting two cells in series whose active layers present complementary absorp-
tion. In any case, these multilayered devices are quite sophisticated. Ideally, sim-
pler efficient solution-processed devices made of a single bulk heterojunction
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active layer consisting of a panchromatic mixture of donor and acceptors would
be desired. Commonly, a dye molecule is introduced as the third component in a
polymer/fullerene BHJ. Since mixing different active donor and acceptor mole-
cules usually leads to phase segregation problems, this method rarely improves the
device performance.142–144 However, the introduction of a silicon phthalocyanine
derivative [SiPc(OR)2] as the third component in a P3HT/PCBM blend led to a
substantial enhancement of the Jsc and hence the conversion efficiency by 20%
compared with a P3HT/PCBM device.145 To explain these results, the authors sug-
gested a double role of the SiPc(OR)2 molecule, as a light-harvesting photosensi-
tizer and an energy funnel for the P3HT exciton, which implies that energy
transfer from the P3HT to the SiPc(OR)2 molecules is occurring at the
P3HT/PCBM interface (Figure 12). The key point for this success is related to the
use of a Pc dye molecule with a much-reduced tendency to form aggregates due
to the axial substituents.

Covalent linkage of the active components has been proposed as a way to
improve OPV performance avoiding phase segregation. Many Pc-based covalent
donor–acceptor systems, like Pc–C60 dyads32–53 (see one example in Figure 13),
Pc-based polymers146,147 and SWNT–Pc conjugates,148–150 have been proposed as
materials for photovoltaics but only a few of them have been tested in solar cells,
although results are still very poor.147,150,151

The ZnPc–C60 dyad was used as a dye to improve the photocurrent around its
maximum absorption (ca. 700 nm) as a third component in MDMO-PPV:PCBM
cells.152 Although a good matching of the device photocurrent spectrum and the
solar emission spectrum is obtained, a reduction in the short-circuit current is
observed, indicative of charge transfer problems.

The introduction of Pc–C60 dyad H2Pc–C60ee as a spin-coated film in a bilayer
cell made of P3HT and C60 (or PTCDI) (Figure 14) leads to an enhancement in the
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power conversion efficiency (between one- and-a-half and three times compared
with the corresponding reference systems), as a consequence of an increase of the
Voc.

153 In other words, the dyad produces two different junctions in the cell (P3HT/
dyad, and dyad/C60 or PTCDI) contributing to a more efficient charge transport
toward the electrodes. Photoinduced electron transfer should take place in the
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dyad layer, and subsequently the P3HT or acceptor layer would act as antenna and
secondary electron donor, providing electron or holes to the dyad.

A promising approach would consist in the incorporation of relatively
stable supramolecular systems in bulk heterojunctions. The great potential of
RuPcs as platforms for the preparation of multifunctional materials has been
proven.154–158 Some examples of robust Pc assemblies have been reported based
on the strong coordination of one or two pyridine axial ligands to the central Ru
atom. Moreover, the strongly coordinated axial ligands dramatically decrease
the natural tendency of Pcs to form aggregates and increase their solubility in
organic solvents, which allow the processing of the molecules by spin-casting
techniques.

Tetra-tert-butylRu(II)Pc has been self-assembled to different pyridine-
functionalized chromophores, such as squaraines and dendritic oligothiophenes
(DOTs) (Figure 15), yielding stable supramolecular systems159 with enhanced
light-harvesting ability. Furthermore, they have been incorporated into solution-
processed BHJ cells blended with the suitable PCBM soluble acceptor. In partic-
ular, good efficiencies of up to 1.6% (when blended with PC71BM as acceptor)
have been obtained for the DOT–RuPc hybrid molecules.

III. Phthalocyanines as Sensitizers of
Dye-Sensitized Solar Cells

In the search for efficient, stable and low-cost alternatives to well-established but
expensive silicon-based solar cells, dye-sensitized solar cells (DSSCs), mainly
developed by the group of Grätzel, have been shown to be the most promising
candidates.160–163 In these devices, photons are collected by organic dye molecules
which cover a layer of a wide-band-gap semiconducting material like mesoporous
TiO2. Anatase is a cheap material which can be processed in transparent flexible
films which offer a huge interfacial area and high electron mobility. The third
important component is the redox electrolyte, which interpenetrates the TiO2 layer.
Excitation of the dye leads to injection of electrons from the dye-excited state to
the conduction band of the TiO2 (Figure 16). The ground state of the dye is regen-
erated through reduction by the electrolyte (usually I−/ I3

−) (Figure 16). The dyes
employed should fulfill a number of requirements. The necessity of anchoring
functions for attaching the dye to the semiconductor surface has been demon-
strated. In particular, carboxylate groups have shown very good electronic
coupling between the π* orbital of the electronically excited complex and the 3d
orbitals of the TiO2 film. The LUMO level of the dye must be sufficiently high in
energy for efficient charge injection in the TiO2, and the HOMO level should
allow efficient regeneration of the oxidized dye by the electrolyte. In contrast, the
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redox mediator should not bind the semiconductor surface, since it should shuttle
between the TiO2 surface and the counterelectrode.

Energy conversion efficiencies of up to 11%, under AM 1.5 irradiation and
small active solar cell area (0.2 cm2), have been obtained using Ru-polypyridyl
dyes, but commercial applications require further improvements in efficiency and
stability. Despite extensive work in the development of dyes164–168 for DSSCs, not
very impressive progress has been reported. Improvement of the device perform-
ance has been limited by the light-harvesting capability of the state-of-the-art
dyes, which lack strong absorption in the red/near-infrared region where the solar
flux of photons is maximum. Dyes which have a high molar extinction coefficient
in this spectral region would allow the preparation of thinner devices, minimizing
charge recombination during the transport of charges to the electrode.169

A. Structural Optimization of Phthalocyanines

Pcs are also attractive sensitizers for DSSCs due to their intense red absorbance
and robustness, as mentioned in Section II. Moreover, depending on the central
metal and the peripheral substituents, they have appropriate redox properties for
sensitization of the TiO2 films and dye regeneration by the I−/ I3

− electrolyte.
For a long time the applications of Pc dyes in DSSCs have been restricted due

to problems associated with aggregation of the dye on the metal oxide surface,
resulting in rapid deactivation of the dye-excited state and low sensitizing effi-
ciency. Introduction of the required anchoring carboxy groups at the peripheral
positions of Pcs usually leads to additional problems concerning poor solubility
and aggregate formation.
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Efficient near-IR sensitization of nanocrystalline TiO2 films by carboxy-zinc(II)
and aluminum(III) phthalocyanines was first described by Grätzel, Wöhrle and
coworkers in 1999.170 Electron injection from the excited state of ZnPc(COOH)4

(Figure 17) into the conduction band of TiO2 was quite efficient in the near-IR region,
displaying a maximum around 700 nm, where 45% of the photocurrent yield was
obtained. The overall device efficiency was close to 1% under full AM 1.5 solar light.

The data were obtained employing CHENO and 4-tert-butylpyridine addi-
tives, which helped to reduce the inherent aggregation problem. While the role of
the 4-tert-butylpyridine can be easily explained by weak axial coordination to the
Zn(II) metal ion, the role of the cholic acid was not clear. In this work it was also
shown that structural Pc modifications such as replacement of Zn(II) by
Al(III)OH, or introduction of carboxyphenoxy substituents, lead to poorer effi-
ciencies. Similar results were obtained with ZnPcs containing sulfonic acid
groups, offering a new way for anchoring the Pc dye to the TiO2.

171–174

A few years later, solar cells based on ZnPcTyr-coated nanostructure TiO2

electrodes were reported by Sun, Sundstrom and coworkers.175 Introduction of
peripheral bulky carboxy-containing tyrosine units (Figure 17) made the dye
ethanol-soluble and considerably decreased its aggregation on the surface.
However, monochromatic IPCE values of only 24% at 690 nm were achieved,
while the overall conversion efficiency remained moderate (ca. 0.54%); it was,
however, one of the best results reported at that time.

Introduction of axial ligands is by far the best way to avoid the natural
behavior of Pcs toward aggregation. This strategy implies the incorporation of
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metals able to form penta- or hexacoordinated complexes, such as Si(IV), Ti(IV)
and Ru(II).

As early as 1998, RuPc[Py(COOH)2]2 (Figure 18) anchored to nanocrystalline
TiO2 films through axial pyridine 3,4-dicarboxylic acid ligands was already
reported as an efficient near-IR sensitizer for photovoltaic injection cells.176

Strikingly high photocurrent yields exceeding 60% in the near-IR region were
obtained, demonstrating that efficient coupling of the dye-excited state to the con-
duction band could occur through space without involving the anchoring group.
Other examples of RuPc bearing carboxylic groups, such as RuPc(COOH)2(PyMe)2

(Figure 18), came later,177,178 but the results never went over 0.5% overall efficiencies.
Tetra-tert-butyl-substituted Pcs exhibit a good compromise between good sol-

ubility and reduced aggregation tendency. The Ti(IV)Pc derivative TiPc(COOH)
bearing a carboxycatechol bidentate axial ligand (Figure 19) was efficiently
anchored to nanocrystalline TiO2 without the need for coadsorbents to prevent
macrocycle aggregation.179 However, photocurrent generation in the macrocycle Q
band region was quite low, accounting for an inefficient electron injection from
the LUMO level, which is close in energy to the TiO2 conduction band.

Considering the rich electrochemistry of RuPcs, whose oxidation potential
can be slightly tuned by changing the substituents at the pyridine axial ligands,180

and in order to gain more insights into the possibilities of RuPcs as sentitizers of
TiO2, a family of tetra(tert-butyl)-RuPcs (RuPcA) bearing two different axial
pyridine ligands were prepared by Torres and coworkers (Figure 19).181 One
ligand, 4-carboxypyridine, would play the role of the anchoring group and the
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second one, bearing either an electron-withdrawing (e.g. CN) or an electron-donating
(e.g. OMe, triphenylamine) substituent, can serve to modulate the electronic prop-
erties of the phthalocyanine. In DSSCs with suitable electrolytes, RuPcA were
capable of efficient photocurrent generation, showing absorbed-photon-to-current
efficiencies of up to 45%.

Very recently, silicon naphthalocyanine dyes (Figure 20) have been attached
through the axial position to TiO2 nanostructured photoelectrodes.182 Si–O–Ti
linkage resulted in being much more effective than the classical carboxy–TiO2

interaction due to the high reactivity of SiNcCl2 toward Si–O formation.
Promising photovoltaic results were obtained, reaching a maximum IPCE of ca.
17% at 790 nm.

A major step forward for the application of Pcs in many fields, including
DSSCs, came from the preparation of unsymmetrically functionalized, A3B-type
derivatives.183 The introduction of tert-butyl groups at three of the isoindole units,
leaving the fourth one for attaching the anchoring group, allowed the preparation
of highly soluble carboxy–Zn(II)Pc derivatives PCH001 and TT-1 (Figure 21),
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which had a low tendency toward aggregation.184,185 In particular, TT-1 possesses
a highly desirable “push–pull” structure with the carboxy group directly attached
to the macrocycle, thus facilitating charge transfer from the LUMO orbital of the
dye to the Ti 3d orbital and, therefore, optimizing the device performance to get
overall efficiencies above 3.5% at 1 sun. This value, and the IPCE at the maximum
absorption of the Q band of 80%, represented the best results ever reported for a
PC–TiO2 dye-sensitized solar cell.

Optimization of the dye component of the cell usually requires a systematic
structural modification. In the case of phthalocyanine dyes, two approaches have
been reported:

(1) Peripheral modification and preparation of new derivatives as single isomers
with an enhanced push–pull character. Tri-tert-butyl-substituted Pcs PCH001
and TT-1 are, in fact, a mixture of regioisomers. However, by employing 3,6-
or 4,5-disubstituted phthalonitrile precursors, this symmetry problem can be
solved. Indeed, hexa-α-butoxy derivatives of PCH001 have been reported by
Giribabu et al.186 Neverthesless, when the new sensitizer PCH003 (Figure 22)
was tested in DSSCs and compared with the parent molecule PCH001, the
overall efficiency went down to ca. 1%, without any rational explanation. On
the other hand, carboxy–ZnPc ZnPc(tBuC6H5)6(COOH)2 (Figure 22) bearing
six bulky t-butylphenyl groups at the peripheral β position were also consid-
ered as sensitizers.187 However, the corresponding cells displayed only 0.57%
of conversion efficiency and 4.9% of IPCE at the Q band wavelength. It was
demonstrated that, indeed, aggregation of Pcs was almost suppressed by
introduction of the t-butylphenyl groups. However, the disappointing low
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device efficiencies were attributed to the inefficient coupling between the dye
and the conduction band of TiO2. Also remarkable is the absence of photocur-
rent response when the free-base derivative was employed, due to its low
excited singlet state [the oxidation potential of the free base is 330 mV more
positive than that of the Zn(II) derivative, whereas the HOMO–LUMO gaps
remain similar].

(2) A different approach en route to dye optimization has been reported by Torres
and coworkers.188,189 TT-1 derivatives bearing different π-conjugated and non-
conjugated linkers between the carboxy group and the Pc macrocycle have
been systematically checked in DSSCs and compared with TT-1 sensitizers
(Figure 23). This work has shown the influence of the location of the carboxy
anchoring group on the device performance. A modification of the linker
groups within the series TT1–TT5, TT-14 and TT-20 allows not only a vari-
able distance between the dye and the photosensitized nanocrystalline TiO2,
but also a distinct orientation of the dye molecular plane with regard to the
semiconductor surface which modifies the orbital coupling between the dyes
and the semiconductor. In particular, a remarkable influence on the electron
injection and the recombination steps has been demonstrated. Table 1 sum-
marizes the photovoltaic results obtained. Under standard solar simulation
conditions, TT2 and TT4 derivatives gave the poorest performance. As previ-
ously stated by Nazeeruddin et al.,170 the IPCE values drop dramatically when
the carboxy anchoring group is separated from the Pc by insulating alkoxy or
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aryloxy spacers. In constrast, rigid π-conjugated bridges do not interrupt
electronic coupling between the Pc and the semiconductor surface, giving
such derivatives (TT-3, TT-14 and TT-20) average power conversion efficien-
cies of 2%.

As in porphyrin derivatives,190 conjugation of the carboxy anchoring group
through an ethenyl spacer to the dye leads to superior photovoltaic responses in
DSSCs. Thus, the TT-5 derivative, bearing a π-conjugated vinylenephenylene
spacer, showed higher performance than the TT-20 derivative, which presents an
opposite arrangement of the ethenyl and phenylene groups. In spite of this, the
better results obtained with TT-1 suggest that the anchoring group should remain
as close as possible to the chromophore so as to maximize the coupling between
the Pc and the TiO2.
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Table 1. Comparative photovoltaic data188,189 of tri-tert-butyl carboxy–PcZn
dyes bearing different spacers between the Pc and the carboxy group.

Sensitizer Jsc (mA/cm2) Voc (mV) η (%)

TT-1 7.6 617 3.52
TT-2 0.9 550 0.4
TT-3 4.8 610 2.20
TT-4 1.44 611 0.67
TT-5 6.8 613 3.10
TT-14 5.36 579 2.20
TT-20 4.36 587 1.87
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The preparation of novel Pcs with better performance as DSSC sensitizers
deserves much additional work. A hard synthetic effort is being developed in this
connection, since there is convincing evidence that Pcs, among the plethora of red-
light-absorbing molecules, can make a crucial contribution to the improvement of
the current devices.

B. Insights into the Interfacial Electron Transfer Dynamics

After many years of research, numerous dyes have been tried and none have
surpassed the best Ru–Bpy complexes.160–169 In fact, the DSSC is a complicated
system which is not yet fully understood. Besides systemic dye modification, new
design rules are needed to guide new proposals focused on minimizing loss mech-
anisms and improving light harvesting. A better understanding of the physico-
chemical processes which underlie the function of DSSCs would also contribute
to the optimization of these devices. In particular, there is a growing interest in
studying the influence of dye structure on the interfacial electron transfer kinet-
ics.191 It can be said that “optimum” device performance will be observed when
the recombination dynamics are as slow as possible while electron injection is
sufficiently fast to compete with excited state decay.

As described above, upon excitation of the chromophore from its ground state
to an excited state that is resonant with the TiO2 conduction band, the electron is
injected into the semiconductor surface. Electron injection is related to an efficient
coupling between the dye and the TiO2 conducting band. It can be monitored by
following the formation of the corresponding electron transfer species. In the case
of carboxy-substituted Zn(II)Pcs, it has been found that electron injection is very
efficient (quantum yields higher than 90%) and very fast (around 200 ps). However,
the question to answer is whether such a time scale of electron injection is neces-
sary for achieving efficient DSSC function. It has been shown that efficient electron
injection can also occur in systems where the dynamics are remarkably slower (up
to three orders of magnitude). Ru(II) derivatives RuPcA (see Figure 29) exhibit
electron injection rate constants of hundred of ns, and lower APCE values than
Zn(II) derivatives.181 The reason for the slow injection dynamics is that injection
occurs more efficiently from the RuPcs triplet state. In other words, the relaxation
of the singlet to the triplet excited state by intersystem crossing is faster (100 ps)
than electron injection from the singlet excited state (600 ps to 30 ns). The long
lifetime of this T1 state (200 ns) enables electron injection into TiO2 to be slow, in
competition with the T1 decay to the ground state.

Following efficient injection, the electron has to diffuse into the bulk and simul-
taneously relax to the bottom of the TiO2 conduction band. If the relaxation inside
the conduction band occurs faster than delocalization into the bulk, the electron
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can be trapped at the surface. Since the electron is attracted by the positive charge
remaining on the dye after injection, it can back-transfer and recombine with the
hole of the chromophore ground state, thus short-circuiting the cell. By accepting
the surface electron, the electrolyte can also short-circuit the cell.

From early studies it was already stated that very fast recombination to the dye
(see Figure 24) was most likely responsible for the lower performance of Pc-
sensitized solar cells175 compared with highly efficient N3-sensitized TiO2 films.
Introduction of secondary donor groups could help to retard interfacial back
electron transfer. However, this strategy was never reported.

O’Regan et al. have proposed that the bottleneck in Pc-sensitized cell per-
formance could be related to the increased recombination rates to the I2/I3

− elec-
trolyte, thus decreasing the resulting output voltage.192 In fact, it was found that
recombination is ca. 100 times faster for RuPc-sensitized cells than for the ones
made of the N719 dye. This phenomenon, which it is claimed to be extrapolated to
other organic dyes with an accessible aromatic surface, was rationalized consider-
ing that the reduction of iodine to tri-iodide could be mediated by the dye, through
binding to the iodine, and therefore help to increase the iodine local concentration
near the TiO2 surface.

C. The Role of Coadsorbents

Coadsorbents are typically transparent compounds or ions which absorb together
with the dye on the mesoporous semiconductor surface. They are used because
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their presence substantially improves the cell efficiency. However, the reason for
this beneficial effect is not always well understood and their use is often empiri-
cal. Li+ and CHENO are the most popular coabsorbents employed in DSSCs.

Li+ cation acts directly on the TiO2 surface, charging it positively. Its presence
usually lowers the conduction band edge of TiO2, therefore accelerating the elec-
tron injection and increasing the photocurrent in the device, although with con-
comitant decrease in photovoltage (see Figure 25a).

On the other hand, CHENO (see Figure 25b) bears a carboxylic acid func-
tional group that allows its strong binding to the TiO2 surface, in competition with
the dye molecules. The addition of CHENO produced a remarkable increase in the
photocurrent and to a lesser extent the photovoltage (Figure 25b). The increase
in the photovoltage is usually attributed to the effect of CHENO breaking dye
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Figure 25. Schematic representation of a TiO2 nanoparticle coated with both sensitizer
and typical coadsorbents: (a) Li+ and (b) CHENO. On the right side is represented how these
coadsorbents affect the solar cell parameters (taken from Ref. 194).
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aggregates.167 In other cases, the beneficial effect of CHENO has been related to
a decrease in recombination in the injected electrons with the redox electrolyte.193

Morandeira et al. have studied in detail the effect of these two coadsorbents
on the device performance and photophysics of RuPcA-sensitized solar cells.194 In
the case of RuPcs the formation of aggregates is completely hindered by the pres-
ence of axial ligands. Indeed, the authors demonstrated that CHENO is not affect-
ing the electron injection quantum yield, but the cation–TiO2 (e−) recombination
and regeneration dynamics. In particular, the slower recombination of the dye
cations with the TiO2 electrons and the faster regeneration of the dye cations by
the electrolyte are the reason claimed to be responsible for the enhanced pho-
tocurrent observed in the presence of CHENO coadsorbent molecules. A tentative
explanation for that effect could be the change in the dye orientation induced
by the presence of CHENO on the semiconductor surface, increasing the hole–
electron distance. Anyway, the results suggest that the CHENO effect on DSSCs
is more complex (and more beneficial) than what was previously assumed.

D. The Cosensitization Strategy

The possibility of combining different dyes with complementary absorbing spec-
tra to achieve panchromatic sensitization of the TiO2 films and increase device
efficiency has always been a challenge in this field. Many “molecular cocktails”
have been tried with limited success, due to the typical decrease in the sensitizing
efficiency of the individual dyes upon mixing them.195–201

Pcs offer an optical window in the visible region that makes these mole-
cules very appealing components of cosensitizer blends. RuPc[Py(COOH)2]2 (see
Figure 18) was used together with Ru-bipyridyl dye N3 in a sophisticated device
architecture which consisted in the deposition of a secondary Al2O3 layer between the
N3-coated TiO2 nanoparticles and the RuPc layer.202 This approach avoided competi-
tion between the two dyes for absorption sites, and resulted in an interfacial electron
transfer cascade in which the hole moved from the inner dye, closer to the TiO2 sur-
face, to the outer dye, thus retarding the interfacial charge recombination dynamics.

More recently, efficient cosensitized DSSCs have been prepared using the
previously reported organic dyes, JK2 and TT-1 (see Figure 21). The photore-
sponse of the molecular cocktail was higher than those of the single dye-
sensitized devices (Figure 26). The overall device efficiency, one day after the
preparation of the device, was 7.74%.181 The key point for this success was
rationalized to be related to the high extinction coefficients of the dyes, which
allow using low dye concentrations to achieve efficient absorption and therefore
leave sufficient space on the TiO2 surface to attach a second dye with a comple-
mentary absorption spectrum.203
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The cosensitization strategy possesses an obvious serious constraint concern-
ing the number of sites on the titania surface that are available for dye attachment.
Beyond that, it can be envisaged that molecular or covalent or supramolecular
dyads constituted by two complementary absorbing dyes would positively
contribute to the panchromatic sensitization of the TiO2 films, avoiding the
competition between the dyes for the binding sites in the TiO2, since only one of
the chromophoric units would bear the anchoring group to attach the whole mol-
ecule to the surface.204 Up to now, only one example of a supramolecular dyad
containing both RuPc and Ru bis(bipyridyl) chromophores (Figure 27) has been
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published.205 Unfortunately, solar cell efficiencies were not improved when
compared with the reference N716 Ru bis(pipyridyl) dye. However, photocurrent
generation per molecule was superior in the case of dyads. Indeed, the increased
molecular size of the dyads is believed to be responsible for a concurrent decrease
in dye coverage and DSSC performance.

A new concept for increasing light harvesting in DSSCs using energy relay
dyes (ERDs) as cosensitizers has been proposed by Hardin et al.206 In particular, a
26% increase in power conversion efficiency was achieved by incorporating an
unattached highly luminescent PTCDI chromophore inside the liquid electrolyte
in a TT-1 (see Figure 21) sensitized solar cell (Figure 28). The improvement in the
device performance is attributed to the increase in the short-circuit photocurrent
caused by an increase in the EQE in the 400–600 nm region, while the open-circuit
voltage remained almost unchanged.

New sensitizers are being tested in DSSCs such as inorganic semiconducting
materials that are so-called quantum dots. They possess ideal properties such as
tunable band gaps. However, both quantum-dot-sensitized solar cells have shown
lower efficiencies than initially expected, due to difficulties in finding appropriate
redox couples and resolving stability issues.

Hybrid-sensitized solid cells combining PbS or CdS quantum dots with a near-
IR-absorbing TT-1 have also been described. In this case, the TT-1 chromophore
is added over the quantum-dot-deposited layer to strengthen the light-harvesting
capabilities into the near-IR region.207 Although the photocurrent decreased some-
what in the visible range compared to the original signal from PbS, photocurrents
in the near-IR range increased at around 690 nm, where TT-1 dye absorbs strongly.
A positive coctkail effect was obtained from a combination of CdS and sensitizer.
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Figure 28. Schematic representation of a DSSC with energy relay dyes, reported in Ref. 206.
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IV. Summary and Conclusions

Phthalocyanines, which possess intense absorption in the UV/blue and the
red/near-IR region spectral regions, are materials especially suitable for integra-
tion in photovoltaic devices. In order to accomplish this function, specific
requirements must be met, like collection of light energy, separation of charges,
an appropriate active layer morphology that ensures charge migration, and
stability, among others. Pcs usually play the double role of donor component and
antenna.

Phthalocyanines are among the benchmark materials for photovoltaic hetero-
junctions based on small molecules. Thus, most of the success of Pcs in the
organic photovoltaic field is based on unsubstituted Pc evaporated thin films
incorporated as the active layer in different types of architecture devices; in this
case efficiencies of ca. 6% have been reached. The use of Pc analogs in this area,
like subphthalocyanines, is also very promising.

On the other hand, efficient solar cells based on solution-processed phthalo-
cyanines are still scarce. The incorporation of phthalocyanines into polymeric
photovoltaic devices is typically performed in blends together with semiconduct-
ing polymers and, usually, acceptor molecules such as fullerenes, obtaining only
moderate (near 2%) efficiencies. Further developments using small molecules
instead of polymers, or blends of conducting polymers and n-type Pcs instead of
fullerenes, are worth of much attention.

The morphological problems of the so-called bulk heterojunctions have sug-
gested the preparation of intrinsically bipolar materials, in which the donor and
acceptor photoactive units are covalently linked within the same molecule, includ-
ing the so-called “double-cable” approach with Pcs pending of conducting poly-
mers. However, the efficiencies found in Pc-based solar cells fabricated
exclusively with this kind of electroactive materials are still very low, and the field
deserves further research.

On the other side, phthalocyanines are suitable to be applied as sensitizer dyes
in dye-sensitized solar cells. DSSCs based on mesoporous TiO2 have been an
attractive alternative to the purely organic devices because of their huge interfa-
cial area and high electron mobility in mesoporous titania. The efficiency of
DSSCs has been limited by the low optical absorbance in the red/near-IR region
of the dyes commonly used, such as ruthenium bipyridyl, as well as their low
extinction coefficient. This is one of the points on which “colored” Pcs can be
really useful in this area.

The applications of Pc dyes in DSSCs have been restricted due to problems
associated with aggregation of the dye on the metal oxide surface, resulting in
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rapid deactivation of the dye-excited state and low sensitizing efficiency.
Recent development of red-absorbing Pc-based sensitizers with no dye aggre-
gation on the TiO2 surface has allowed efficient sensitization. Moreover, the
modification of the spacer between the Pc core and the anchoring moiety has
allowed not only a variable distance between the dye and the photosensitized
nanocrystalline TiO2, but also a distinct orientation of the dye molecular plane
with regard to the semiconductor surface. Both axial and peripheral attach-
ments of the Pc to the semiconductor have been shown to be effective, partic-
ularly the latter. Thus, efficient electron injection of a zinc phthalocyanine
(TT-1), which yields 80% IPCE at 690 nm and an excellent efficiency (ca. 4%)
under standard illumination conditions, have been described. Moreover, there
has been illustrated the possibility of combining efficiently two dyes with com-
plementary spectra and obtaining higher efficiencies, which could not be
achieved separately by each of them, by taking advantage of the optical prop-
erties of the zinc phthalocyanine.

Very recently, a new design has been described, where high-energy photons
are absorbed by an energy relay dye, unattached to the titania, which undergoes
Förster resonant energy transfer to a Pc-sensitizing dye (TT-1). This novel archi-
tecture allows for broader spectral absorption and an increase in dye loading, and
relaxes the design requirements for the phthalocyanine. This system offers a viable
pathway for developing more efficient DSSCs.

The design of more efficient Pc-based sensitizers and their application to
cosensitized and tandem solar cells, consisting of complementary absorbing dyes,
energy relay dyes or “quantum dots,” represent the trend in this area. The ultimate
potential of Pcs for solar cell development can be hard to quantify, thus making
predictions about the future very difficult. The results achieved to date, however,
reveal that phthalocyanines must be considered seriously as photoactive compo-
nents for future organic photovoltaic devices.
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I. Introduction

The food we eat and the fossil fuels we use are products of photosynthesis, which
is the process that converts solar energy to chemical energy. The overwhelming part
of our energy supply comes from the chemical energy which has been stored in the
fossil fuels over several billions of years. The world’s energy consumption rate of
fossil fuels is expected to increase further in the next few decades, due to increase
in demand from the developing countries. The rapid consumption of fossil fuels has
caused unacceptable environmental problems such as greenhouse effects, which
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are predicted to have disastrous climatic consequences.1–3 Thus, renewable and
clean energy resources are definitely required in order to maintain the quality of
human life as well as the environment of the earth.1–3 One of the most attractive
strategies to stop global warming is the development of artificial systems that
mimic natural photosynthesis in the conversion and storage of solar energy.4–8

Energy from sunlight is first captured by photosynthetic π-pigments such as
chlorophylls and carotenoids, which cover a wide spectral range of solar irradia-
tion.9–11 The captured light energy is transferred to chlorophylls that are in a
special protein environment where the actual energy conversion event starts via
electron transfer processes.9–11 Pigments and proteins involved in this actual pri-
mary electron transfer event together are called the reaction center.9–11 A large
number of π-pigment molecules (100–5000), collectively referred to as antennas,
harvest light and transfer the light energy to the same reaction center.9–11 The pur-
pose of such antenna molecules is to maintain a high rate of electron transfer in
the reaction center, even at lower light intensities.9–11 The importance and the
complexity of energy transfer and electron transfer processes in the photosynthetic
reaction center have prompted the design and preparation of a variety of
donor–acceptor covalently and noncovalently linked ensembles, including dyads,
triads, tetrads and pentads, which are able to mimic the energy-transfer and electron
transfer processes in the photosynthetic reaction center.12–24

This chapter presents an overview of development on artificial photosynthetic
reaction center models using porphyrins, phthalocyanines and related maclocycles by
focusing on a deeper understanding of the function of the photosynthetic reaction
center and also applications of the functional models to develop low cost and efficient
organic solar cells. First, a rational design of the photosynthetic reaction center
models is described, based on the Marcus theory of electron transfer.25,26 Then, the
difference in the photoinduced electron transfer properties depending on the type of
porphyrins (planar vs. nonpolar porphyrins and monomeric vs. dimeric porphyrins) is
clarified in light of Marcus’ theory. A variety of photosynthetic reaction center models
composed of porphyrins or phthalocyanines linked with electron donors and acceptors
by covalent and noncovalent bonding have been developed, including multicompo-
nent systems, which undergo efficient charge separation, electron or hole migration
and slow charge recombination. Finally, supramolecular porphyrin assemblies with
electron donors and acceptors have been applied to develop porphyrin solar cells.

II. Rational Design of Photosynthetic
Reaction Center Models

Rational design of the photosynthetic reaction center has been made possible
based on the Marcus theory of electron transfer.25,26 According to the theory, the
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rate constant of nonadiabatic intramolecular electron transfer (kET) in an electron
donor–acceptor-linked molecule at the fixed distance between the donor and
acceptor moieties is given by Eq. (1)

(1)

where V is the electronic coupling matrix element, h is Planck’s constant, T is the
absolute temperature, ∆GET is the free energy change of electron transfer, and λ is
the reorganization energy of electron transfer, which is the energy required to
structurally reorganize the electron donor and acceptor and their solvation spheres
upon electron transfer. According to Eq. 1, the logarithm of the rate constant
(log kET) of electron transfer in an electron donor–acceptor dyad (D–A) in Figure 1a
is given as a parabolic function of the driving force of electron transfer (−∆GET),
as shown in Figure 1b. The parabolic dependence of log kET on −∆GET is deter-
mined by two factors: one is the electronic coupling matrix element V, which
determines the maximum kET value, and the other is the reorganization energy (λ).
When the magnitude of the driving force of electron transfer becomes the same as
the reorganization energy (−∆GET ∼ λ), the kET value reaches a maximum, which
is determined by the magnitude of electronic coupling (V) between the donor and
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Figure 1. (a) Energy diagram of photoinduced electron transfer of an electron donor–acceptor
dyad with photoexcitation of the donor moiety. (b) Driving force dependence of log kET of the
CS and CR processes with different λ values.
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acceptor moiety (Figure 1b). In the highly exothermic region of the parabola
(−∆GET > λ), an increase in the driving force results in a decrease in the electron
transfer rate. This highly exergonic range is generally referred to as the Marcus
inverted region.25–31 The smaller the reorganization energy, the faster the forward
photoinduced charge separation (CS) process of an electron donor–acceptor dyad
(D–A), but the charge recombination (CR) process becomes slower when the CR
driving force (−∆GCR) is larger than the reorganization energy (λ) of electron
transfer, as shown in Figure 1b.

III. Planar vs. Nonplanar Porphyrins

Porphyrins normally have a planar π-core, which enables efficient electron trans-
fer, because the uptake or release of electrons from porphyrins usually results in
minimal structural change upon electron transfer.31 Introduction of bulky sub-
stituents on a porphyrin macrocycle affords nonplanar conformations of por-
phyrins. For example, synthetic dodecaphenylporphyrin (H2DPP), which contains
a phenyl group at each β-pyrrole and meso position of the porphyrin macrocycle,
adopts a saddle-shaped nonplanar conformation.32–35 The doubly protonated por-
phyrin dication (H4DPP2+) is readily obtained due to the distortion and H4DPP2+

can act as an electron acceptor.36 How conformational distortions of the porphyrin
ring affect the rates of intermolecular electron transfer reduction of diprotonated
porphyrins in solution has been examined using a series of nonplanar porphyrins,
hydrochloride salts of saddle-distorted dodecaphenylporphyrin ([H4DPP]Cl2),
tetrakis(2,4,6-trimethylphenyl)porphyrin ([H4TMP]Cl2), tetraphenylporphyrin
([H4TPP]Cl2), and octaphenylporphyrin ([H4OPP]Cl2), in comparison with that of
a planar porphyrin, (acetonitrile-κN )-(tetrakis(pentafluorophenyl)porphyrinato)
zinc(II) ([Zn(F20TPP)(MeCN)]), as electron acceptors.35 The optimized struc-
tures of [H4DPP]Cl2, [H4OPP]Cl2, [H4TPP]Cl2, and [H4TMP]Cl2 exist in saddle-
distorted structures — whereas [Zn(F20TPP)(MeCN)] is planar, as shown in
Figure 236 — together with the optimized structures of the one-electron-reduced
species.35

The rate constants for photoinduced electron transfer from a series of analo-
gous electron donors (ferrocene derivatives) to the triplet excited states of nopla-
nar diprotonated porphyrins and planar [Zn(F20TPP)(MeCN)] were determined by
laser flash photolysis measurements.35 The driving force dependence of the loga-
rithm of the rate constants of the photoinduced electron transfer (log ket) is shown
in Figure 3.35 Intermolecular photoinduced electron transfer from an electron
donor (D) to 3{[H4DPP]Cl2}

* occurs as shown in Scheme 1, where k12 and k21 are
the diffusion rate constant and the dissociation rate constant in the encounter
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complex, respectively, and kET is the first-order rate constant of electron transfer
in the encounter complex.37

The observed second-order rate constant of electron transfer (ket) is given by
Eq. 2. The dependence of kET on the driving force of electron transfer (−∆Get) for

(2)k
k k

k ket
ET

ET

=
+

12

21
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Figure 2. Optimized structures of (a) [H4DPP2+]Cl2, (b) [H4OPP2+]Cl2, (c) [H4TPP2+]Cl2,
(d) [H4TMP2+]Cl2, (e) [Zn(F20TPP)(MeCN)], (f) {[H4DPP•+]Cl2}−, (g) {[H4OPP•+]Cl2}−,
(h) {[H4TPP•+]Cl2}−, (i) {[H4TMP•+]Cl2}−, and (j) [Zn(F20TPP)(MeCN)] •− obtained by DFT calcu-
lations at the B3LYP/3-21G level of theory (adapted from Ref. 35). Hydrogen atoms of phenyl
groups are omitted for clarity.
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adiabatic outer-sphere electron transfer is given by Eq. 3,

(3)

where Z [= (kBT/h)(k12/k21)] is the collision frequency, which is taken as 1 ×
1011 M−1 s−1.37,38 The k12 values is the diffusion rate constant in MeCN, which is
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Figure 3. Driving force dependence of log ket for electron transfer from electron donors to
3{[H4DPP]Cl2}* (�) and 3[Zn(F20TPP)(MeCN)]* (�) in MeCN at 298 K and 3{[H4OPP]Cl2}* (∆),
3{[H4TPP]Cl2}* (�) and 3{[H4TMP]Cl2}* (∇) in MeCN containing ca. 30 equivalents of HCl at
298 K, and the fit of the curve based on the Marcus theory of electron transfer (Eq. 3) is shown
by the solid line with λ = 1.69, 1.45, 1.29, 1.21, and 0.84 eV. (Adapted from Ref. 35.)

Scheme 1.
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taken to be 2.0 × 1010 M−1 s−1.37 The driving force dependence of the log ket values
of photoinduced electron transfer from electron donors to 3{[H4DPP]Cl2}

*,
3{[H4OPP]Cl2}

*, 3{[H4TPP]Cl2}
*, and [Zn(F20TPP)(MeCN)] is well fitted by solid

lines with the λ values of 1.69, 1.45, 1.29, and 0.84 eV, respectively.35 Thus, the λ
value becomes smaller as the porphyrin macrocycle becomes more planar.

A more quantitative analysis has been made by adopting root-mean-square
out-of-plane displacement (∆RMS), which is defined in Eq. 4,39

(4)

where δi is the orthogonal displacement of atom i in the macrocycle from the mean
plane. There is a good linear correlation between the λ and ∆RMS values, as
shown in Figure 4.35 The linear correlation between reorganization energy and dis-
tortion of the porphyrin ring (∆RMS) indicates that the distortion governs the
intramolecular term of the reorganization energy (λi) and the larger distortion
gives rise to the larger λi, because the solvent term of reorganization energy may
be the same. The differences in ∆RMS values of porphyrin dications before and
after electron transfer are approximately the same, whereas the difference in the
distance of hydrogen bonding among the pyrrole N–H protons and the chloride
anions (N–H…Cl−) becomes larger, with increase in ∆RMS values.35 This suggests
that the elongation of the hydrogen bond is the main factor in the increase of λi.
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Figure 4. A relationship between λ values in photoinduced electron transfer reduction of
diprotonated porphyrin dications in MeCN and root-mean-square out-of-plane displacements
(∆RMS). (Adapted from Ref. 35.)
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This observation is similar to that in the oxidation of metalloporphyrins, which
exhibit large reorganization energies due to the large changes in coordination bond
lengths around metal centers before and after electron transfer.40 The clarification
of electron transfer properties of nonplanar vs. planar porphyrins provides invalu-
able information for utilizing their novel functions based on the saddle distortion
of the porphyrin core, as will be discussed later.

IV. Monomer vs. Dimer Porphyrins

As described in the Introduction, a bacteriochlorophyll dimer, the so-called spe-
cial pair, plays a pivotal role in initiating efficient multistep electron transfer reac-
tions among photosynthetic pigments to attain the long-lived charge-separated
state with a nearly 100% quantum yield.9–11 High-resolution X-ray crystallo-
graphic studies have revealed that the mean plane distance of the bacteriochloro-
phylls in the special pair is around 3.5 Å.41–43 Thus, it seems evident that a strong
π–π interaction exists between the two macrocycles of the special pair, in partic-
ular when the special pair is oxidized to the radical cation. π-electron delocaliza-
tion between discrete π-systems is well recognized in aromatic dimer radical
cations which exhibit new charge resonance absorption bands in the electronic
spectra and doubling of hyperfine splitting in the ESR spectra.44–46 Porphyrins,
which have similar macrocyclic frameworks to chlorophylls, are also known to
form π-complexes with the radical cation to afford the dimer radical cations, the
so-called “mixed valence” radical cations.47,48 Extensive efforts have so far been
devoted to mimicking the dimer structure and the redox properties of the special
pair so as to understand the important role of the special pair in the photosynthetic
reaction center.49–55 In particular, the effects of π–π interaction in porphyrin dimer
radical cations on the electron transfer dynamics of porphyrin dimers have been
clarified in relation to the important role of the special pair in the photoinduced
electron transfer dynamics in the photosynthetic reaction center, as described
below.55

The intramolecular π–π interaction and the dynamics of photoinduced elec-
tron transfer reactions of porphyrin dimers were examined using cofacial por-
phyrin dimers linked with different spacers in comparison with a reference
monomer porphyrin in Figure 5.55 The mean plane distances between porphyrin
rings of (DPB)Zn2 and (DPO)Zn2 are 3.8 Å and ca. 7.8 Å, respectively.56,57

(DPOx)Zn2 has a slipped conformation, because the porphyrin rings are linked by
a flexible spacer, diphenyl oxide.58

The intramolecular π–π interaction in the one-electron oxidized species of
(DPB)Zn2, (DPOx)Zn, and (DPO)Zn2 is recognized in Figures 6a–d, which show
the cyclic voltammograms of (Et4Me4Ph1P)Zn, (DPB)Zn2, (DPOx)Zn2, and
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(DPO)Zn2, respectively.55 The oxidation process of (DPB)Zn2 is split into four dis-
crete one-electron steps. The first oxidation potential of (DPB)Zn2 (0.58 V vs. SCE)
is lower by 0.14 V than that of the reference porphyrin, (Et4Me4Ph1P)Zn. This indi-
cates that (DPB)Zn2

•+ is more stabilized than (Et4Me4Ph1P)Zn•+ due to the π–π
interaction between porphyrin rings. The second, third, and fourth oxidation poten-
tials of (DPB)Zn2 are higher than those of (Et4Me4Ph1P)Zn, because the electro-
static repulsion becomes dominant rather than the attractive interaction. Such
electrochemical oxidation of cofacial porphyrin dimers results in the geometrical
change from the closed form of (DPB)Zn2

•+ to the open form of (DPB)Zn2
2+.51

Similar redox behavior is observed for the porphyrin dimer bearing a flexible
spacer [(DPOx)Zn2] (Figure 6c).55 In the case of (DPO)Zn2, the broadening of the
redox wave suggests the existence of the weak interaction between porphyrins
(Figure 6d).55 A similar negative shift of the first oxidation potential of the natural
special pair extracted from plants is observed as compared to the monomer coun-
terpart.59 Thus, the redox behavior of the porphyrin dimers, in particular (DPB)Zn2,
resembles that of the natural special pair in the photosynthetic reaction center.
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Figure 5. Chemical structures of zinc porphyrin monomer and dimers.
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New charge resonance absorption bands are observed in the vis-NIR spectral
titration of cofacial porphyrin dimers with a one-electron oxidant [Ru(bpy)3]

3+

(bpy = 2,2′-bipyridine), as shown in Figure 7.55 Such charge resonance absorption
bands in the NIR region are explained as the absorptions corresponding to the
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Figure 6. Cyclic voltammograms (0.1 V s−1) of (a) (Et4Me4Ph1P)Zn, (b) (DPB)Zn2, (c) (DPOx)Zn2,
and (d) (DPO)Zn2 at 1 mM in CH2Cl2 containing 0.1 M TBAPF6. (Adapted from Ref. 55.)
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electronic transition (hν) from the bonding to the antibonding π-orbital of the π-
dimer radical cation (Figure 8a) and that of the π-radical cation dimer (Figure 8b).55

Charge resonance absorption bands are also observed for the intermolecular for-
mation of the π-dimer porphyrin radical cation and π-radical porphyrin cation.60,61

The π-dimer radical cation (DPB)Zn2
•+ is stabilized by ∆ECR due to π-bond for-

mation between the porphyrin ring and the radical.55 The π-radical cation dimer
(DPB)Zn2

2+ also gains bonding interactions between the porphyrin rings, and
hence is stabilized by ∆ECR′.55 The ∆ECR′ value of the dimer radical cation is larger
than the ∆ECR value of the radical cation dimer because of the lack of an electron
in the antibonding π-orbital.55 The larger ∆ECR′ value results in the blue shift of the
absorption maximum of the radical cation dimer as compared to the dimer radical
cation in Figure 7a.55 The electrostatic repulsion in doubly charged dimeric units
destabilizes (DPB)Zn2

2+, leading to the higher oxidation potential as compared to
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Figure 7. Vis-NIR spectral changes upon addition of [Ru(bpy)3]3+ ((a) 0–2.0 × 10−4 M;
(b) 2.0 × 10−4 to 4.0 × 10−4 M) to a CH2Cl2 solution of (DPB)Zn2 (2.0 × 10−4 M) at 298 K. The
vibrational absorption due to the solvent is cut off. (Adapted from Ref. 55.)

Figure 8. Molecular orbital diagrams for (a) the dimer radical cation and (b) the radical
cation dimer.
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the first oxidation potential of (Et4Me4Ph1P)Zn.55 The ∆ECR value estimated from the
absorption maximum (λmax ≅ 3000 nm) is ca. 0.20 eV, which is consistent with the
negative shift of the first oxidation potential of (DPB)Zn2 (0.14 eV).55 Similar spec-
tral changes in the NIR region are observed when the other cofacial porphyrin dimers
are oxidized by [Ru(bpy)3]

3+.55 The ∆ECR value increases in the order (DPO)Zn2 <
(DPOx)Zn2 < (DPB)Zn2 as the mean plane distance between porphyrin rings
decreases. In contrast to the case of the dimers, there is little change in the NIR region
when (Et4Me4Ph1P)Zn is oxidized by [Ru(bpy)3]

3+ under the same conditions.55

The photoinduced electron transfer dynamics of cofacial porphyrin dimers
were compared with those of the reference porphyrin monomer using nitroben-
zene derivatives and a series of benzoquinone compounds as electron acceptors.55

The rate constants (ket) of electron transfer from the triplet excited states of cofa-
cial porphyrin dimers and the reference porphyrin monomer to electron acceptors
were determined by laser flash photolysis measurements.55 The ket value increases
with the degree of the interactions between porphyrin rings as mentioned above,
i.e. (DPO)Zn2 < (DPOx)Zn2 < (DPB)Zn2.

55 The ket values of the porphyrin dimers
are always larger than those of the monomer, (Et4Me4Ph1P)Zn. The driving force
of electron transfer from 3(DPB)Zn2

* to each acceptor is larger than that of
3(Et4Me4Ph1P)Zn* by 0.10 eV, due to the stabilization of (DPB)Zn2

•+.55

As shown in Figure 9, the driving force dependence of log ket cannot be fitted
with one averaged λ value (Eq. 3) and the λ values of both monomer and dimers
rise with increase in the driving force of photoinduced electron transfer.55 Such an
increase in the λ value may result from the elongation of the mean distances
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Figure 9. Dependence of log ket on −∆Get for electron transfer from (DPB)Zn2 (red circle),
(DPOx)Zn2 (red diamond), (DPO)Zn2 (red triangle), and (Et4Me4Ph1P)Zn (blue square) to vari-
ous acceptors in PhCN at 298 K. The dotted lines are calculated by the Marcus equation, with
λ = 0.50, 1.10 eV (red), and 0.74–1.21 eV (blue), respectively. (Adapted from Ref. 55.)
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between the porphyrin (donor) and acceptor molecules with increase in the driv-
ing force of photoinduced electron transfer, because the distances (RDA) between
donor and acceptor molecules are inversely proportional to the solvent reorgani-
zation energy (λs) in accordance with Eq. 5,

(5)

where e is electric charge, ε0 is the electric constant, rD and rA are the ionic radii
of the donor and the acceptor, and εop and εs are the optical and static dielectric
constants of the solvent, respectively.38,62,63

Figure 10 shows the driving force dependence of the λ values of the dimer and
monomer porphyrins, which were determined from the ket values using Eq. 3.55

The λ values of all of the porphyrins increase linearly with increase in the driving
force of photoinduced electron transfer. Because the λ values of (DPB)Zn2 and
(DPOx)Zn2 are consistently smaller than those of (Et4Me4Ph1P)Zn by ca. 0.19 eV
irrespective of the difference in the driving force of electron transfer (Figure 10),
the difference in the total reorganization energy (λ) between the dimer and the
monomer is attributed mainly to the smaller λs values of the porphyrin dimers as
compared to the monomer.55 The smaller λ value of the porphyrin dimer results in
the acceleration of the forward photoinduced electron transfer but the decelera-
tion of the back electron transfer.55 The acceleration of the photoinduced electron

l
pe e es

D A DA op s

= + -
Ê
ËÁ

ˆ
¯̃

-
Ê

Ë
Á

ˆ

¯
˜

e

r r R

2

04

1

2

1

2

1 1 1
,

46/Artificial Photosynthetic Systems Composed of Porphyrins and Phthalocyanines 195

Figure 10. Driving force (−∆Get) dependence of λ for electron transfer from (DPB)Zn2 (red
circle), (DPOx)Zn2 (red diamond), (DPO)Zn2 (green triangle), and (Et4Me4Ph1P)Zn (blue
square) to various acceptors in PhCN at 298 K. (Adapted from Ref. 55.)
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transfer and the deceleration of the back electron transfer of the porphyrin dimers
are the key factors in attaining the high efficiency of the energy conversion in the
photosynthetic reaction center, where the special pair (chlorophyll dimer) plays
the essential role. The minimum λ value of (DPOx)Zn2 (0.50 eV) is fairly close to
the reported value of the electron transfer reaction in the π-complex between a
cofacial free-base porphyrin dimer and a sandwiched acridinium ion (0.54 eV).12c

This is the first example that shows a systematic distance dependence of the λ val-
ues depending on the driving force of photoinduced electron transfer and also a
clear difference in the λ values between the dimeric and monomeric systems.

V. Charge Separation Using Chlorophyll Analogs

Chlorophyll that participates in photosynthesis is a chlorin pigment, which is a
dihydro-compound structurally similar to porphyrins; it is produced through the
same biosynthetic pathway as other porphyrin pigments, such as heme. The num-
ber of reduced double bonds in the pyrrole rings is zero in the case of porphyrins,
one in the case of chlorins and two (diagonal to each other) in the case of bacteri-
ochlorins. The one-electron oxidation potential decreases with increasing periph-
eral saturation.64,65 Such a change in the oxidation potential results in a drastic
difference in terms of the photodynamics of electron donor–acceptor-linked dyads
in which zinc and free-base chlorins and porphyrins in Figure 11 act as electron
donors and C60 acts as an electron acceptor, as described below.65,66

Laser photoexcitation of a deoxygenated PhCN solution containing the zinc
chlorine–C60 dyad (ZnCh–C60) affords a transient absorption spectrum with maxima
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Figure 11. Zinc and free-base chlorin–C60, zinc and free-base porphyrin–C60, and the
reference compounds without C60.
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at 790 and 1020 nm, as shown in Figure 12.66 The absorption band at 790 nm is
assigned to the radical cation of the ZnCh moiety, and the absorption band at
1020 nm is a diagnostic marker of the monofunctionalized fullerene radical anion.67

The reference chlorin compound 5 shows a fluorescence band at 690 nm with
a quantum yield (Φ) of 0.10, whereas the fluorescence emission is significantly
quenched in 1 (Φ = 0.002 in PhCN) due to electron transfer from the singlet
excited state of 1 to C60.

66 The driving force of photoinduced electron transfer from
the singlet excited state of 1 to C60 in PhCN is determined to be 0.47 eV from the
one-electron oxidation potential of 1 and the excitation energy (S1 = 1.80 eV) of
the ZnCh moiety and the one-electron reduction potential of the C60 moiety in 1.66

The charge-separated (CS) state (ZnCh•+–C60
•−) is lower in energy (1.33 eV) than

both the triplet excited state of C60 (1.45 eV)68 and ZnCh (1.36–1.45 eV).66 Thus,
photoinduced electron transfer from the singlet excited state of ZnCh (1ZnCh*) to
the C60 moiety of 1 occurs to produce the CS state, in competition with the inter-
system crossing to 3ZnCh* and energy transfer to produce ZnCh–1C60

* and
ZnCh–3C60

*, as shown in Scheme 2a.66 Electron transfer from 3ZnCh* to C60 also
results in the formation of the CS state.66

The CS state detected in Figure 12 decays via back electron transfer (BET) to
the ground state rather than to the triplet excited state.66 The BET rate was deter-
mined from the disappearance of the absorption band at 790 nm due to the CS
state and the decay of the absorption band obeys first-order kinetics (inset of
Figure 12).66 The kBET value is determined to be 9.1 × 103 s−1.66

In contrast to the case of ZnCh–C60 (1), no transient formation of C60
•− at 1020 nm

was detected for any other dyad in Figure 11 (2–4).66 In each case, only the
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Figure 12. Transient absorption spectra of 1 in deaerated PhCN at 298 K at 0.1 µs after laser
excitation at 355 nm. Inset: First-order decay plot of absorbance at 790 nm. (Adapted from
Ref. 66.)
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triplet–triplet absorption due to chlorin or porphyrin moiety was observed due to the
higher energies of the CS state as compared to the triplet excited states (Scheme 2b).66

This demonstrates the importance of the use of a chlorin chromophore with a zinc ion
instead of a fully conjugated porphyrin system to obtain the long-lived CS state.

Photoexcitation of the free-base bacteriochlorin–C60 dyad with the same short
methylene linkage leads to formation of the radical ion pair, which decays quickly to
the triplet excited state of the bacteriochlorin moiety.69 Figure 13 shows the driving
force dependence of the intramolecular electron transfer rate constants (CS and BET)
of zinc chlorin–C60 and zinc porphyrin–C60 dyads with different edge-to-edge dis-
tances (Ree), which corresponds to the shortest distance between two molecules. In
contrast to the case of 2 in Figure 11, the CS state energy of zinc porphyrin–C60 (9:
1.38 eV) in Figure 13 is lower than the energy of the triplet excited state of C60.

70 The
best fit of Eq. 1 provides and λ = 0.51 eV and V = 7.8 cm−1 for zinc chlorin–C60 (8:
Ree = 5.9 Å), and λ = 0.66 eV and V = 3.9 cm−1 for zinc porphyrin–C60 with a longer
amide spacer (9: Ree = 11.9 Å).69 A directly linked ZnCh–C60 dyad which has an
extremely short donor–acceptor distance (7: Ree = 2.6 Å) affords the smallest reorga-
nization energy (λ = 0.42 eV).71 The smaller λ value with the shorter Ree value may
result from the smaller solvent reorganization energy of electron transfer, according
to Eq. 5. On the other hand, the V value in Eq. 1 increases with decrease in the Ree
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Scheme 2.
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Figure 13. Driving force dependence of log kET and log kBET for photoinduced electron trans-
fer in zinc chlorine–, zinc porphyrin–fullerene dyads in PhCN linked with different spacers
[edge-to-edge distances (Ree) are 2.5, 5.9, and 11.9 Å]. (Adapted from Refs. 69–71.)
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value due to the larger orbital overlap between the donor and acceptor moieties. The
lifetime of the CS state of the ZnCh–C60 dyad (7) with the shortest donor–acceptor dis-
tance (Ree = 2.6 Å) is determined to be 230 µs at 298 K, which is the longest CS life-
time in the series of dyads shown in Figure 13.71 The temperature dependence of the
decay rate constant (kBET) was examined in PhCN solution observed by laser flash pho-
tolysis (25–65 °C) and also in frozen PhCN observed by the ESR signal decay (−150
to −100 °C).71 The CS lifetime at −150 °C is determined to be as long as 120 s.71

A zinc imidazoporphyrin–C60 dyad [ZnImP–C60 (10)] with a short linkage
(Figure 14a) also affords a long-lived CS state in PhCN with a lifetime of 330 µs
at 278 K.72 In nonpolar solvents, the CS state of donor–acceptor-linked systems
becomes higher in energy than the triplet excited state of the donor or acceptor
moiety when charge recombination results in formation of the triplet excited state
rather than the ground state.73 However, a zinc porphyrin–Au(III) porphyrin dyad
with a short spacer [ZnPQ–AuPQ+ (11) in Figure 14b] affords the long-lived CS
state in a nonpolar solvent such as cyclohexane.73 The introduction of quinoxaline
into the porphyrin ring in 11 results in a lowering of the electron transfer state
energy, which becomes lower than the energies of the triplet excited states of
ZnPQ (1.32 eV) and AuPQ+ (1.64 eV).74 In this case, photoinduced electron trans-
fer occurs from the singlet excited state of the ZnPQ (1ZnPQ*) to the metal center
of the AuPQ+ moiety to produce ZnPQ•+–AuIIPQ, which has the lifetime of 10 µs
in cyclohexane.74 The observed long lifetime of ZnPQ•+–AuIIPQ results from a
small reorganization energy for the metal-centered electron transfer of AuPQ+ in
nonpolar solvents due to the small change in solvation upon the electron transfer
as compared with that in polar solvents.74 The long-lived ZnPQ•+–AuIIPQ was
detected by EPR in toluene at 143 K, as shown in Figure 15. The broad signal with
the hyperfine interaction with 197Au (I = 3/2, A1 = 180 G, A2 = 14 G) at g1 = 2.182,
g2 = 2.043, and g3 = 1.979 clearly indicates that the site of electron transfer is the
Au metal rather than the porphyrin ligand.75–77

200 Fukuzumi

Figure 14. (a) A zinc imidazoporphyrin–C60 dyad (10: ZnImP–C60); (b) a zinc porphyrin–Au(III)
porphyrin dyad (11: ZnPQ–AuPQ+). The CS lifetimes are given together.
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In a polar solvent such as PhCN, no CS state could be seen, but instead only
the triplet–triplet absorption due to 3ZnPQ*–AuPQ+ was observed.78 The absence
of an observable CS state of 11 in the polar solvent PhCN may result from the
much slower photoinduced electron transfer due to the large reorganization energy
as compared with that in nonpolar solvents, allowing an efficient intersystem
crossing process in 11 to produce the triplet excited state 3ZnPQ*–AuPQ+.74.78

A dodecafluorosubphthalocyanine [SubPc(F)12] can also be used as an excellent
electron acceptor unit, which is connected to the zinc porphyrin (ZnP) ring with
three covalently linked triphenylamine entities at the meso position (Figure 16).79
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Figure 15. EPR spectrum observed under photoirradiation of a toluene solution of 11 at
143 K. (Adapted from Ref. 74.)

Figure 16. Molecular and optimized structure of ZnP(TPA)3–SubPc(F)12 (12). (Adapted from
Ref. 79.)
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The conically shaped subphthalocyanines (SubPc) with their three N-fused units
arranged around a central boron atom and π-electron aromatic core with their
curved structures exhibit different photophysical and photochemical properties
compared to their higher homologs, the phthalocyanines.80–83 SubPcs act as elec-
tron acceptors for the photoactive assemblies.84–86 The energy level of the CS state
is below the triplet states of either of the donor and acceptor entities.79 The CS
state [ZnP(TPA)3

•+–SubPc(F)12
•−) in PhCN is still alive at long time scales, reach-

ing 2 milliseconds, as shown in Figure 17.79 The absorption due to the ZnP(TPA)3

radical cation in the near-IR region at 1320 nm in the figure serves as a diagnos-
tic probe for identifying the CS state of 12, allowing an accurate analysis of the
intramolecular electron transfer dynamics without the interference of triplet
absorption bands that have absorptions in the visible region.79 The quantum yield
of the CS state of 12 was determined to be 29%.79 The time profile at 1320 nm
shows a slow rise within 50 µs, followed by extremely slow decay.79

The rate of the slow rise was estimated at 5.3 × 105 s−1 and was referred to the
rate of the CS process via 3ZnP*.79 However, the slow decay is due to the CR
process of the radical ion pair with a triplet spin character, estimated at 1.7 × 103 s−1

(τ = 588 µs), which implies a significant increase in the triplet CS lifetime as com-
pared to the singlet CS lifetime under the same conditions.79

Another example of formation of a long-lived CS state in a nonpolar solvent
is tribasic corrole–C60 dyads (13 and 14), shown in Figure 18.87 Corroles, which
were first reported in 1965,88 possess the skeleton of the corrin macrocycle (found
in vitamin B12) with only three meso-carbons between the four pyrrole rings.
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Figure 17. Nanosecond transient spectra obtained by 430 nm laser excitation of 12 in
PhCN. (Adapted from Ref. 79.)
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Recent synthetic breakthroughs have made this macrocycle readily available.89,90

When compared with porphyrins, these tribasic aromatic macrocycles exhibit
excellent properties, including lower oxidation potentials, higher fluorescence
quantum yields, larger Stokes shifts, and more intense absorption of red light.91–94

The donor corrole entity, due to the facile oxidation compared to the traditionally
used porphyrin analogs, yielded higher exothermicity for the photoinduced charge
separation process. Consequently, efficient charge separation of corrole–C60 dyads
(13 and 14) was observed from the time-resolved emission, and femto- and
nanosecond laser flash photolysis measurements.87 Because of the appropriate
positioning of the energy levels of the CS state with respect to the triplet energy
level and small reorganization energies of electron transfer in nonpolar solvents,
the CS state with the lifetime of the order of a few microseconds was attained in
nonpolar solvents.87

VI. Multistep Photoinduced Electron Transfer

Extensive efforts have been devoted to attaining a long distance charge separation
via multistep photoinduced electron transfer, mimicking the natural photosyn-
thetic reaction center.95–100 A ferrocene unit was attached to ZnImP–C60 in Figure 14
to synthesize a triad (15: Fc–ZnImP–C60).

101 Photoinduced electron transfer from
ZnImP to C60 is followed by electron transfer to afford the final CS state
(Fc+–ZnImP–C60

•−), which has a much longer lifetime (630 µs) than the dyad
(ZnImP•+–C60

•−: 230 µs) in PhCN at 298 K.101 The energy diagram of photoin-
duced electron transfer of 15 is summarized in Scheme 3 with the lifetime of
each transient species.101 The CS lifetime (630 µs) of 15 is much longer than the
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Figure 18. Molecular structures of corrole–C60 dyads (13 and 14).

b867_Vol-10_Ch-46.qxd  6/21/2010  3:17 PM  Page 203



lifetime (8 µs) of a similar triad connected by a longer amide linkage, Fc–ZnP–C60

(16) in Figure 19.101

The longer CS lifetime of Fc+–ZnImP–C60
•− is suggested to arise from partial

cancelation of two effects: the rate reduction stemming from the smaller solvent
reorganization energy with a shorter donor–acceptor distance (Eq. 5), and the
rate enhancement due to increased coupling V which arises from the orbital
delocalization.101

A ferrocene–zinc porphyrin–C60 triad (16) was further extended to a ferrocene–
zinc porphyrin–free-base porphyrin–C60 tetrad [17: Fc–ZnP–H2P–C60; Figure 20a].102
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Scheme 3.

Figure 19. Comparison of the CS lifetime (τ) between Fc+–ZnImP–C60
•− and Fc+–ZnP–C60

•−.
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Figure 20. (a) The direction of photoinduced electron transfer in a Fc–ZnP–H2P–C60 tetrad
(17). (b) Differential absorption spectra obtained upon nanosecond flash photolysis (532 nm)
of 7.2 × 10−6 M solutions of 17 in nitrogen-saturated PhCN with a time delay of 50 ns at 298 K.
(c) The time profile of absorbance at 1000 nm obtained by nanosecond time-resolved absorp-
tion spectra of Fc–ZnP–H2P–C60 (3.6 × 10−6 M) in argon-saturated DMF excited at 532 nm at
298 K. Inset: Second-order plot derived from the absorption change at 1000 nm. (d) Bimolecular
back electron transfer between the CS state molecules. (Adapted from Ref. 102.)
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Nanosecond transient absorption measurements of 17 reveal unambiguously the
C60

•− fingerprint (ca. 1000 nm), which matches quite reasonably that known for
the π-radical anion of an N-methylfulleropyrrolidine (Figure 20b).67,103 The tran-
sient absorption spectrum of 17 is virtually the same as that of Fc+–ZnP–C60

•− and
Fc+–H2P–C60

•−.70,104 The total quantum yields (ΦCS(total)) for the CS state of 17 were
determined to be 0.20 (THF), 0.24 (PhCN), and 0.17 (DMF).102 The relatively low
quantum yields (0.17–0.24) result from the competition of charge shift from
Fc–ZnP–H2P

•+–C60
•− (1.63 eV) to Fc–ZnP•+–H2P–C60

•− (1.34 eV) versus the decay
of Fc–ZnP–H2P

•+–C60
•− to the triplet states of the free-base porphyrin (1.40 eV) and

the C60 (1.50 eV).102 In fact, the absorption due to 3H2P
* and 3C60

* (600–900 nm)105

is observed together with that of Fc+–ZnP–H2P–C60
•− in Figure 20b.102

The time profiles at 1000 nm due to the CS state of 17 obey second-order
kinetics, rather than first-order kinetics, as shown in Figure 20c.102 From the best
fits, intermolecular ET dynamics were calculated that are nearly diffusion-controlled
(PhCN: 5.4 × 109 M−1 s−1; DMF: 2.5 × 109 M−1 s−1).102 The second-order rate law
suggests that the intramolecular charge recombination in Fc+–ZnP–H2P–C60

•− is
too slow to compete with the diffusion-limited intermolecular charge recombina-
tion (Figure 20d). Thus, the rate of intramolecular charge recombination in
Fc+–ZnP–H2P–C60

•− was determined by electron paramagnetic resonance (EPR)
measurements in a frozen matrix at variable temperatures using a low concentra-
tion in PhCN (1.0 × 10−5 M) under irradiation to stop the diffusion.102 The EPR
spectrum (Figure 21a) under irradiation at 203 K shows a characteristic broad sig-
nal attributable to C60

•− (g = 2.0004).67 As shown in Figure 21b, the EPR signal
grows in immediately upon turning on the irradiation of 17 and upon turning off
the irradiation source, the EPR signal decays, obeying first-order kinetics to afford
a rate constant of 3.0 s−1 (Figure 21c) for the intramolecular CR process (kCR).
Only small temperature dependence of kCR (2.6–3.0 s−1) was observed upon vary-
ing the temperature between 163 and 203 K.102 The lifetime of the CS state of 17
was determined to be 0.4 s, which is comparable to the lifetimes (∼1 s) of the CS
state in the bacterial photosynthetic reaction centers.9–11,106

The driving force dependence of the electron transfer rate constants (kET) of
the dyad (9), triad (16), and tetrad (17) for CS and CR processes is shown in
Figure 22, where log kET is plotted against the driving force (−∆GET).102 The lines
in the figure represent the best fit to Eq. 1 (9: λ = 0.66 eV, V = 3.9 cm−1; 16: λ =
1.09 eV, V = 0.019 cm−1; 17: λ = 1.32 eV, V = 0.00017 cm−1).102 The λ value
increases, whereas the V value decreases with increasing edge-to-edge distance in
the order of the dyad (Ree = 11.9 Å), the triad (Ree = 30.3 Å), and the tetrad (Ree =
48.9 Å). In the case of the dyad, the CR rate in ZnP•+–C60

•– in the Marcus inverted
region is much slower than the CS rate constants from both the singlet and triplet
excited states in the Marcus normal region (Figure 22). This enables a subsequent

206 Fukuzumi

b867_Vol-10_Ch-46.qxd  6/21/2010  3:17 PM  Page 206



electron transfer from Fc to ZnP•+ in the triad (Fc–ZnP•+–C60
•−) to produce the final

CS state, Fc+–ZnP–C60
•+, in competition with the back electron transfer in the ini-

tial CS states. In the case of the tetrad (17), the multistep electron transfer
processes afford the final CS state, Fc+–ZnP–H2P–C60

•−, in which charges are sep-
arated at a long distance (Ree = 48.9 Å).102 The lifetime of the resulting CS state at
such a long distance in a frozen PhCN becomes as long as 0.4 s (vide supra).102 It
should be noted that the CS lifetime is temperature-independent, since the CR
process is at the Marcus top region (Figure 22).102

The maximum kET value (kETmax) of each Marcus plot in Figure 22 is correlated
with the edge-to-edge distance (Ree), separating the radical ions, according to Eq. 6,
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Figure 21. (a) ESR spectrum of 17 (1.0 × 10−5 M) in a frozen deaerated PhCN solution
observed at 203 K under irradiation of UV-vis light from a high-pressure Hg lamp (* denotes
a Mn marker). (b) Signal intensity response of 17 (1.0 × 10−5 M, top) and 9 (1.0 × 10−5 M, bot-
tom) in a frozen deaerated PhCN solution at the maximum of the ESR signal intensity due to
the C60

•−. (c) First-order plot for the decay of the ESR signal intensity (I ) in 17 (kET(CR3) = 3.0 s−1).
(Adapted from Ref. 102.)
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where V0 refers to the maximal electronic coupling element, while β is the decay
coefficient factor (damping factor), which depends primarily on the nature of the
bridging molecule.102 From the linear plot of ln kETmax vs. Ree in Figure 23, the β
value is determined to be 0.60 Å−1. This β value is located within the boundaries
of nonadiabatic electron transfer reactions for saturated hydrocarbon bridges
(0.8–1.0 Å−1) and unsaturated phenylene bridges (0.4 Å−1).107

The quantum yield for the final CS state was improved from 0.24 for
Fc–ZnP–H2P–C60 (17) in PhCN to 0.34 for Fc–ZnP–ZnP–C60 (18).108 In addition,
the CS lifetime was elongated to 1.3 s in DMF at 298 K.107 This is by far the largest
value ever reported for intramolecular charge recombination in synthetic
donor–acceptor systems, including porphyrin–fullerene-linked systems.
Substitution of the metal-free tetraphenylporphyrin chromophore (H2P) by the cor-
responding zinc analog (ZnP) raises the excited state energy of the chromophore
from 1.89 eV to 2.04 eV, and also lowers the one-electron oxidation potential of the
electron donor by nearly 300 mV.108 As a consequence of these two effects, the driv-
ing force of the charge separation is markedly increased, ensuring better efficiency.

The quantum yield for the CS state was further improved by employing a
ferrocene-meso, meso-linked porphyrin trimer–fullerene pentad (19: Fc–(ZnP)3–C60)
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Figure 22. Driving force (−∆GET) dependence of intramolecular electron transfer rate con-
stants (kET) in a dyad 9 (CS: white circles; CR: white squares), a triad 16 (black circles), and a
tetrad 17 (white triangles). The data of other triads, Fc–H2P–C60 (black triangles) and
ZnP–H2P–C60 (black squares), are also included. (Adapted from Ref. 102.)
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in Figure 24.109 Photoirradiation of 19 results in photoinduced electron transfer
from both the singlet and triplet excited states of the porphyrin trimer [1(ZnP)3

*,
3(ZnP)3

*] to the C60 moiety to produce the porphyrin trimer radical cation–C60 rad-
ical anion pair, Fc–(ZnP)3

•+–C60
•−.109 The energy levels in PhCN are shown in

Scheme 4.109 Because a ferrocene unit is tethered at the end of (ZnP)3–C60, the
pentad undergoes multistep photoinduced electron transfer, i.e. Fc–1(ZnP)3

*–C60

(1.95 eV) → Fc–(ZnP)3
•+–C60

•+ (1.36 eV) → Fc+–(ZnP)3–C60
•− (1.03 eV) in PhCN

(Scheme 4).109
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Figure 23. Edge-to-edge distance (Ree) dependence of optimal electron transfer rate
constants (ln[kET(optimal)/s−1]) in 9 (square), 16 (circle), Fc–H2P–C60 triad (diamond), ZnP–
H2P–C60 triad (cross), and 17 (triangle). The line represents the best fit to Eq. 1 (β = 0.60 Å−1,
V0 = 210 cm−1). (Adapted from Ref. 102.)

Figure 24. The direction of photoinduced electron transfer in a ferrocene-meso,meso-
linked porphyrin trimer–fullerene pentad (19: Fc–(ZnP)3–C60). (Adapted from Ref. 109.)
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The time profiles at 1000 nm due to the final CS state of 19 also obey second-
order kinetics in solution, because the bimolecular CR is predominant over the
intramolecular CR.109 When the diffusion was stopped in a frozen PhCN at 163 K,
the ESR signal due to the CS state observed upon photoirradiation of 19 exhibited
a slow and nearly seconds-lasting decay, which was best-fitted by first-order
kinetics yielding a rate constant of 2.9 s−1 for the intramolecular CR process
(kET(CR2)).

109 The CS lifetime of 19 was determined to be 0.53 s in frozen DMF at
163 K.109 This CS lifetime is also comparable with the lifetime (∼1 s) of the final
CS state in the bacteria photosynthetic reaction centers.106 The efficient formation
of the final CS state with a high quantum yield (Φ = 0.83) has been achieved in
the present pentad system.109 Such excellent performance of 19 can be rationalized
by the efficient charge separation because of the small reorganization energy of
electron transfer and retarded charge recombination through the meso,meso-linked
porphyrin trimer.109

Compared with the porphyrins described above, phthalocyanines (Pcs)
emerge as attractive molecular building blocks for the artificial photosynthetic
systems, in which they function as antennas with a wider absorbing range of the
solar spectrum, where porphyrins fail to exhibit appreciable absorption.110–112

Generally, Pcs undergo intermolecular π–π stacking interactions between the pla-
nar faces of the macrocycles, even at low concentration, giving rise to dimeriza-
tion or aggregation which results in fluorescence quenching and low solubility. In
contrast, axially substituted silicon Pcs have gained great attention because they do
not aggregate due to their special structural features.113–116 The integration of silicon
Pc with two units of different electron acceptors, 1,4,5,8-naphthalenenediimide
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Scheme 4.
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(NDI) and C60, was made possible through the axial position to form the
SiPc–(NDI)2–(C60)2 pentad (20) in Figure 25.117 The pentad serves as light har-
vesting architecture with good spectral coverage in the visible and NIR regions.
The planar NDI has the higher energy excited state than SiPc and C60, as well as the
lower one-electron reduction potential. Upon photoirradiation of a deaerated PhCN
solution containing 20, the characteristic absorption bands due to SiPc•+ (λmax =
865 nm)115 and NDI•− (λmax = 714 nm)118 were observed as shown in Figure 26,
where a weak absorption in the NIR region due to C60

•− was also observed.117 This
indicates that an electron shifts from the NDI•− to the adjoining C60 to generate
SiPc•+–(NDI)2–(C60)2

•−. The rate constants of CS and CR processes were deter-
mined be 3.0 × 1011 and 1.0 × 109 s−1, respectively.117 The high kCS/kCR ratio
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Figure 25. Silicon phthalocyanine linked with two units of different electron acceptors,
1,4,5,8-naphthalenenediimide (NDI) and C60, through the axial position (20: SiPc–(NDI)2–(C60)2).
(Adapted from Ref. 117.)

Figure 26. Femtosecond transient absorption spectra of 20 in deaerated PhCN after laser
excitation at 380 nm. (Adapted from Ref. 117).
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indicated the usefulness of 20 as a light-harvesting system. However, the decay of
the CS state in deaerated PhCN affords the triplet excited state, SiPc–(NDI)2–

3(C60)2
*,

which is converted to the lower triplet excited state, 3SiPc*–(NDI)2–(C60)2, which
decays to the ground state with a rate constant of 1.4 × 104 s−1.117

VII. Supramolecular Porphyrin Complexes

In contrast to photosynthetic reaction center models in which each component is
covalently bonded to the other (vide supra), each component of the photosynthetic
reaction center is located at the required position by noncovalent bonding in the
protein matrix to optimize the charge separation efficiency.9–11 The use of nonco-
valent bonding situations such as metal–ligand coordination, electrostatic interac-
tion, and hydrogen bonding provides simpler but more elegant ways to construct
electron donor–acceptor ensembles mimicking the efficient biological electron
transfer systems.119–125 In particular, π–π interaction is one of the most important
noncovalent binding methods because of its important role in biological systems
such as π-stacking of double-strand DNA.126–128 The acridinium ion is suitable as
a component of an artificial photosynthetic reaction center because of the small
reorganization energy (λ) of electron transfer,129 which results in fast photoin-
duced electron transfer but extremely slow back electron transfer.130,131

A cofacial free-base bisporphyrin (H4DPOx), which is regarded as a model
compound of a bacteriochlorophyll dimer [(BChl)2], forms a relatively strong π-
complex with acridinium perchlorate (AcH+ClO4

−) in PhCN (21 in Figure 27).132

The formation constant (K ) of the H4DPOx–AcH+ complex is determined to
be 97000 ± 1000 M−1 from spectral titration in PhCN, indicating relatively strong
complex formation.132 The π-complex formation is confirmed by 1H NMR, in
which signals due to both H4DPOx and AcH+ exhibit upfield shifts upon com-
plexation.132 The one-electron oxidation potential of H4DPOx (Eox) is shifted from
0.58 V in the absence of AcH+ to 0.71 V by the insertion of AcH+, because the bis-
porphyrin becomes more difficult to oxidize due to the repulsion of positive
charges between the porphyrin radical cation and AcH+.132 The one-electron reduc-
tion potential of AcH+ was also shifted from −0.46 V in the absence of the bis-
porphyrin to −0.57 V in the presence of the bisporphyrin due to complex
formation.132 As a result, the free energy change of electron transfer to form the ET
state is changed from 1.04 eV to 1.28 eV in the π-complex (21).

Photoinduced electron transfer from the singlet excited state of H4DPOx
(1H4DPOx*) to the AcH+ moiety occurred efficiently in 21 to form the electron
transfer state (H4DPOx•+–AcH•), as indicated by the transient absorption spectra
of a PhCN solution containing both H4DPOx and AcH+ observed upon laser exci-
tation in Figure 28a.132 The strong absorption in the range from 450 nm to 540 nm
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Figure 27. Formation of an electron transfer state of a π-complex of acridinium ion (AcH+)
inserted between porphyrin rings of a cofacial bisporphyrin (21: H4DPOx–AcH+). (Adapted
from Ref. 132.)

Figure 28. (a) Transient absorption spectrum of H4DPOx (3.4 × 10−5 M) in the presence of
AcH+ (3.3 × 10−4 M) in deaerated PhCN at 273 K taken at 20 µs after laser excitation at 520 nm.
(b) Time profiles of the absorption at 520 nm of H4DPOx•+–AcH• obtained with different laser
intensities (1.5, 1.9, 2.1, and 3.8 mJ/pulse) in deaerated PhCN at 298 K. Inset: First-order plots.
(Adapted from Ref. 132.)
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is ascribed to AcH•,129,130,133 and the transient absorption in the range from 620 nm
to 800 nm is ascribed to H4DPOx•+.132 The decay time profiles of the absorption at
520 nm with the different laser intensities are shown in Figure 28b, where the first-
order plots afford good linear correlations with the same slope, irrespective of the
different laser intensities.132 Such a first-order decay with the same slope strongly
indicates that the back electron transfer from AcH• to H4DPOx•+ occurs in 21 and
that no bimolecular decay is involved. The lifetime of the electron transfer state is
determined to be 18 µs at 298 K (kBET = 5.5 × 104 s−1).132 The quantum yield of the
electron transfer state is determined to be as high as 90%.132 The electron transfer
state lifetime exhibited large temperature dependence.132 As a result, a remarkably
long-lived electron transfer state has been attained at low temperature, and virtu-
ally no decay of the electron transfer state was observed at 77 K.132

The energy diagram of 21 is summarized in Scheme 5.132 The rate constant (kET)
of electron transfer from the singlet excited state of H4DPOx (1H4DPOx*) to AcH+ in
21 was determined by time-resolved fluorescence measurements to be 2.9 × 108 s−1.132

The energy level of the electron transfer state of 21 (1.28 eV) is lower than that of the
triplet states of H4DPOx (1.59 eV) and AcH+ (2.01 eV).132,134 In addition to the π–π
interaction described above, the axial coordination of pyridine compounds to the
metal center of metalloporphyrins has been utilized to construct multiporphyrin
assemblies as light-harvesting units by self-organization of Zn(II) porphyrins.135–137

The axial coordination of pyridine was combined by complex formation of ammo-
nium cation with crown ether to construct a biomimetic model of the bacterial
“special pair”, as shown in Figure 29.138 A supramolecular complex (22) was formed
between a cofacial zinc Pc dimer linked by complexation of four bis crown ether units
with potassium ion, and a fullerene derivative functionalized with a pyridine coordi-
nating entity and an alkyl ammonium cation entity for two-point binding.138

214 Fukuzumi

Scheme 5.
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Potassium-ion-induced dimerization of 4,5,4′,5′,4′′,5′′,4′′′,5′′′-tetrakis
(1,4,7,10,13-pentaoxa-tridecamethylene)phthalocyanine zinc(II) (ZnTCPc) to
afford the K4[ZnTCPc]2 dimer has been well established.139–143 The K+ ion is sand-
wiched between two 15-crown-5 entities from two different Pcs due to the size
differences.138 Then, the K4[ZnTCPc]2 dimer was allowed to interact with
fullerene functionalized with a pyridine coordinating entity and an alkyl ammo-
nium cation entity (Figure 29).138 The calculated structure of 22 (Figure 30)
revealed that the pyridine coordinates to the zinc center while the alkyl ammonium
ion forms a complex with one of the crown ether entities without destroying the
K+-sandwich dimer via a “two-point” binding motif.144–146 Utilization of such well-
defined multiple modes of binding in a controlled fashion results in the formation
of biomimetic supramolecular donor–acceptor conjugates.138

The photoexcitation of supramolecular K4[ZnTCPc]2–fullerene complex (22)
affords a charge-separated state with a much longer lifetime (6.7 µs) as compared
with the corresponding zinc porphyrin supramolecular complex (50 ns).146 Such a
drastically increased lifetime of the CS state in 22, as compared to the correspon-
ding porphyrin dimer complex, may result from a smaller reorganization energy
of electron transfer for the more π-expanded Pc macrocycle relative to the
porphyrin macrocycle.138

In order to further enhance the strength of axial coordination in Zn(II) macro-
cyclic compounds, the Lewis acidity of the Zn(II) center should be increased. The
Lewis acidity of the Zn(II) center can be enhanced by macrocyclic ring distortion,
which enforces lone pairs of nitrogen atoms in the pyrrole moieties to point out of
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Figure 29. A supramolecular K4[ZnTCPc]2:(pyC60NH3
+)2 conjugate (22). (Adapted from

Ref. 138.)
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plane.147 This misdirection of the lone pairs can weaken the interaction between
the Zn(II) center and the nitrogen lone pairs to enhance the Lewis acidity of the
Zn(II) center. Thus, the more the porphyrin ring is distorted as reflected on a larger
∆RMS value (see Figure 4), the stronger becomes the Lewis acidity of the Zn(II)
to enhance the axial coordination bond strength with a base. The Zn(II) complexes
of TPP2− (tetraphenylporphyrin dianion) OPP2− (octaphenylporphyrin dianion) and
DPP2− (dodecaphenylporphyrin dianion) showed different degrees of distortion of
the porphyrin rings.148–150 Among them, the DPP2− ligand exhibited the largest non-
planarity as a saddle distortion and the largest displacement of the Zn(II) ion from
the porphyrin mean plane.147

A saddle-distorted H2DPP has also enabled facile protonation to give a stable
diprotonated species, H4DPP2+, which can form intermolecular hydrogen bonds
with electron donors.151–154 The H4DPP2+ can be combined with a nonplanar Zn(II)
complex of saddle-distorted octaphenylphthalocyanine (H2OPPc)155,156 using
pyridine-4-carboxylate (4-PyCOO−) which can connect the Zn(OPPc) donor and
the H4DPP2+ acceptor by coordination bond and hydrogen bond.157 The reaction of
[H4DPP](4-PyCOO)2 with Zn(OPPc) in toluene gave a novel supramolecular
assembly, [(H4DPP){Zn(OPPc)(κ1-N-4-PyCOO)}2] (23).157 The crystal structure is
shown in Figure 31a.156 The assembly contains one saddle-distorted H4DPP2+ and
two saddle-distorted Zn(OPPc) linked by two 4-PyCOO− anions (the components
are shown in Figure 31b).157 The bridging 4-PyCOO− coordinates to the Zn(II)
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Figure 30. B3LYP/3-21G(*) optimized structure of the supramolecular K4[ZnTCPc]2:
(pyC60NH3

+)2 conjugate (22). The countercations and anions are omitted for clarity. (Adapted
from Ref. 138.)
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Figure 31. (a) Crystal structure of [(H4DPP){Zn(OPPc)(κ1-N-4-PyCOO)}2] (23): purple —
zinc; red — oxygen; blue — nitrogen; light gray — carbon. Hydrogen atoms and solvent
molecules of crystallization are omitted for clarity. (b) Components of the supramolecular
assembly. (c) One-dimensional nanowire structure in the crystal. (Adapted from Ref. 157.)
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center of ZnOPPc through the axial coordination of pyridine nitrogen. It should be
noted that there is two-point hydrogen bonding between H4DPP2+ and 4-PyCOO−

to connect the Zn(OPPc) units to the H4DPP2+ moiety. The interatomic distances
for those hydrogen bonds are in the range of 2.631(9)–2.725(7) Å, which suggests
that hydrogen bonding is fairly strong.157 The coordination of the pyridine linker
is strong enough due to the remarkable saddle distortion of the OPPc2− ligand. The
bond lengths of Zn1-N9 and Zn2-N18 are 2.117(3) and 2.140(3) Å, respectively,
which are comparable with that found in [Zn(OPPc)(py)].155,156 The crystal pack-
ing of 23 exhibits a one-dimensional nanowire structure (Figure 31c) by inter-
molecular π–π interactions of peripheral phenyl groups of the OPPc ligand.157

The supramolecular assembly in Figure 31 is stable enough in solution to
maintain its structure, because 1H diffusion-ordered spectroscopy (1H DOSY) in
CDCl3 allowed one to estimate its molecular volume (4849 Å3), which was con-
sistent with that (5096 Å3) calculated on the basis of the crystal structure.157 The
stability of the supramolecular assembly in solution originates not only from the
strong two-point hydrogen bonding between positively charged H4DPP2+ and neg-
atively charged 4-PyCOO− but also from the strengthened coordination of the
nitrogen in 4-PyCOO− to the Zn(II) center with enhanced Lewis acidity within the
saddle-distorted OPPc2− ligand.157

The energy diagram of the photoinduced electron transfer processes in 23 is
shown in Scheme 6.157 Femtosecond laser flash photolysis measurements revealed the
photodynamics of 23 in PhCN.157 Photoexcitation at 410 nm affords the singlet excited
states of both H4DPP2+ and Zn(OPPc) units (1[Por2+]* and 1Pc*).157 The singlet excited
state of the porphyrin (Por) unit (1.66 eV) undergoes fast intra-supramolecular energy
transfer with the rate constant of 4.2 × 1012 s−1, which is comparable to that of
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intramolecular energy transfer observed for a covalently linked ZnPor–ZnPc dyad.158

This is followed by intra-supramolecular electron transfer from 1Pc* to Por2+ to give
the electron transfer state at the energy level of 0.83 eV with the rate constant of 1.5 ×
109 s−1.157 No energy transfer from the singlet excited state of [H4DPP](4-PyCOO)2

to Zn(OPPc) has occurred in 23.157 The electron transfer state has a lifetime of
667 ps, which is much longer than that observed in a covalently linked Zn
(porphyrin)–Sn(phthalocyanine) dyad reported by Odobel and coworkers.159

The accessibility, stability, and reliability of multiporphyrin donor–acceptor
systems can be further improved by using the stronger axial coordination in
saddle-distorted Sn(IV) porphyrins with µ3-O-centered and carboxylato-bridged
trinulcear RuIII clusters, as shown in Figure 32,160 where the Sn(IV) ion, which is
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Figure 32. Schematic description of structures of conglomerates composed of Sn-DPP and
Ru clusters: (a) a 1:1 complex (24), (b) a 3:1 complex (25), (c) 1:1 complexes (26, 27).
(Adapted from Ref. 160.)
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a hard Lewis acid, binds with a hard base such as carboxylate oxygen to form
a stable coordination bond with electron acceptors.160 As electron acceptor, µ3-
oxo-centered and carboxylato-bridged trinuclear ruthenium clusters, [Ru3(µ3-O)
(OC(O)R)6L3]

n+, were employed due to their small structural change in the course
of redox reactions for smaller reorganization energies.161–164 The conglomerates
are stable in solution, as demonstrated by 1H NMR and ESI-MS spectroscopies.160

This stability stems from the saddle distortion of the DPP2− ligand to enhance the
Lewis acidity of the Sn(IV) center, which strengthens the axial coordination of the
linker.160

The conglomerates exhibited three reversible redox waves, as shown in
Figure 33, where the Ru cluster moieties showed one reversible reduction wave
due to RuIII

3/RuIIRuIII
2 redox couples (0.03 V for 7; 0.11 V for 25) and one

reversible oxidation wave ascribed to RuIII
3/RuIII

2RuIV redox couples (1.06 V for 7;
1.06 V for 25).160 The Sn(DPP) moieties exhibited reversible reduction waves
(−0.91 V for 24; −0.90 V for 25) due to the Sn(DPP)/Sn(DPP•−) redox couples and
the oxidation waves ascribed to the Sn(DPP)/Sn(DPP•+) redox couples (1.06 V for
24; 1.06 V for 25), which are overlapped with the oxidation waves of Ru cluster
moieties in the case of 24 and 25.160

The fast intramolecular photoinduced electron transfer from the Sn(DPP) unit
to the trinuclear RuIII cluster affording the electron transfer state [Sn(DPP•+)–
RuIIRuIII

2] was observed by femtosecond laser flash photolysis measurements.160

The electron transfer state of the conglomerates showed lifetimes ranging from
98 ps to 405 ps, depending on the clusters and linkers employed.160 The electron
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Figure 33. Cyclic voltammograms of conglomerates composed of Sn-DPP and Ru clusters:
(a) a 1:1 complex (24) and (b) a 3:1 complex (25) in PhCN (0.1 M TBAPF6 as an electrolyte).
(Adapted from Ref. 160.)
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transfer state decays via back electron transfer to recover the ground state,
Sn(DPP)–RuIII

3.
160 The lifetimes of the electron transfer states are determined from

the back electron transfer rate constants to be 305 ps for 7, 154 ps for 25, 446 ps
for 26, and 98 ps for 27, respectively.160 The driving force dependence of log(kET

or kBET) for photoinduced electron transfer and back electron transfer is shown in
Figure 34.160 The fitting of the results to Eq. 1 afforded the reorganization energy
of λ = 0.58 eV and V = 28.2 cm−1, as shown (as the solid line) in Figure 34.160 Both
the rate constants of photoinduced electron transfer and back electron transfer in
the conglomerates fall in the Marcus inverted region. This is a rare case in which
both electron transfer and back electron transfer rates are located in the Marcus
inverted region due to the small reorganization energy of electron transfer.165 This
reorganization energy of electron transfer is relatively small in comparison with
other related dyads, giving rise to CS or electron transfer states.4-6,14,15

VIII. Porphyrin–Nanocarbon Composites

Formation of nanoscale donor–acceptor ensembles is also made possible by π–π
interaction between multiporphyrin compounds such as the porphyrin–peptide
hexadecamer [P(H2P)16]

166,167 and single-walled carbon nanotubes (SWNTs), as
shown in Figure 35.168 The novel and unique electronic properties of SWNTs make
them excellent candidates for next-generation nanoelectronic applications.169–172
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Figure 34. Driving force dependence of log kET (closed marks) or kBET (open marks) for
intramolecular electron transfer of conglomerates in PhCN at 298 K; 24 (circle), 25 (square),
26 (triangle), and 27 (rhombus). The fit of the curve based on the Marcus theory of electron
transfer (Eq. 1) is shown by the solid line with λ = 0.58 eV and V = 28.2 cm−1 and the dotted
lines with λ = 0.50 and 0.66 eV and V = 28.2 cm−1, respectively. (Adapted from Ref. 160.)
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Supramolecular formation occurs through π–π interaction between porphyrins and
nanotubes together with wrapping of the peptidic backbone in P(H2P)16.

168 This
makes it possible to extract the large-diameter nanotubes (ca. 1.3 nm) as revealed
by ultraviolet–visible–near-infrared and Raman spectroscopy as well as high-
resolution transmission electron microscopy, as shown in Figure 36, where only
an individual nanotube with a diameter below 2 nm and individual nanotubes with
small-diameter bundles are observed.168

Laser photoexcitation of P(H2P)16/SWNTs nanohybrid (28) in DMF results in
appearance of a transient absorption at 450 nm together with a broad absorption
band in the 500–800 nm region, which exhibits a number of bleaching bands
(Figure 37a).168 Taking into account the fact that the bleaching bands agree with
the absorption bands due to 28 (inset of Figure 37a) and no transient absorption
was observed upon photoexcitation of P(H2P)16, the observed transient absorption
spectrum was assigned to the CS state of 28, which was produced by photoin-
duced electron transfer from the excited states of P(H2P)16 to SWNTs.168 The decay
of the CS state of 28 obeyed first-order kinetics with the same slope irrespective
of any difference in the laser intensities, as shown in Figure 37b.168 The same slope,
irrespective of difference in the laser intensities in Figure 37b, strongly indicates
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Figure 35. Formation of a supramolecular complex (28) between porphyrin–peptide hexa-
decamer [P(H2P)16] and single-walled carbon nanotube (SWNTs). (Adapted from Ref. 168.)
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that the decay of the porphyrin radical cation results from the back electron trans-
fer from the reduced SWNTs to the porphyrin radical cation in the supramolecu-
lar complex.168 The CS lifetime is determined to be 370 µs, which is significantly
shorter than the reported triplet lifetimes of porphyrin–peptide oligomers.167

Formation of such nanohybrids affording the long-lived CS state of 28 opens up a
new strategy for the extraction of large-diameter SWNTs without destruction of
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Figure 36. HRTEM images of 28 (scale bar = 20 nm): (a) an individual nanotube and (b) indi-
vidual nanotubes with small-diameter bundles. (Adapted from Ref. 168.)

Figure 37. (a) Transient absorption spectra of 28 (solid line with black circles) and P(H2P)16

(solid line with white circles) in DMF at 298 K taken at 6 µs after laser excitation at 440 and
427 nm, respectively. Inset: UV–vis–NIR absorption spectra of 28. (b) First-order plots at
480 nm with different laser powers (7, 3, and 1 mJ, respectively). (Adapted from Ref. 168.)
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the π-conjugated system within SWNTs and the development of efficient light
energy conversion devices.

Although SWCNTs exhibit excellent chemical and physical properties,173–177

the fine control of the size (i.e. length) of SWCNTs is a great challenge for solu-
bilization and construction of nanoscale architectures and devices. The control of
the diameter and size of carbon nanotubes has recently been made possible using
cup-stacked carbon nanotubes (CSCNTs) that consist of truncated conical
graphene layers with a hollow tubular morphology, composed of cup-shaped
carbon units with diameters ranging from 50 to 150 nm and lengths of up to
200 µm.178–180 In addition, the availability of reactive edges on the outer and inner
surfaces of cup-shaped carbons to chemical functionalization or surface modifica-
tion will open up new ways to utilize them in electronic, catalytic, and photo-
voltaic applications.181 CSCNTs were efficiently destacked by the electron transfer
reduction with sodium naphthalenide to produce individual cup-shaped carbons
with controlled diameter and size, as shown in Figures 38a and b.182 Addition of
1-iodododecane to reduced cup-shaped carbons leads to functionalized cup-
shaped carbons (29), which are stable in air and highly dispersible in nonpolar
solvents for long time periods (Figure 38c).182 Photoinduced electron transfer
reduction of CSCNTs with dimeric 1-benzyl-1,4-dhihydronicotinamide also
results in the highly dispersible cup-shaped nanocarbons with size homogeneity.183
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Figure 38. Electron transfer reduction of (a) cup-stacked carbon nanotubes (CSCNTs) to
prepare (b) reduced CSCNTs and (c) docecylated CSCNTs (29) with controlled diameter and
size, with their TEM images. (Adapted from Ref. 182.)
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The cup-shaped nanocarbons generated by the electron transfer reduction of
CSCNTs can be readily functionalized with porphyrins for use as light-capturing
chromophores.184 The general procedure for the synthesis of the porphyrin-
functionalized cup-shaped nanocarbons [CNC–(H2P)n] (30) consists of two steps,
as shown in Figure 39.184 The first step involves cup-shaped nanocarbons func-
tionalized with aniline as the precursor for functionalization with porphyrins. In
the second step, the aniline-functionalized nanocarbons react with the porphyrin
derivatives to construct the nanohybrids.184 The resulting donor–acceptor nanohy-
brid (30) has been well characterized by thermogravimetric analysis (TGA),
Raman and IR spectroscopy, transmission electron microscopy, elemental analy-
sis, and ultraviolet–visible–near-infrared (UV–vis–NIR) spectroscopy.184 The
weight of porphyrins attached to the cup-shaped nanocarbons was determined to
be 20% by the TGA and elemental analysis.184 This corresponds to one functional
group per 640 carbon atoms of the nanocup framework for 30 on average.184 This
result was supported by the elemental analysis that indicated a chemical formula
of C640H55(C108H145N8O4), from which the amount of porphyrins grafted to the cup-
shaped carbons was determined to be 21.0%.184 The structure of the cup-shaped
nanocarbons of 30 was revealed by the TEM image in Figure 40, which shows the
independently cup-shaped nanocarbon with a well-controlled diameter (ca. 50 nm)
and size (ca. 100 nm).184

Laser photoexcitation of 30 in DMF results in appearance of the transient
absorption, as shown in Figure 41a (solid line with open circles).184 The
triplet–triplet absorption of ref-H2P (Figure 41b) exhibits quite different features
as compared to 30 [see the near-infrared region (600–800 nm) as well as the peak
top positions].184 Thus, the observed transient absorption spectrum is assigned to
the CS state of 30, which is produced by photoinduced electron transfer from the
singlet excited states of H2P to cup-shaped nanocarbons in the nanohybrid. The
formation of the CS state was also detected by electron spin resonance (ESR)
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Figure 39. Synthesis of the porphyrin-functionalized cup-shaped nanocarbons (30: CNC–
(H2P)n). Reagents and conditions: (a) naphthalene (Na), THF, r.t., 24 h; (b) 4-iodoaniline, DMF,
30 °C, 24 h; (c) porphyrin–COCl, pyridine, DMF, 120 °C, 72 h. (Adapted from Ref. 184.)
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Figure 40. TEM image of porphyrin-functionalized cup-shaped nanocarbons (30); scale
bar = 100 nm. (Adapted from Ref. 184.)

Figure 41. Transient absorption spectra of (a) CNC–(H2P)n in deaerated DMF at 298 K taken
at 20 µs (solid line with open circles) and 1.8 ms (solid line with black circles) after laser exci-
tation at 426 nm and (b) ref-H2P in deaerated DMF at 298 K taken at 100 µs (solid line with
open circles) and 1.6 ms (solid line with black circles) after laser excitation at 426 nm.
(Adapted from Ref. 184.)
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measurements under photoirradiation of 30 with a high-pressure mercury lamp in
frozen DMF at 153 K.184

The CS state detected in Figure 41a decayed obeying clean first-order kinet-
ics.184 Thus, the decay process is ascribed to intramolecular back electron transfer
in the nanohybrid rather than intermolecular back electron transfer between H2P

•+

and CNC•− produced by photoinduced electron transfer. The CS lifetime of 30 is
determined from the first-order plots to be 0.64 ± 0.01 ms, which is the longest
lifetime ever reported for electron-donor-attached nanocarbon materials. Such a
long CS lifetime may result from the efficient electron migration in the cup-
shaped nanocarbons following the charge separation.184

Nanocarbon structures can be obtained using only synthetic porphyrins which
form aggregates in the form of fibers, nanorods, and nanotubes.185–187 Robust por-
phyrin nanotubes can be prepared by ionic self-assembly of two oppositely
charged porphyrins in aqueous solution.187 The nanotubes are composed entirely
of porphyrins and electrostatic, van der Waals, hydrogen bonding, axial coordina-
tion, and other weak intermolecular interactions, which typically contribute to the
formation of porphyrin aggregates, and enhance the structural stability of these
nanostructures.187

When [H4DPP2]Cl2 is employed as a building block, this compound acts as a
starting material to form a variety of novel porphyrin nanochannel (PNC) struc-
tures, in which various electron donors are incorporated.188,189 In the presence of
hydroquinone derivatives, the starting PNC (PNC-water) underwent guest
exchange from the water molecules to a series of guest molecules in the course of
recrystallization.188 The crystal structure of the PNC including hydroquinone (31:
PNC-H2Q) was determined as shown in Figure 42.188 The structure of the skeleton
unit is the same as that of PNC-water and the water molecules are just replaced by
hydroquinone.188 The hydroquinone molecule was included due to intermolecular
π–π interactions with H4DPP2+.188 Hydrogen bonding was found for the hydroxyl
groups of hydroquinone with the nitrogen atoms of the acetonitrile molecules in
the skeleton units in the distance of 2.85 Å.188 This hydrogen bonding fixes the
configuration of the two hydrogens of the hydroxyl groups to be trans PNC com-
pounds.187 In the case of benzoquinone derivatives, which are two-electron oxi-
dized species of corresponding hydroquinones, no inclusion was observed for
those molecules under the same conditions.188 These results indicate that electron-
donating molecules are included selectively.188 When tetrabromohydroquinone
(H2QBr4) was employed as a guest molecule, however, it was not included in the
PNC.188 This indicates that steric factors are also important in the inclusion
process of PNC-guest formation.188

The photodynamics of 31 is shown in Scheme 7.188 The photoirradiation of 31
affords the singlet excited state of the porphyrin dication, 1(H4DPP2+)*, which
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accepts one electron from the guest molecule, hydroquinone, to give the corre-
sponding radical cation. The reduced radical cation of H4DPP•+ undergoes fast dis-
proportionation based on electron hopping in the solid state due to close contacts
with other H4DPP2+ via intermolecular π–π interactions to give the original
H4DPP2+ and the two-electron reduced species of H4DPP (Scheme 7).188 In addi-
tion, H4DPP•+ undergoes back electron transfer (charge recombination) to form
3(H4DPP2+)*, the energy of which is lower than that of the electron transfer state.
The photoinduced electron transfer process from guest donor molecules to
1(H4DPP2+)* occurs much more efficiently than the intersystem crossing to give the
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Figure 42. Crystal structure of PNC-H2Q (31). The H4DPP2+ unit is drawn with a wire frame.
Carbon — gray; Oxygen — red; nitrogen — blue; chloride — light green. (Adapted from
Ref. 188.)
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triplet state, 3(H4DPP2+)*, due to close and secure contact and inevitable inter-
molecular interactions with the guest molecules in the PNC.188 Thus, the PNC
provides an excellent opportunity to construct and develop porphyrin-based
photofunctional materials.188

Supramolecular porphyrin nanochannels (PNCs), including tetrathiafulvalene
(TTF) acting as a strong electron-donating guest in the inner space, were also pre-
pared with the hydrochloride salt of dodecaphenylporphyrin ([H4DPP]Cl2) by self-
assembly based on intermolecular π–π interactions, as shown in the crystal
structure of the TTF-included PNC (32: PNC-TTF) in Figure 43.189 Intermolecular
π–π interaction was also recognized among peripheral phenyl groups of the por-
phyrin, mainly in the direction of the crystallographic c axis to form a column
structure.189 Photoinduced electron transfer from TTF to 1(H4DPP2+)* occurred to
afford the electron transfer state, TTF•+ and H4DPP•+ in PNC.189

A single crystal (0.87 × 0.23 × 0.10 mm3) of 32 exhibited photoconductivity
upon photoirradiation at 633 nm with a He–Ne laser (5 mW) and the photocurrent
was 0.7 nA at an electrical field strength of 3.5 × 104 V cm−1.189 The photocurrent
showed direction dependence toward the crystallographic c axis.189 This indicates
that the main electron conduction path of the photocurrent is the π–π interactions
among phenyl groups to facilitate electron hopping.189

In the case of a cyclic porphyrin dimer (Ni2-CPDPy) linked by butadiyne moi-
eties bearing 4-pyridyl groups (Figure 44a),190 Ni2-CPDPy acts as an electron donor
to form a 1:1 inclusion π-complex with an electron acceptor C60 (33: C60⊂Ni2-
CPDPy).

191 The titration in solution indicated that Ni2-CPDPy included C60 to give a
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Figure 43. The crystal structure of PNC-TTF (32). (Adapted from Ref. 189.)
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1:1 inclusion complex (33) with an association constant (K ) of 2.0 × 105 M−1.191

X-ray crystallography confirmed the 1:1 inclusion complex of C60 with Ni2-CPDPy

(Figure 44b).191 A nanosized tubular assembly is observed in the crystal packing
of 33. The tubular structure along the crystallographic b axis is formed by self-
assembly through two kinds of cooperative noncovalent interactions between Ni2-
CPDPy molecules.191 One is a pair of complementary C–H…N hydrogen bonding
interactions between the pyrrole β-CH and the nitrogen atoms of the pyridyl
groups.191 The other noncovalent interaction is a weak π–π interaction between the
pyridyl groups.191 In the crystal structure of 33, a porphyrin nanotube is formed by
the self-assembly of Ni2-CPDPy. Ni2-CPDPy molecules link together through non-
classical C–H…N hydrogen bonds and π–π interactions of the pyridyl groups
along the crystallographic b axis.191 The included C60 molecules are linearly
arranged in the nanotube to afford a supramolecular peapod. The charge carrier
mobility of the single crystal of 33 was determined by flash photolysis time-
resolved microwave conductivity (FP-TRMC) measurements. It has an aniso-
tropic high electron mobility (Σµ = 0.72 cm2 V−1 s−1) along the linear array of C60
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Figure 44. (a) Chemical structure of Ni2-CPDPy. (b) Crystal structures of tubular assemblies
of C60⊂Ni2-CPDPy (33). Hydrogen atoms are omitted for clarity. (Adapted from Ref. 191.)
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(crystallographic b axis).191 Such a high electron mobility in 33 suggests that
supramolecular complexes of self-assembled porphyrin nanotubes and fullerenes
provide promising materials for photovoltaic applications.

IX. Porphyrin Solar Cells

The important role of porphyrin derivatives combined with electron donors and
acceptors in mimicking light harvesting and photoinduced electron transfer in the
photosynthesis described above suggests that porphyrin molecules could serve as
potential photosensitizers in dye-sensitized solar cells as well as electron donors
in bulk heterojunction solar cell application.192–198

The PNC-TTF supramolecules in Figure 43 have been utilized to prepare
porphyrin supramolecular solar cells.188 Schematic description of the solar
cell using an OTE/SnO2/PNC-TTF anode is shown in Figure 45.189 The PNC
crystals-deposited films were prepared by the drop-cast method.189 Photoelectro-
chemical measurements were carried out in a standard two-compartment cell
consisting of a working electrode and a Pt wire gauze counterelectrode in the
electrolyte (0.5 M LiI and 0.01 M I2) in MeCN.189 The incident photon-to-
current efficiency (IPCE) values at various excitation wavelengths were deter-
mined from Eq. 7,195

(7)IPCE   
SC

inc(%) ,= ¥
I
I

1240
100

l
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Figure 45. A schematic description of a photoelectrochemical cell using an OTE/SnO2/
PNC-TTF anode.
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where Iinc is the incident light intensity (W cm−2) and λ is the excitation wave-
length (nm). The action spectra of both the OTE/SnO2/PNC-TTF and the
OTE/SnO2/PNC-water electrodes are shown in Figure 46.189 The close match in
the absorption and action spectra indicates that the singlet excited state of
[H4DPP]Cl2 is responsible for the photocurrent generation. Photoinduced electron
transfer from TTF to 1{[H4DPP]Cl2}

* followed by intermolecular electron hopping
results in enhancement of photocurrent generation, because the maximum IPCE
value (10.1%) for the OTE/SnO2/PNC-TTF is more than three times higher than
that for the OTE/SnO2/PNC-water (3.1%).189

A combination of porphyrin dendrimers (chromophores and electron donor)
and fullerenes (electron acceptor) is expected to result in enhanced light-harvesting
efficiency of chromophores throughout the solar spectrum. Thus, a new type of
solar cell has been constructed using molecular clusters of porphyrin dendrimer
(donor) and fullerene (acceptor) dye units assembled on SnO2 electrodes, which
have high charge separation efficiency as well as efficient hole and electron
transport.199,200 The porphyrin dendrimers [DnPn; n = 4 (34), 8 (35), 16 (36)]
are shown in Figure 47 together with the reference porphyrin compound
(H2P-ref ).199,200 Porphyrin dendrimers (DnPn) form supramolecular complexes
with C60 in toluene and they are clustered in an acetonitrile/toluene mixed solvent
system.199,200 Then, the clusters are attached on nanostructured SnO2 electrodes by
an electrophoretic deposition method to afford the modified electrodes [denoted
as OTE/SnO2/(DnPn+C60)m (n = 4, 8, 16)].199,200 The photoelectrochemical meas-
urements were performed with a standard two-electrode system consisting of a
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Figure 46. (a) Absorption spectra of OTE/SnO2/PNC-TTF (solid line) and OTE/SnO2/
PNC-water (dotted line); (b) IPCE plots for OTE/SnO2/PNC-TTF (circle) and OTE/SnO2/
PNC-water (square). (Adapted from Ref. 189.)
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Figure 47. Porphyrin dendrimers (34–36) and the reference compound employed for con-
struction of organic solar cells composed of multiporphyrin/C60 supramolecular assemblies.
(Adapted from Refs. 199 and 200.)
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working electrode and a Pt wire gauze electrode in 0.5 M NaI and 0.01 M I2 in
air-saturated MeCN.199,200 Figure 48 shows the wavelength dependence of the
IPCE of the OTE/SnO2/(DnPn+C60)m system and the reference system
(OTE/SnO2/(H2P-ref+C60)m) at a constant concentration ratio of porphyrin to
C60.

200 The OTE/SnO2/(D4P4+C60)m system has the maximum IPCE value of 15%
as well as the broad photoresponse, which extends well into the infrared (up to
1000 nm).200

Comparison of the photoelectrochemical properties between the
OTE/SnO2/(D4P4+C60)m system and the reference system indicates that the com-
posite clusters of porphyrin dendrimers with C60 exhibit remarkable enhancement
in photoelectrochemical performance due to the effective π–π interaction between
porphyrins and fullerenes in the interpenetrating structure of the supramolecular
clusters as compared with the reference system.200 The broad long-wavelength
absorption in the NIR region is diagnostic of the charge transfer absorption band
due to the π-complex formed between the porphyrin and C60, because similar
charge transfer interactions leading to extended absorption have been observed for
porphyrin–C60 dyads linked in close proximity.201,202 The IPCE value decreases
with increase in the number of dendrimer generation, and the OTE/SnO2/
(D16P16+C60)m system has even smaller IPCE values compared with the reference
system [OTE/SnO2/(H2P-ref+C60)m] (Figure 48).200 In the case of D16P16 (36), the
space between porphyrin rings may be too small for the interaction with C60. This
indicates that the distance between two porphyrin rings is also an essential factor
in forming such a supramolecular complex.
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Figure 48. Photocurrent action spectra (IPCE vs. wavelength) of OTE/SnO2/(DnPn+C60)m sys-
tems [(a) n = 4 (34); (b) n = 8 (35); (c) n = 16 (36)], (d) OTE/SnO2/(H2P-ref+C60)m and [D4P4] =
0.048 mM, [D8P8] = 0.024 mM, [D16P16] = 0.012 mM and [H2P-ref] = 0.19 mM; [C60] =
0.31 mM in MeCN/toluene = 3/1. (Adapted from Ref. 200.)
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Porphyrin oligomers with a polypeptidic backbone, shown in Figure 49, are
flexible enough to accommodate C60 between the porphyrin units.203,204 The organ-
ization of P(H2P)n and C60 composite clusters onto an optically transparent elec-
trode (OTE) of a nanostructured SnO2 electrode (denoted as OTE/SnO2/
(P(H2P)n+C60)m [n = 1 (37), 2 (38), 4 (39), 8 (40), 16 (41)]) was performed as the
case of porphyrin dendrimers (vide supra). The IPCE value of OTE/SnO2/
(P(H2P)n+C60)m (n = 1, 2, 4, 8, 16) exhibits a remarkable rise with increase in the
number of porphyrins in a polypeptide unit, as shown in Figure 49(b).204 The
OTE/SnO2/(P(H2P)16+C60)m system has the maximum IPCE value of 48% at
600 nm as well as a broad photoresponse extending into the infrared region (up to
1000 nm).204 This indicates that efficient photoinduced electron transfer occurs
from the excited state of the porphyrin unit to C60 in the supramolecular complex
with increase in the number of porphyrins in a polypeptide unit. Such an effective
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Figure 49. (a) Supramolecular complex between porphyrin–peptide hexadecamer [P(H2P)16]
(41) and C60. (b) The photocurrent action spectra (IPCE vs. wavelength) of (a) (41+C60)m,
(b) (40+C60)m, (c) (39+C60)m, (d) (38+C60)m, and (e) (37+C60)m modified OTE/SnO2 electrodes
under short circuit conditions. (c) Current–voltage characteristics of (a) OTE/SnO2/(41+C60)m,
(b) OTE/SnO2/(40+C60)m, and (c) OTE/SnO2/(37+C60)m. (Adapted from Ref. 204.)
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light energy conversion is largely ascribed to the polypeptide structure which
controls the three-dimensional organization between porphyrin and C60.

The current–voltage (I/V) characteristics of OTE/SnO2/(41+C60)m, OTE/SnO2/
(40+C60)m, and OTE/SnO2/(37+C60)m electrodes are shown in Figure 49(c).204 The
(41+C60)m system has a fill factor (FF) of 0.47, an open circuit voltage (Voc) of
320 mV, a short circuit current density (Isc) of 0.36 mA cm−2, and the overall power
conversion efficiency (η) of 1.6% at input power of 3.4 mW cm−2.204 The I/V char-
acteristics of the OTE/SnO2/(41+C60)m system is remarkably enhanced (more than
40 times) as compared with the OTE/SnO2/(37+C60)m electrode under the same
experimental conditions.204

Supramolecular porphyrin solar cells have also been constructed using
porphyrin-alkanethiolate monolayer protected-gold nanoclusters and C60 by clus-
tering with gold nanoparticles and the electrophoretic deposition on SnO2 elec-
trodes to attain the power conversion efficiency of 1.5%.205,206 Thus,
supramolecular approaches between porphyrins and fullerenes provide a promis-
ing perspective for the development of efficient organic solar cells.

X. Concluding Remarks

As demonstrated in this chapter, porphyrins and phthalocyanines exhibit excellent
photoinduced energy transfer and electron transfer properties with electron donors
and acceptors, efficiently mimicking the functions in natural photosynthesis. The
small reorganization energies of electron transfer of these functional π-compounds
are essential for the design of artificial photosynthetic systems with fast charge
separation but extremely slow charge recombination, which can be successfully
applied to construct efficient light energy conversion systems such as photovoltaic
devices. In particular, three-dimensional steric control in the supramolecular com-
plexes of porphyrins and phthalocyanines with electron donors and acceptors
contributes to efficient charge separation as well as hole and electron migration.
Further improvement of energy transfer and electron transfer properties of photo-
synthetic reaction center models composed of porphyrins and phthalocyanines
will certainly provide promising perspectives for the development of efficient
light energy conversion systems.
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AFM atomic force microscopy
BDMD boron-doped microcrystalline diamond
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BE binding energy
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CMOS complementary metal oxide semiconductor
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Cyt c cytochrome c
o-DCB o-dichlorobenzene
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DIPEA N,N-diisopropylethylamine
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MOS metal oxide silicon 
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RAM random access memory
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STM scanning tunneling microscopy
SWCNT single-walled carbon nanotube
TD triple-decker
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THF tetrahydrofuran
TPP tetraphenylporphyrin
Tyr tyrosine
UV ultraviolet
vis visible
VdW van der Waals
XPS X-ray photoelectron spectroscopy

I. Introduction

For several decades chemists have invented methods for grafting porphyrins and
phthalocyanines onto the surfaces of organic or inorganic solids using strong
covalent bonds, with the view of designing novel materials such as supported
homogeneous catalysts or chemically modified electrodes. In a related field, basic
studies on the transfer of electrons between an electrical conductor and a surface-
anchored molecule, and on the effect of light on this process, have induced the
development of chemical methods for anchoring species such as metallopor-
phyrins on gold and other metal electrodes. Concurrent to these investigations,
potential applications in the fields of photoinduced electron transfer, bio-
mimetic models of the photosynthetic special pair, and photovoltaic cells have
been proposed.

The need for ultimate miniaturization in microelectronics, combined with the
emergence of molecular electronics, have led to the idea of coupling redox-active
molecules, such as porphyrins and phthalocyanines, to the surface of silicon and
to carbon nanotubes, with the view of designing novel devices with improved per-
formance such as OLEDs, transistors, and memories. With the continuous increase
in the density of silicon-based electronic devices (the Moore law), the process
scaling in semiconductor technology will soon reach physical and technical limits
preventing miniaturization below about 10 nm. Molecular electronics seeks to
bring an answer to that problem by implementing new technologies in which one
or a few molecules will function as switches, connections, and other logic or
memory devices.1

With these considerations in mind, in this chapter we review the current meth-
ods used for anchoring porphyrins and phthalocyanines to the surface of conduc-
tors and semiconductors that are of current or potential use in microelectronics
technology. This review successively addresses the functionalization of gold, sili-
con, carbon nanotubes, and oxide surfaces. For each material the basic chemical
reactions of common use are first summarized. This overview of the field is fol-
lowed by a collection of concise reports that are meant to illustrate the current
state of the art. Even though the collection of examples is selective, the authors
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have tried to be exhaustive in their coverage of the literature and in the list of
references. Inclusion of experimental details in some examples has been made
when these were deemed pertinent. A short final section summarizes a few inno-
vative technologies and concepts in hybrid silicon/molecular electronics. The
authors hope that this concise review may help the emergence of novel ideas and
processes combining molecular chemistry and microelectronics.

II. Surface Functionalization of Gold

A. Overview

Sulfur has a strong affinity for gold. The spontaneous adsorption of sulfur-
containing compounds on gold affords self-assembled monolayers (SAMs) that
are well organized and homogeneous,2 and it provides an efficient method for inte-
grating molecules to electronic components. The modified Au surfaces are ideally
suited to basic studies of molecular packing and orientation, surface-molecule
coupling or charge-transfer.3

Bonding probably involves a (RS−)–Au(I) species obtained by oxidative addi-
tion of the S–H bond to Au(0). One of the most commonly used techniques to gen-
erate this Au–S bond is to expose the gold surface to a thiol (B in Scheme 1).2–4

Disulfide compounds (C and E in Scheme 1) are also used. The C type yields a
SAM similar to that obtained with a thiol, but the E type yields a SAM with two
Au–S bonds as anchors, which confers a more robust surface-bound system.
During SAM formation thiol molecules can be oxidized to disulfides but also to
other species. In order to avoid the formation of these parasitic derivatives other
types of sulfur-containing species have been investigated, such as thioacetate and
thiocyanates (A and D in Scheme 1). Metalloporphyrins and phthalocyanines have
been immobilized on Au using thiol, disulfide or thioacetate derivatives. The thio-
cyanate route has been worked out to provide an alternative to harsh deprotection
conditions that are not always compatible with molecular endurance.5,6 To our
knowledge this chemistry has not yet been tested on pyrrolic macrocycles.

To form a dense and well-ordered SAM experimental parameters such as reac-
tion time, temperature, thiol concentration, and substrate roughness have to be
taken into account. The grafting process can be divided into two steps: a fast ini-
tial adsorption (Scheme 2, left) and a subsequent slow reorganization (Scheme 2,
right).4,7 The initial step can be compared to a diffusion-controlled Langmuir
adsorption. The thiol concentration has a strong impact, and a concentration in the
mM range is commonly used in order for this step to be completed in minutes. The
kinetics also depends on the reactivity of the thiol molecule, i.e. on the electron
density on sulfur. The following step is a “packing step”: the molecules develop
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inter-molecular interactions (VdW, π–π stacking, dipole–dipole, etc.) leading to a
well-packed and ordered monolayer. This step can require hours to be completed.8

A generally successful method is to dip a clean Au substrate in an ethanol solution
of thiol at a mM concentration- for ∼10–20 hours at room temperature.

Optimal surface coverage and ordering of the SAM result from maximized
attractive lateral interactions between thiol molecules, and these interactions can
be restricted by steric crowding leading to lower SAM quality. In order to obtain
a good quality SAM with specifically chosen molecular units protruding from the
surface, a sequential grafting can be performed, or the diluent technique can be
used. For the first method a spacer thiol is immobilized and in a subsequent step
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the molecule of interest is coupled to this spacer ad-layer (Scheme 3d). The
molecules will therefore react within the limits of their coulombic repulsion and
steric crowding. The diluent technique involves the co-adsorption of the mole-
cule of interest along with an alkylthiol that should be co-immobilized on the
surface (Scheme 3c).9 This co-adsorption can sometimes lead to monolayers with
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nonreproducible properties, resulting from segregation into islands of the different
thiol compounds. To avoid such problems a post-adsorption of the diluent thiol is
sometimes performed (Scheme 3b). In such cases the monolayer interstices are filled
by the diluent forming a tighter monolayer that displays the expected properties.

Sequential grafting has been investigated for a variety of compounds. Spacer
molecules bearing terminal amine or carboxylic acid functions have been immobi-
lized on Au and further reacted with carboxylic acid or alcohol and amine derivatives
to yield an ester or amide coupling link between the spacer and the compound of
interest. In the case of pyrrolic macrocycles, such ester and amide coupling links
are less common, and spacers bearing terminal end groups that are able to coordi-
nate to the metal center have been used. In such cases the coupling link is a coor-
dination bond (Scheme 4a). Another method involves the immobilization of a
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spacer bearing a terminal azide function that is able to undergo click-coupling via
1,3-Huisgen cycloaddition with a macrocycle possessing a C–C triple bond. The
coupling link obtained is a triazole (Scheme 4b).

B. Selected Examples 

1. Direct Immobilization of the Macrocycle

a. TPP derivatives

Tetraphenylporphyrin (TPP) derivatives such as (1) and (2) have been immobi-
lized on Au via the use of a thiol substituent (Figure 1).10 These porphyrins are
obtained from an aldehyde bearing a protected thiol function. Metalation is
accomplished prior to the alkaline deprotection step, but in some cases metal
insertion can be performed post-assembly.11 The SAM is obtained by dipping
the gold substrate in a chloroform solution of the thiol at a concentration
around 1 µM.

This method has been used to study the charge-transfer between the TPP
derivative and the Au surface through the SAM.12 Modification of the surface has
been evidenced by measuring the contact angle of water for a bare gold surface
and a functionalized surface (Figure 2). The modified surface is more hydropho-
bic as the measured contact angle is larger.

Disulfide porphyrin derivatives have been prepared to allow their subsequent
immobilization on Au.13 Here the porphyrin SAM was prepared by dipping the
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gold electrode in a porphyrin solution (50 mM in chloroform) for 12 hours at room
temperature. The SAM was characterized electrochemically giving access to the sur-
face coverage in redox compound. A coverage of 150 pmol.cm−2 was reached for a
Mn porphyrin monolayer, and the surface concentration for porphyrin rings oriented
perpendicular is estimated to be 330 pmol.cm−2, and that of porphyrins oriented flat
to be 70 pmol.cm−2. Thus a tilted orientation of the porphyrins was proposed.

Several studies illustrate the diluent co-adsorption procedure for the formation
of a packed monolayer (Figure 3).14–17
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Figure 2. Top: schematic view of a porphyrin thiol SAM on gold. Bottom: Images of the contact
angles of a H2O drop on (a) a bare gold surface, and (b) on a TPP SAM. (Adapted from Ref. 12.)

N

NH N

HN

Ar

Ar

Ar

S (CH2)11 CONH

S (CH2)11
CH3

S (CH3)11 CH3

Au

Figure 3. Schematic view of a SAM resulting from the diluent co-adsorption procedure on
a gold nanocluster.
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Tripyridylporphyrins such as (3) (Figure 4) have been immobilized on Au via
a phenylthiol anchoring group.18 In this case the diluent SAM was prepared first,
and the thiol macrocycle was then adsorbed in the remaining molecular interstices.
The Au film was dipped in a 1 mM solution of diluent (n-dodecanethiol) dissolved
in ethanol for 24 hours. After copious rinsing with ethanol, the functionalized sur-
face was soaked for 5 days in a 0.5 mM solution of porphyrin thiol dissolved in
dichloromethane. This step is longer in order to increase the chances of filling the
holes with the porphyrin compound. STM analysis showed that this interchange
of the immobilization steps leads to deposition of single porphyrins, or of assem-
blies of 3 to 5 porphyrins, at the edges of the diluent SAM defects. The resulting
SAM is able in principle to coordinate and assemble additional porphyrin layers.

The thiol anchoring group is often protected in order to avoid side reactions
or decomposition during macrocycle synthesis, and also to prevent possible coor-
dination of the thiol to the metal center. Studies have been conducted on various
protecting groups [S-cyano, S-(N-ethylcarbamoyl), S-acetyl, S-(9-anthrylmethyl),
S-(2,4-dinitrophenyl), S-pivaloyl] and showed that most of them survive por-
phyrin formation and metalation with zinc.19 However only three groups, i.e. S-
cyano, S-(N-ethylcarbamoyl), and S-acetyl, can be cleaved in situ upon exposure
to Au thus allowing binding to this surface.

Deuteroporphyrin complexes (Co, Fe) such as (4) (Figure 5) bearing a disul-
fide anchoring substituent linking two adjacent β positions have been immobilized
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on Au, leading to two S–Au bonds per porphyrin complex.20 The SAM was
formed by simply immersing the Au sample in a 2 mM solution of porphyrin
derivative dissolved in ethanol for 24 hours at 4 °C. Ellipsometry and cyclic
voltammetry studies confirmed the immobilization of the porphyrin on the surface
and suggested that the SAM formed is robust. These SAMs have been used for
catalytic electrochemical reduction of O2 to H2O2 or H2O.

b. Modulation of the linker between the surface and the macrocycle

Electrochemical studies of various porphyrin SAMs obtained with different spacer
lengths suggested that the surface concentration of electroactive species is higher
when a longer spacer is used.13,14 This points to a higher stability of the SAM with
long chains that develop more important lateral interactions than those with short
chains. It was also observed that the electron-transfer rate decreases with increas-
ing surface coverage and with increasing distance between the redox centre and
the surface.

Bocian, Lindsey and coworkers have conducted an extensive study of the
effects of linker length and nature (conjugated or not) using a large library of
porphyrin compounds immobilized on Au (Figure 6).21
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Figure 6. Various porphyrin-linker-thiol derivatives investigated for molecular-based information
storage. (Adapted from Ref. 21.)
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To perform these studies a specific 75-micron wide Au band substrate was pre-
pared via e-beam evaporation on a glass slide covered with Cr. A 3 mm deep PDMS
well was deposited on the Au band. Then the SAM was formed on the Au area at
the bottom of the well by filling it with a 1 mM solution of porphyrin in absolute
ethanol at room temperature for 30 minutes. Using this experimental setup the rate
of electron-transfer (k°) for oxidation and the rate of charge dissipation τ1/2 (i.e. the
charge retention half-time once the potential is switched off ) were determined by
electrochemical measurements.22 Overall the k° values for most of these SAMs lie
in the 104 to 105 s−1 range. Among the methylene containing linker SAMs, it was
shown that the longer the alkyl chain, the slower will be the electron-transfer.
Moreover the k° values are higher for fully conjugated than for aliphatic linkers.
For the fully conjugated linkers, adding a phenyl ring between the macrocycle and
the C–C triple bond decreases the value of k°. This is presumably due to a loss of
conjugation between the macrocycle and the perpendicular phenyl substituent. The
fastest electron transfer is obtained when the meso position is directly linked to the
C–C triple bond of a conjugated linker. For a conjugated linker, an additional meth-
ylene group next to the sulfur anchor results in slower electron transfer, due to the
breaking of the conjugation. The charge dissipation remains on average six times
slower than the electron transfer. Opposite trends are observed for the rates of elec-
tron transfer and charge dissipation: if charge-transfer is fast, the charge retention
time will be low, and vice versa. When a long aliphatic linker is used, the resulting
SAMs exhibit the highest charge retention time. Both parameters decrease with
increasing surface coverage. This was explained by hampered solvent/counterions
diffusion and space-charge effects. For each linker used a different surface cover-
age was reached (surface crowding, tilt angle, molecular orientation) so this inter-
dependence between surface coverage and k° or τ1/2 can screen the linker effect.

The influence of the electron abstraction site (metal center for Fe–P, or porphyrin
ring for Zn–P) has been studied (Figure 7).23 For ring-centered electron-transfer
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Figure 7. Schematic view of (left) metal-centered and (right) ring-centered electron transfer
in porphyrin monolayers on gold. (Adapted from Ref. 23.)
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the value of k0 is 10 to 40 times higher than for the metal-centered case. This has
been assigned to the delocalized nature of the molecular orbitals involved and to
their proximity to the surface, compared to a d-orbital localized on the metal center.

c. Multi-linkage between the surface and the macrocycle

i. Two or four S containing meso substituents

Varying the number of anchoring groups has been investigated as a potential
means of controlling the macrocycle orientation (parallel or perpendicular) relative
to the Au surface, as well as the electron transfer rate (Figure 8).24–29

ii. Tripodal anchoring groups

A rigid aryl tripod based on a tris[4-(S-acetylthiomethyl)phenyl]-derivatized
methane was constructed on a tetraarylporphyrin (Figure 9), in order to enforce
perpendicular orientation of the macrocycle relative to the Au electrode.30 Tests
have been conducted on porphyrins, phthalocyanines, triple-decker (TD) and
ferrocene-porphyrin systems. Electrochemical responses recorded for the tripod
SAMs are more stable over time than when monopodal units are used. Therefore
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Figure 8. Schematic views of the expected SAM orientations of porphyrazines possessing
two or four anchoring units. (Adapted from Ref. 25.)
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these tripods lead to more robust SAMs with k° and τ1/2 parameters similar to
those observed for monopodal SAMs.31

d. Immobilization of complex porphyrin systems

Porphyrin-ferrocene conjugates with a thioacetate anchoring unit on the macrocycle
have been synthesized.32 On the resulting SAM the ferrocene unit is positioned away
from the gold surface, and the distance between the macrocycle and the ferrocene
unit can be tuned by modifying the nature of the linker (Figure 10a). In related sys-
tems the ferrocene units are positioned on both sides of the macrocycle (Figure 10b).
Electrochemical studies confirmed SAM formation on Au and they showed three
oxidation waves: one for the ferrocene unit and two for the porphyrin core. These
systems give access to larger numbers of redox states and various values of k°/τ1/2

parameters that could be interesting for the design of molecular memory devices.
In similar systems such as (6) and (7) (Figure 11), a redox unit such as

ferrocene33 or a quinone34 is placed between the porphyrin core and the surface,
giving well-packed SAMs with high surface coverage which exhibit interesting
photoinduced electron transfer properties.

In a search of good molecular candidates for multibit information storage,
molecules with multiple redox states have been prepared, such as linear porphyrin
dimers (8) (Figure 12), trimers35,36 and triple-deckers.37,38 SAM formation on Au
was successful. For the porphyrin dimer SAMs the oxidation potentials are suffi-
ciently resolved to identify individual states, whereas for trimers the waves over-
lap. Moreover the meso–meso linkage is not really stable upon oxidation of the
porphyrin macrocycle. Other studies have been conducted with a linker added
between the two porphyrins.36

Triple-decker (TD) systems such as (9) in which two Eu centers are
sandwiched between three porphyrins and/or phthalocyanines (Figure 13) have
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Figure 9. Substitution by a tripod is expected to allow anchoring of the porphyrin redox-
active unit in upright position on gold. (Adapted from Ref. 31.)
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Figure 10. Structures of porphyrin-ferrocene conjugates synthesized for multibit information
storage. (Adapted from Ref. 32.)
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Figure 11. Porphyrin-ferrocene and -quinone conjugates used in photoinduced electron
transfer studies.
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been synthesized.37,38 A thioacetate anchoring unit is placed on the porphyrin of
the TD.

A “pacman” structure (10) composed of two co-facial porphyrins linked by
their available meso position with an aromatic bridge has been immobilized on Au
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Figure 12. Structure of a linear porphyrin dimer synthesized for multibit information storage.
(Adapted from Ref. 35.)

Figure 13. Structure of a typical triple-decker complex that has been immobilized on Au.
(Adapted from Ref. 37.)
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(Figure 14).39 On this structure only one of the two porphyrins bear three thiol
anchoring functions in order to immobilize the structure parallel to the Au surface.

Ferrocene-porphyrin-fullerene conjugates with a thiol function such as (11)
have been prepared (Figure 15) in a study dedicated to the understanding of pho-
tosynthetic energy and electron transfer on a gold surface.40 Mixed SAMs of such
system and boron-dipyrrin have been obtained by dipping the gold substrate in a
10 µM solution of both systems in various molar ratios and dissolved in CH2Cl2

for about 20 hours. Electrochemical and photochemical studies showed that a
cascade of photoinduced energy transfer and multistep electron transfer takes
place giving rise to photocurrent output with a high quantum yield (50 ± 8%).
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Figure 14. A thiolated bis(cobalt) cofacial diporphyrin used as a catalyst for the electro-
chemical reduction of dioxygen. It is a 4-electron reduction catalyst producing water when
adsorbed on graphite. When chemisorbed on a gold electrode surface, the same catalyst
exhibits the activity of only a two-electron catalyst, producing hydrogen peroxide. (Adapted
from Ref. 39.)

Figure 15. Structure of a ferrocene-porphyrin-fullerene triad used as a SAM on gold for light
harvesting and photocurrent generation by gold electrodes. (Adapted from Ref. 40.)
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2. Sequential Immobilization of the Macrocycle

Sequential grafting allows the benefit of a well-packed and ordered underlayer to
be combined with the presence of sterically crowded species such as porphyrin
macrocycles.

a. Coordination bond coupling

An appealing procedure is the immobilization of a bi-functional spacer possessing
a terminal end group such as a pyridine or imidazole that can act as a ligand of the
metalloporphyrin compound, or that can be transformed into a potential ligand
(Figure 16).41 Co-immobilization of a diluent thiol is required to accommodate
the bulky macrocyclic species on the Au surface. Two distinct methods, labelled
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Figure 16. Modular formation on gold of monolayer assemblies containing axially ligated
metalloporphyrins. (Adapted from Ref. 41.)
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(a) and (b) in Figure 16, have been used to form a RuTPP SAM. To ease the chem-
ical process the diluent is chosen so as to be slightly shorter than the bi-functional
spacer to give access to the reactive function. The monolayers formed are quite
stable. Both the Ru and macrocycle oxidation waves are visible in the cyclic
voltammogram. Such procedures could be used for the growth of an array of
different layers of metalloporphyrins.42

Various TPP and OEP derivatives have been similarly immobilized on Au
using a pre-assembled pyridine SAM.43,44

The axial ligation immobilization technique has been used to form a SAM of
a Co “picket fence” porphyrin (Figure 17).45 The spacer used exhibits an imida-
zole end group that can coordinate to the metal center of the porphyrin. Cyclic
voltammetry studies indicated good cycling stability.

Phosphorous TPP derivatives have been immobilized using a related method
but the coordination to the thiol spacer via its terminal alcohol function was
performed prior to SAM formation (Figure 18).46

b. Click coupling

The Huisgen 1,3-cycloaddition also known as the “click” reaction is a convenient and
high-yielding process now used in numerous fields of chemistry and materials
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Figure 17. Self-assembled monolayers of 1-(10-mercaptodecyl)imidazole on gold electrodes
used to bind cobalt “picket fence” porphyrin to the electrode surface. The binding involves
coordination of the cobalt(III) center of the porphyrin to the pendant imidazole groups in the
monolayer coating. (Adapted from Ref. 45.)
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design.47,48 It is also used to immobilize various species,49–53 such as pyrrolic
macrocycles on Au by sequential grafting. A Cu(I)-catalyzed click reaction was
used to immobilize ferrocene and also porphyrins on Au (Figure 19).9,54 In the first
step a diluent and a bi-functional spacer — bearing a N3 terminal end group —
were co-adsorbed on the electrode surface. Each azide group then reacted with an
acetylenic porphyrin derivative in the steric limit. Chidsey and coworkers investi-
gated the impact of the resulting triazole linkage on the electron transfer between
the surface and redox center. They showed that this linkage has the same elec-
tronic behaviour as an ester group. The electron transfer rate can be tuned by vary-
ing the nature and the length of the spacer. This prototypical N3-functionalized
surface seems to be a very interesting scaffold for the immobilization of por-
phyrins and other compounds on Au, and it has been adapted to other surfaces.
Moreover, the electrochemically controlled reduction of the Cu(II) catalyst gives
access to site selective functionalization.55,56

In a landmark study cytochrome c oxidase (CcO) models have been immobi-
lized on Au using the same click procedure (Figure 20).57,58 The CcO model repro-
duces the coordination environment and relative locations of Fea3, CuB, and Tyr244.
Various control experiments were performed by immobilizing models without the
Cu centre or without the phenol which mimicks the Tyr group. By tuning the
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Figure 18. SAM formation on gold by a phosphorus TPP derivative via coordination of a
thiol-containing axial ligand. (Adapted from Ref. 46.)
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spacer/diluent length and nature, the slow electron transfer occurring in the
enzyme could be mimicked, and its significance in the efficiency of the four-
electron reduction of O2 catalyzed by CcO was delineated.

III. Surface Functionalization of Silicon

A. Overview

For molecular electronics the most appealing substrate is silicon as it has been
used in the industry for years and because Si–O (∼108 kcal.mol−1) or Si–C
(∼76 kcal.mol−1) bonds are stronger than the Au–S bond (∼45 kcal.mol−1).59 The
most commonly used techniques for silicon surface modification are the hydrosi-
lylation reaction60,61 and the grafting of aryldiazonium species62 leading to Si–C
surface bonds (Figure 21c–e). Another technique that has been used for porphyrin
immobilization is the surface substitution reaction with hydroxyl anchoring units
leading to Si–O surface bonds (Figure 21a).59,63,64
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Figure 19. Scheme depicting the formation on gold electrodes of mixed monolayers cou-
pled to redox species via Cu(I)-catalyzed azide-acetylene cycloaddition. The modular nature
of the approach facilitates studies by allowing the diluent thiol, the nature of the tunneling
bridge, X, and the redox species, R, to be independently varied. (Adapted from Ref. 56.)
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Alcohols can be immobilized on a Si substrate after an appropriate surface
treatment63,64: hydrogenation by HF and/or halogenation by Cl2 or PCl5. The sub-
stitution reaction is often a “neat-grafting” procedure performed without any sol-
vent or additional chemical. Thus liquid compounds are good candidates or else
highly concentrated solutions (∼ 0.1 M) are required. A reaction time of about
14 hours and a temperature of ∼ 60–70 °C are necessary to obtain a good quality
monolayer. This reaction has also been used to immobilize alcohols on porous
Si.65 This Si–O linkage can also be obtained by reaction of an aldehyde with the
hydrogenated silicon surface,66 which can be photoinitiated. To our knowledge
this technique has been used to immobilize ferrocene67 but not metalloporphyrins
or phthalocyanines.

These procedures are useful but it seems that the Si–O bond is less stable than
the Si–C bond when it comes to ageing and chemical resistance.68 So in a number
of studies the carbosilane linkage has been favoured. This linkage can be obtained
by two methods: hydrosilylation or aryldiazonium addition. In the first method,
the reagents are the hydrogenated Si surface and a compound bearing an unsatu-
ration. The reaction is known to proceed through a radical mechanism (Figure 22).
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Figure 20. A functional model of cytochrome c oxidase active site covalently attached onto
self-assembled monolayer-coated gold electrodes. When the electron transfer rate was made
rate limiting via a slow SAM (left), both copper and phenol were required to enhance selec-
tive reduction of oxygen to water. (Adapted from Ref. 57.)
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Si-centered. radicals are formed upon cleavage of Si–H dangling bonds. A Si
radical abstracts an H from the unsaturated molecule leading to a C• radical and a
Si–C bond. In turn this C• abstracts an H from an adjacent surface Si–H group
leaving another surface radical that will then propagate the reaction. The radical
initiation can be obtained by electrochemical, chemical, thermal or by photo-
chemical methods.

Figure 23 depicts the hydrosilylation of a C–C triple bond. In that case, differ-
ent linkage types can be obtained: either the unsaturated site reacts with the adjacent
Si–H site creating a cyclic linkage, or it does not react further and only abstracts an
H from the adjacent Si–H site. This linkage diversity is hard to characterize.
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Figure 21. Methods used for anchoring porphyrin and phthalocyanine macrocycles on silicon
by (a, b) Si–O or (c–e) Si–C bonds.
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The nature of the Si atomic plane has a strong impact on the type of Si–C
bond, its tilt angles, and surface coverage. The Si–H site on Si(100) is a dihydride
species with a Si–H bond angle of ∼45° which is somewhat maintained in the
resulting Si–C bond. The tilt angle also depends on the nature and volume of the
immobilized molecule. In contrast, the Si–H site on Si(111) is a monohydride so
the resulting alkyl chains are much less tilted, and higher surface coverage can be
reached with this substrate.

Prior to surface grafting, the Si sample is dipped in an acidic fluoride solution
in order to etch the SiO2 layer and leave a Si–H reactive surface. For Si(100) HF
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solutions (10%) are commonly used, whereas for Si(111) NH4F solutions are nec-
essary. Such hydrogenated surfaces can be easily re-oxidized if left in air; thus
most reactions are performed under inert atmosphere in Schlenk-like apparatus or
in a glove box. The experimental conditions of the hydrosilylation reaction depend
on the starting material. If it is a liquid available in large quantities a “neat-grafting”
procedure is performed: the substrate is covered with a small volume of compound
and heated above 110 °C. For photochemical initiation a drop of compound is
placed on the substrate. If the starting material is a solid, or if it is available in
small quantities, it is dissolved in a high-boiling solvent like mesitylene or xylene.
The substrate is dipped in the solution and the temperature is raised above 110 °C.

The second method leading to Si–C bonding is the aryldiazonium reaction
with reductive Si–H surface.62 This reaction involves an aryldiazonium salt that is
reduced chemically or electrochemically to an aryl radical that subsequently
abstracts an hydrogen atom from a Si–H site (Scheme 5). Once the aryl monolayer
is formed it can be attacked by aryl radicals in solution yielding multi-layers.
Tuning of the film thickness by controlling the applied current has been attempted.
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Scheme 5. Mechanism of the reaction of aryldiazonium salts with hydrogenated Si(100)
surface. (Adapted from Ref. 69.)
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The hydrated Si surface is very reductive, and the diazonium function can also be
spontaneously reduced by the Si surface, but in such cases only low thickness
films are obtained.

Another route to obtain surface generation of aryl radicals has been explored.
Replacement of sensitive aryldiazonium salts by stable aryldiethyltriazenes as
starting compounds has been successfully investigated (Scheme 6).69 This method
is appealing because the charged species is generated in situ.

B. Selected Examples

1. Si–O Bonding of the Macrocycle

Zn and free base TPP derivatives have been immobilized on Si(100) and Si(111)70

by reaction of a hydroxyl substituent with a pre-treated Si-I surface (Scheme 7).
Preliminary iodination was performed by exposing a hydrogenated Si(111) sam-
ple in a Schlenk-tube to a CH2Cl2 solution of I2 for 30 minutes at room tempera-
ture under N2. This Si sample was then transferred to a stoppered tube containing
a solution of 0.05–1 mM of porphyrin dissolved in THF for 2 hours at 373 K. XPS
and AFM characterization confirmed that the grafting was successful. The XPS
data showed that partial demetalation is observed.

Bocian, Lindsey and coworkers have studied porphyrins and triple-decker
structures possessing hydroxyl anchoring units (Figure 24).59,71 The usual room
temperature attachment of hydroxyl species onto a Si–H surface apparently did
not yield good quality SAMs. Increasing the temperature to 170 °C did not sig-
nificantly enhance monolayer quality. So another strategy was followed with the
periodical deposition of microdrops of porphyrin solution onto the heated Si–H
surface over 3 hours. More ordered SAMs were obtained but their quality was not
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Scheme 6. In situ generation of aryldiazonium salt from an aryldiethyltriazene.
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Scheme 7. Immobilization of hydroxyl containing porphyrins via iodination of the silicon
surface.

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 272



sufficient to record reproducible cyclic voltammetry data. Therefore the hydride
surface was first iodized by dipping a Si–H sample in a saturated solution of I2 in
anhydrous CHCl3. The macrocycle monolayer was obtained by placing on the Si–I
surface microdrops (ca. 2 µL) of porphyrins in benzonitrile (10 mM) containing
1% pyridine. This base catalyzes the surface reaction and traps the HI formed dur-
ing the reaction. One drop was deposited every 20 minutes over 3 hours while the
substrate was heated to 165 °C. This drop deposition coupled to the heat control
procedure yielded Si surfaces with the highest surface coverage. It was found that
the modulation of the deposition time or the co-adsorption of a diluent can have
an impact on the surface coverage. The success of the protocols was confirmed by
electrochemical analyses. The surface coverage reached for the porphyrin macro-
cycles was in the 10−11 mol.cm−2 range. Good values of the k° and τ1/2 were
obtained, similar to those obtained for modified Au surfaces, and they decrease
with increasing surface coverage.59

Thiol- and selenol-containing porphyrins have been immobilized as monolay-
ers on Si substrates via Si–S or Si–Se linkages.72 The immobilization technique is
adapted from the previously described baking procedure. The rate of electron
transfer through the corresponding porphyrin monolayers does not depend on the
nature of the group VI atom. The spacer nature and length have an impact on the
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Figure 24. A typical porphyrin species tethered on silicon through a Si–O bond. (Adapted
from Ref. 71.)
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orientation and surface coverage, which in turn affect the monolayer electronic
properties.

2. Si–C Bonding of the Macrocycle

a. Hydrosilylation reaction

Co and free base metalloporphyrins bearing four alkyne substituents have been
immobilized on Si(100) and Si(111).70 The immobilization was performed by
dipping the Si substrates in a 4 mM solution of macrocycle dissolved in THF, for
24 hours at 373 K. A base was added to avoid demetalation. SAM formation was
confirmed by XPS analysis. Tabulation of bonding energies (BE) for the porphyrin
N1s and C1s revealed differences for free base porphyrins and metalloporphyrins.
For free bases two values of ∆BE are found at 113 and 115 eV, consistent with two
electronically inequivalent nitrogen atoms. Upon complexation, the Ns become
equivalent and a single value is observed at 114 eV.

Two other hydrosilylation-related procedures (baking and sublimation) have
been proposed for solid porphyrin compounds that are temperature resistant but
unavailable in large quantities.61,73 These techniques require high temperatures
but only short reaction times (minutes). The porphyrin compound is placed on the
substrate as a drop of solution, and it is baked at 400 °C, or it is sublimed onto a
heated (400 °C) Si surface. In this case no solvent is required. Characterization
of surfaces obtained after both types of treatment revealed the formation of por-
phyrin SAMs, and the electroactivity of the film was confirmed. This procedure
is quite versatile as a variety of grafting substituents (ethynyl, vinyl, allyl, formyl,
hydroxyl, acetylthio, acetylseleno, bromomethyl, bromo and iodo) have been
tested, and good quality monolayers have been obtained. It seems that a poly-
merization is taking place on the surface and that covalent Si–C linkages are
formed.

Two porphyrin derivatives bearing multiple allyl substituents (Figure 25) have
been immobilized on Si via two anchoring units at two β-positions of the por-
phyrin core (12) or using a specific “tripodal” anchoring unit (13).61,74 In both
cases organosilane linkages are obtained. The tripod immobilization yielded
monolayers displaying quite high retention time for the first porphyrinic oxidation
state (ranging from 10 to 200 s depending on surface coverage). The baking pro-
cedure applied to the immobilization of these species can lead to high surface cov-
erages (10−11 mol.cm−2 to 2 × 10−10 mol.cm−2). It was suggested that the restricted
motion of the linker arm between the surface and the macrocycle can explain this
high coverage. The very robust and dense monolayers obtained with this compound
prompted Bocian, Lindsey and coworkers to use it as a “starting block” for the
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sequential immobilization of porphyrinic “multads” (13).75 These monolayers of
porphyrin oligomers allowed higher storage capacities to be reached (Figure 25).

b. Diazonium salt reaction

Syntheses of porphyrins bearing an aryldiethyltriazene unit such as (15) have been
performed and the resulting compounds were reacted with a Si surface (Figure 26a).76

With these functional groups the difficult isolation of the diazonium salt is
avoided. Immobilization was achieved by immersing the Si sample in a solution
of porphyrins dissolved in a 1% HF/CH3CN solution, which converted the
aryldiethyltriazene to an aryldiazonium species that in turn reacted in situ with the
Si–H surface. For compounds that are insoluble in this mixture, another method
has been devised. The Si surface was passivated with HF and then immersed in a
CH3CN solution containing the porphyrin and a small amount of HBF4 that gen-
erates the aryldiazonium salt. The concentration of the solution (0.1 to 0.5 mM)
and the immersion time (10 to 120 minutes) can be tuned to obtain samples with
various thicknesses. Smooth films of up to 80 nm can be conveniently obtained
(Figure 26b).
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Figure 25. Porphyrins bearing two anchoring units in β-positions (12), an allylic tripod unit
(13) and a “multad” immobilized on Si (14). (Adapted from Refs. 61, 74 and 75.)
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3. Sequential Grafting

Sequential grafting provides an efficient procedure for immobilization of sensitive
compounds on silicon.77 A robust bi-functional spacer is first immobilized using
one of the techniques described earlier, and the coupling to the molecule of inter-
est can then take place.

Cu, Co and Zn porphyrins have been immobilized on Si(100) and Si(111).70

Two different types of grafting have been tested: one with a pre-treated Si–I
surface and another with a pre-functionalized Si substrate bearing a chloromethyl
end group (Scheme 8).

Click-chemistry based grafting has also been adapted to Si surface modifica-
tion.78–83 This technique has been used to immobilize ferrocene and porphyrins on
Si(100).84,85 Delapierre and coworkers immobilized porphyrins bearing a single
C–C triple bond on a phenyl substituent onto a functionalized Si substrate with
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Figure 26. (a) Porphyrin bearing an aryldiethyltriazene substituent; (b) a SEM image of a film
with an ellipsometric thickness of about 20 nm obtained with in situ aryldiazonium conver-
sion conditions. (Adapted from Ref. 76.)
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Scheme 8. Sequential immobilization of porphyrin macrocycles on Si using a chlorinated
spacer.
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azide functional groups protruding from the surface.84 Immobilization takes place
in three steps (Scheme 9). Chloro-undecene is first anchored on the surface by dip-
ping the Si sample in a mesitylene solution (10% vol.) for 2 hours at reflux. The
second step is the substitution of the Cl atom by the N3 function by immersion of
the previously modified Si sample in a saturated solution of NaN3 in DMF at
80 °C for 18 hours under argon. The final step consists in dipping the sample for
24 hours at room temperature in a dichloromethane solution containing porphyrin
(1 mM) and CuI (0.1 mM) and DIPEA (1 mM) to catalyze the cycloaddition reac-
tion. Each functionalization step was monitored and confirmed by IR, ellipsome-
try and XPS. Electrochemical studies showed that tuning the linker length has an
impact on the electron-transfer rate between Si and the porphyrin, which is slower
with longer alkyl linkers.

This study has been extended to porphyrins bearing an azide substituent on a
β-position and a Si modified sample with C–C triple bond protruding from the
surface (Scheme 10).85 In the first step, the alkyne-containing compound is immo-
bilized on the Si–H substrate by dipping the hydrogenated sample in pure
nonadiyne for 12 hours at 140 °C. The presence on the IR spectra of the signal of
the alkyne unreacted unsaturation coupled with ellipsometric data show that only
one end of the nonadiyne has reacted with the surface. Then the modified surface
is coupled to the porphyrin by dipping the Si sample in a dry DMF solution of
porphyrin also containing CuSO4 and ascorbic acid to catalyze the cycloaddition
reaction. AFM, ellipsometry, XPS and electrochemical studies showed that the
monolayer formation via β-linking was successful. The surface coverage obtained
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was 6 × 10−11 mol.cm−2. No demetalation of the porphyrin was observed. It is
noteworthy that the XPS signature of the triazole ring is very specific and can be
used to confirm the surface cycloaddition reaction.

IV. Functionalization of Carbon Nanotubes and Surfaces

A. Overview

Carbon nanotubes (CNT) have been investigated as basic building blocks for elec-
tronic or photovoltaic devices. Their coupling to molecular species should allow
the tuning of the properties of the resulting assembly and therefore lead to appli-
cations.86 Porphyrins and phthalocyanines are among the molecules that have been
immobilized on these substrates.87 The anticipated applications lie mainly in the
design of photoactive materials. The use of these hybrid systems in the electro-
catalysis of reactions such as oxygen and hydrogen peroxide reduction, nitric
oxide oxidation, oxidation of thiols and other pollutants has also been proposed.88

A few molecular electronics applications have also been put forward.
Two different immobilization approaches, covalent89,90 and noncovalent, have

been suggested. Among the covalent procedures,91 the most commonly used to
modify CNTs with pyrrolic macrocycles are (Scheme 11): (1) amide or ester for-
mation with the pending CO2H functions, (2) reaction of aryldiazonium species
with the CNT π-conjugated network,92 and (3) 1,3-cycloaddition between an
azomethine ylide and the CNT π-conjugated network (Prato reaction), yielding a
pyrrolidine (Scheme 12).89 In some cases, the macrocycle is immobilized in more
than one step. The CNT surface is first decorated with a spacer using the aryldia-
zonium or the 1,3-cycloaddition reactions. In the following step the terminal end
group of the spacer is reacted with the corresponding function on the macrocycle.
Here again this coupling between the macrocycle and the spacer often uses an ester
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Scheme 10. Immobilization of a nickel tetraphenylporphyrin complex on Si by successive
hydrosilylation, substitution and click cycloaddition on a β pyrrole position. (Adapted from
Ref. 85.)
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or amide coupling link. But this link can also be a triazole when the spacer bears a
C–C triple bond end group and the macrocycle possesses an azide function.

CNTs are very sensitive to surface perturbation, and covalent grafting is not
always the chosen technique as it can lead to an important change of the CNT
properties. Alternatively a molecule — most often a functionalized pyrene — is
chosen to interact with the CNT by π–π interactions. This noncovalent linkage is
called the pyrene linkage. A second set of intermolecular interactions is used in
order to immobilize the macrocycle on the decorated CNT (Figure 27). Pyrene and
macrocycle units have been synthesized so as to possess two complementary func-
tions that are able to “recognize” each other. The intermolecular interactions that
could be used are numerous, and they include hydrogen bonding, coordination
bonding, electrostatic interactions, etc. Sometimes the assembly is strengthened
by using more than one type of interactions.

47/Porphyrins on Conductors and Semiconductors for Hybrid Electronics 279

Scheme 11. Methods used for anchoring porphyrin and phthalocyanine macrocycles on
carbon nanotubes by (a–d) direct and (e, f ) sequential immobilization.
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Scheme 12. Reaction of an azomethine ylide with the CNT backbone.
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In the following section a few selected examples of phthalocyanines or
porphyrins immobilized on CNT using one of these techniques are presented.
Graphene and diamond substrates will also be briefly mentioned as the anchoring
chemistry involved is very similar.

B. Selected Examples

1. Covalent Linkage Between CNT and Macrocycle

a. Amide linkage with oxidized CNT

Phthalocyanines have been coupled to CNTs to study the optical properties of the
assembly.93 After a purification step the single walled CNT (SWCNT) is oxidized in
concentrated H2SO4/HNO3 mixtures in order to produce carboxylic acid functions on
the edges and on the defect sites of the CNT sidewalls. These functions were converted
into acid chloride after reflux in SOCl2. In parallel an aminophthalocyanine derivative
was synthesized. This compound also bears hydrophobic groups to enhance the solu-
bility of the final system. An amide formation reaction is then conducted between the
Pc derivative and the acid chloride functionalized SWCNT in toluene in the presence
of NEt3. Due to poor solubility the system could not be characterized by NMR, how-
ever the UV-vis spectra of a dispersion of these species in CHCl3 showed the broad
absorption of the Pc core Q-bands. These bands are shifted towards the red indicating
an electronic interaction with the SWCNT. Comparative IR analyses of KBr disks con-
taining only CNT, Pc and the Pc-SWCNT system also confirmed the surface modifi-
cation of the CNT. Electron-transfer processes within the system have been studied.

b. Ester linkage with oxidized CNT

Porphyrins have been covalently immobilized on CNT using an ester linkage.94

Hydroxylated TPP derivatives were reacted with the pendant carboxylic functions of
oxidized CNT. TPP derivatives possessing three hydrophobic C16 substituents and
two linker lengths — between the OH group and the phenyl substituent — have been
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Figure 27. Noncovalent CNT surface modification involving pyrene interaction.
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tested. In this case, the ester formation was a solvent-free reaction: both CNT and por-
phyrin were put in contact in the solid state and stirred vigorously at 105 °C under N2

for 24 hours. After a specific cleaning procedure, the systems were characterized by
1H NMR and FTIR spectroscopies. The systems are soluble and the 1H NMR spectra
show the porphyrin signals with broader peaks that are consistent with the reduced
mobility of immobilized species. In the IR spectra recorded in solution the signal of
the C=O stretch of the ester linkage is clearly visible at 1734 cm−1 and 1730 cm−1.
TEM images showed CNT encapsulated by soft material that can be correlated to the
porphyrin layer. The UV-vis and fluorescence data showed the predominant influence
of the porphyrin properties, but the quantum yield analysis revealed the impact of the
coupling between the molecules and the CNT, as the fluorescence quantum yield is
reduced by 70% compared with the isolated porphyrin. This decrease can be
explained by the intramolecular fluorescence quenching associated to the photoin-
duced electron transfer from the porphyrin to the nanotube. It was suggested that the
linker length could have an impact on the molecular orientation at the nanotube sur-
face leading to electron transfer modification. For a short linker no fluorescence
quenching was observed. These results pave the way to the design of new nanomet-
ric photoactive material that could compete with dye-functionalized nanoparticles.

In a related procedure,95 the acid chloride functions generated on CNTs were
reacted with the hydroxylated porphyrin in toluene in presence of NEt3 at 100 °C
for 24 hours. FTIR analysis showed the presence of porphyrins on the nanotubes
(Figure 28). The Soret band of the porphyrins around 450 nm was observed on the UV-
vis spectra. For SWCNT even the Q bands were visible whereas for the multi-walled
CNT (MWCNT) the absorption of the nanowire predominates and masks them. Upon
excitation at 550 nm, the spectra recorded for a solution of porphyrin-nanowire sys-
tem shows a ∼95–100% quenching of the emission bands at 650 and 725 nm. This
observation also suggests an intra-system electron-transfer process in this case.

c. C–C Bond linkage between CNT and macrocycle

i. Direct immobilization

The following example involves the immobilization of porphyrins on CNT using
aryldiazonium chemistry and the formation of a C–C bond between the macrocy-
cle and the nanowire.96 For this surface modification procedure, prior oxidation of
the CNT is not required. The purified SWNT are sonicated in o-dichlorobenzene
(ODB) for 4 hours and an amino-TPP solution in acetonitrile is added. Then
the reducing agent — isoamylnitrite — is added to the mixture that is stirred in
the dark at 70 °C for 48 hours. Reduction of the in situ generated diazonium salt,
followed by N2 release, generates an aryl radical that reacts readily with the SWNT
surface (Scheme 13) over a period of 48 hours. The final system was washed in
DMF. The functionalization was confirmed by FTIR and UV-vis analysis.
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Thermogravimetric analysis showed that the porphyrin surface coverage is higher
than 28%. UV-visible and fluorescence analyses showed that there is an important
charge transfer between the molecule and the nanotube by a rapid through-bond
mechanism: the Soret band is shifted and fluorescence is quenched by 97%.

The effect of the chemical link between the nanotube and porphyrins has been
investigated by comparing the optical properties of assemblies obtained by ester
formation, amide formation and diazonium salt reaction (Figure 29).97 Upon exci-
tation of the porphyrin at the Soret wavelength, an important fluorescence quench-
ing is observed: for the C–C linker and TPP-SWNT system a 97% quenching is
recorded for the fluorescence emission at 651 nm and 717 nm. For the amide
linker and TPP-SWNT system a 25% quenching is observed. For the even shorter
ester axial linkage almost no fluorescence quenching occurs. The length of the
linker has a similar impact on the system properties. It is interesting to note that
this aryldiazonium reaction takes place between an aminoporphyrin derivative and
a CNT, whereas a Si surface is inert under the same conditions.76
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electron transfer. (Adapted from Ref. 95.)

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 282



ii. Click coupling

Phthalocyanine compounds have been immobilized on SWCNT using a method
based on the high yielding and mild click-chemistry cycloaddition described in the
preceding sections.98–101 In a typical study,102 a C–C bond linkage is first formed
between the CNT and the spacer, and in a subsequent step a triazole coupling link
is produced between the spacer end group and a phthalocyanine. The chosen
anchor molecule — 4-(trimethylsilyl)ethynylaniline — is converted into a diazo-
nium salt and then linked to the SWCNTs. The alkyne substituent is then depro-
tected and reacted with an azide-functionalized phthalocyanine (Figure 30).

The click reaction was performed in NMP at 70 °C for 48 hours in presence
of CuSO4 and sodium ascorbate. A polar solvent such as NMP was used to
enhance the rate and yield of the reaction and to allow the solubilization of the
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Figure 29. Porphyrin immobilization on SWNT via (left) a C–C bond linkage, (middle) an
amide linkage and (right) an ester linkage. (Adapted from Ref. 97.)

Figure 30. Phthalocyanine immobilization on SWNT via a click-chemistry based procedure.
(Adapted from Ref. 102.)
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phthalocyanines. It was shown that metallic nanotubes display higher surface cov-
erage, which was explained by the higher reactivity of these substrates towards
aryldiazonium derivatives. Phthalocyanine immobilization was confirmed by UV-
vis and Raman spectroscopy, and by thermogravimetry. Photovoltaic properties
have been investigated using a photoelectrochemical cell. The system was
deposited on an ITO substrate. An electrolytic solution of 0.1 M Na3PO4 in pres-
ence of ascorbic acid (to avoid Pc photooxidation) was used along with a three
electrode set-up consisting of the ITO modified electrode, a Pt wire and a Ag/AgCl
electrode. The photocurrent yield reached values as high as 17%.

The 1,3-Huisgen cycloaddition has already been widely used to prepare den-
drimeric materials.103–105 Azido porphyrins106 have been immobilized on CNT using
anchoring dendrons designed to react by the Huisgen cycloaddition (Figure 31).107,108

The advantage of using a dendron is to increase the amount of porphyrin material
linked to the nanometric species while limiting the disruption of π-conjugation by
a large number of surface covalent bonds. 

d. Pyrrolidine linkage between CNT and a spacer unit

i. Amide coupling of the spacer to the macrocycle

The previously described procedures yielded poorly soluble or totally insoluble
systems. Another procedure leading to enhanced solubilities has been investi-
gated.109 This procedure had been used previously on nonpyrrolic macrocy-
cles.110 It is based on the Prato reaction, i.e. the 1,3-dipolar cycloaddition that
occurs between an azomethine ylide and the CNT yielding a pyrrolidine linkage
(Scheme 14). Immobilization of a spacer compound by a pyrrolidine linkage is
followed by amide coupling to a specifically synthesized Pc compound. In the
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Figure 31. Porphyrin immobilization on SWNT via a click-chemistry based procedure.
(Adapted from Ref. 107.)
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Scheme 14. Phthalocyanine immobilization on SWCNT by a Prato reaction and amide
formation. (Adapted from Ref. 109.)

first step, the SWNT are placed in a mixture of a N-protected aminoacid and
paraformaldehyde that react in situ to yield the reactive azomethine ylide. The
N-protecting group was cleaved by bubbling HCl in DMF. The Pc bearing an
acid carboxylic function was then reacted with the SWNT-NH3

+Cl− nanotube
modified system in the presence of N-(3-dimethylaminopropyl)-N′′-ethylcar-
bodiimide (EDC), 1-hydroxybenzotriazole (HOBt) in ethyldiisopropylamine.
Thermogravimetric analysis revealed a 43% Pc surface coverage. The system
solubility was sufficient to conduct photophysical studies. Absorption spectra
were recorded in THF, and immobilization was further confirmed by a small
emission band around 700 nm.

A similar grafting technique involving a pyrrolidine linkage between the CNT
and a dendrimeric anchor compound was performed and the system was further
reacted with a porphyrin derivative (Figure 32).108 The first anchor was immobilized

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 286



O O

N

N
H N

H
N

N

O

O NHR

NH

NHR

O

NH
O

N

HN

NH

RHN

NHR

O

O

O

O

N

NH

N

HN

N

O

O

NHR

H
NRHN

O
HN

O

N

NH

H
N

NHR

NHR

O

O

R =
N

NH N

HNO

t-But-Bu

t-Bu

t-Bu

t-But-Bu

Figure 32. Porphyrin immobilization on SWNT via a dendronic approach. (Adapted from
Ref. 108.)

using the procedure just described. Then the SWNT-NH3
+Cl− was reacted with

methyl acrylate in methanol for 3 days at 80 °C. After washing and filtration the
ester functions were reacted with ethylenediamine providing a dendron with two
terminal amines. To obtain the second generation dendron the previous one was
further reacted with methyl acrylate followed by another ester formation reaction
with ethylenediamine. Then the final four amines were coupled to TPP derivatives
possessing carboxylic acid functions. The overall method allowed an increase of
the surface coverage in the redox compound while limiting the π-conjugation sys-
tem disruption. AFM imaging showed that the diameter of the SWCNT increases
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upon porphyrin grafting. Thermogravimetric analysis indicated the presence of
two porphyrins per dendrimer. The photoactivity of the hybrid systems has been
studied.

ii. Ester coupling of the spacer to the macrocycle

The Prato reaction can also be used to immobilize phthalocyanines in one or two
steps (Scheme 15).111 For the first procedure a phthalocyanine aldehyde derivative
is required, whereas for the sequential grafting the pyrrolidine linkage is first
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Scheme 15. Phthalocyanine immobilization on CNT by single-step and two-step grafting
procedures. (Adapted from Ref. 111.)
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obtained and the acid carboxylic end group of the spacer is then reacted with the
hydroxyphthalocyanine. For the direct immobilization N-octylglycine and the
Pc aldehyde derivative are mixed in o-DCB at 130 °C for 5 days yielding the Pc-
functionalized SWNT. For the sequential grafting, the first step is the functional-
ization of the SWNT with a spacer bearing carboxylic acid functions. This
reaction is performed in o-DCB with N-octylglycine and carboxybenzaldehyde at
180 °C for 5 days. The following step is the ester coupling between the Pc deriv-
ative and the CO2H functions at room temperature for 4 days in THF using HOBt
and EDC as coupling agents. Both procedures yielded Pc-CNT systems. With the
sequential grafting higher Pc surface coverage is reached: 30% by weight compared
to 20% by weight for the direct immobilization. In both methods N-octylglycine
was used to facilitate the cycloaddition and impart higher solubilities.

2. Noncovalent Linkage Between CNT and Macrocycle:
ππ–ππ Interactions

Studies have shown that tuning the length of the tether can influence the quench-
ing behavior of the system. The nature of this tether is also important as the use of
a C–C linker between an aromatic substituent and the nanotube leads to almost
complete fluorescence quenching. In order to tune the system properties while
keeping the nanotube as defect-free as possible, noncovalent functionalization
procedures have been developed. The aromatic character of porphyrin and
phthalocyanine derivatives has already been exploited to develop intermolecular
interactions with CNT. Thus oligomers or polymers of porphyrins and sapphyrins
have been immobilized irreversibly on the SWNT surface.112–114

An usual functionalization procedure involves the synthesis of a compound of
interest bearing a pyrene “foot” that is able to interact via strong π–π interactions
with the CNT backbone. In a few cases the pyrene compound bears a substituent
that can act as a coordinating ligand,115 or it bears a positive charge that interacts
with negatively charged carboxylate function of the macrocyclic derivative.116,117

a. Coordination bond coupling

A pyrene bearing an imidazole moiety was immobilized on the SWNT surface
(Figure 33). Then Zn–Pc and Zn–P were coordinated to the as-modified nano-
tubes. The presence of the macrocycle was confirmed by TEM imaging, UV-vis-
NIR spectroscopy and electrochemical methods. Fluorescence quenching was also
observed confirming the interaction between the macrocycle and the SWNT.
Photoexcitation of the system resulted in the one-electron oxidation of the macro-
cycle (donor unit) and the simultaneous SWNT reduction (acceptor unit).
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b. Electrostatic coupling

A positively charged pyrene has been designed so as to interact via electrostatic
interactions with a negatively charged porphyrin (ZnP8−).116 To obtain the pyrene
linkage 1-(trimethylammoniumacetyl)pyrene (pyrene+) was dissolved in H2O and
water-soluble SWNT were added to the medium. The suspension was stirred
overnight and then cleaned to afford the pyrene+-SWNT system. The positively
charged ammonium head group was used as an electrostatic anchor to bind the 8
anionic carboxylic groups of the zinc complex (ZnP8−) (Figure 34). The modified
SWNTs were dipped in dilute Zn–P8− solution and the success of the electrostatic
immobilization was confirmed by TEM analysis and absorption spectroscopy.

c. Crown ether-cation coupling

Using the same pyrene foot as anchor for immobilization on the CNT, the electro-
static interactions can be replaced by crown ether-alkylammonium cation interac-
tions to immobilize the porphyrin on the pyrene foot (Figure 35).118 Mono- or
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Figure 33. Representation of P and Nc immobilized on a CNT through coordination bond
to a pyridino- or imidazolo-modified pyrene unit. (Adapted from Ref. 115.)
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tetra- substituted porphyrins have been used and porphyrins with different arms
between the aromatic ring and the crown ether have also been synthesized. The
pyrene-SWNT system was formed upon stirring the CNT and pyrene in dry DMF
at room temperature for 48 hours. The porphyrin interaction was characterized by
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Figure 34. Porphyrin immobilization on a CNT through electrostatic coupling between
positively charged pyrene units and negatively charged porphyrin substituents. (Adapted from
Ref. 116.)

Figure 35. Porphyrin immobilization on a CNT through noncovalent interactions between
ammonium cation modified pyrene unit and crown ether-substituted porphyrin derivative.
(Adapted from Ref. 118.)
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analyzing the photochemical properties of the systems, by TEM imaging and by
electrochemistry. The porphyrins with four crown ether groups have been shown
to interact more strongly with the SWNT.

3. Graphene Functionalization via Amide Linkage

Phthalocyanine and porphyrin deposition on graphite have been investigated for
several decades119; however, it is only in the early 2000s that porphyrins have been
covalently immobilized on graphene.120,121 This material exists mainly as graphene
oxide possessing various oxygen containing functional groups. These groups are
reactive towards the amino groups of a porphyrin derivative. Thus, an amide link-
age binds the porphyrin to the graphene layer (Figure 36). The success of this reac-
tion has been confirmed by FTIR, UV-visible absorption and TEM analysis.
Porphyrin grafting makes the system more soluble and processable and it affords
a material with interesting optical properties.

As for the oxidized CNT, the carboxylic acid functions of graphene oxide can
be converted to acid chloride by the use of SOCl2 (Scheme 16).122 These functions
react in a second step with an aminoporphyrin also yielding a porphyrin linked to
the graphene via an amide linkage.
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Figure 36. Porphyrins immobilization on graphene by ester formation with pendant acid
carboxylic functions. (Adapted from Ref. 121.)
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4. Diamond Functionalization via C–C Linkage and Amide Coupling

Investigations have been directed toward diamond surface modification. The reac-
tions involved are comparable with those used to modify CNT.123 Aryldiazonium
grafting remains a convenient method to functionalize this material.124 A cycload-
dition between an allylic compound and the C backbone is also commonly used.
Due to its compatibility with water diamond is a very attractive surface for func-
tionalization with biomolecules.125,126

Cytochrome c has been covalently immobilized on a modified diamond elec-
trode (Scheme 17) by amide coupling.127 The electrode was boron-doped in order to
decrease the material resistivity and to allow better electrical detection. The diamond
was subjected to a hydrogen plasma for 45 minutes at 700 °C to produce a hydro-
gen-terminated surface that was then reacted with undecylenic acid methyl ester
under photoirradiation. After a hydrolysis step, the amine function of cytochrome c
was coupled to the immobilized carboxylic acid functions. Electrochemical analysis
of the system showed the characteristic response of the cytochrome c, with a propor-
tional trend between scan rate and current intensity confirming a surface-confined
redox process. The surface coverage determined was ∼1.2 × 10−11 mol.cm−2. This
study also showed that the electron-transfer between the redox species and the
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Scheme 16. Porphyrin immobilization on graphene by amide formation. (Adapted from
Ref. 122.)

Scheme 17. Immobilization of cytochrome c on diamond following a sequential grafting
procedure. (Adapted from Ref. 127.)
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boron-doped nanocrystalline diamond (BDND) electrode is faster than with the
boron-doped microcrystalline diamond (BDMD). The system also showed a good
response toward the catalytic reduction of H2O2. This study showed that the coupling
between a biological compound and a diamond electrode can lead to very sensitive
electrochemical detection along with a stable response over time. Such hybrid
systems could be of importance for the study of many proteins.

V. Functionalization of Oxide Surfaces

A. Overview

The most widely used technique to covalently immobilize compounds on oxide sur-
faces such as SiO2, glass, TiO2, or ITO is the silanization process, in which organosi-
lanes possessing trialkoxysilane or trichlorosilane anchoring units are reacted with
the oxide surface (Scheme 18a). The presence of water at the substrate interface
seems to be mandatory for the reaction to proceed; it allows the initial hydrolysis of
the reagent leaving silanol head groups which form hydrogen bonds to the protrud-
ing OH group of the substrate and with adjacent molecules. The subsequent step is
a condensation releasing H2O, forming a polymeric ad-layer of polysiloxane cova-
lently immobilized on the surface. The coverage density and monolayer quality are
improved if the solid substrate exhibits a large number of protruding silanol
groups.128 This is achieved by dipping the substrate in an acidic mixture (piranha) or
by exposing the substrate to an oxygen plasma. These steps both clean the substrate
and yield a hydrophilic surface that is prone to the deposition of water catalyst. The
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monolayer quality depends on factors such as the nature of silane and solvent, tem-
perature and reaction time.128 Another popular technique uses phosphonic acid
anchoring units that are reacted with surface hydroxyl groups (Scheme 18b).

B. Selected Examples

1. Silanization

a. Direct immobilization

Figure 37 shows a fluorescent free base porphyrin (16) that has been immobilized
on a silica xerogel matrix.129 Despite the chemical bonding between the molecule
and the silica template no fluorescence quenching was observed.

b. Sequential immobilization

The click-chemistry based sequential grafting procedure has been used to deriva-
tize silica.130,131 Porphyrins bearing one or four C–C triple bonds were reacted
with azide-functionalized SiO2 nanoparticles for application in epoxidation catal-
ysis (Scheme 19). The multiple anchors led to a low porphyrin coverage as the
flat macrocycle lies parallel to the surface. This is an advantage as the distance
between active centers remains sufficiently large to minimize interporphyrin
electron-transfer and bleaching. However turnover numbers are low.
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A porphyrin derivative has been immobilized on SiO2 in two steps for acidic
pH sensing applications (Scheme 20).132 The compound used has one hydroxyl
group for coupling to a spacer, and three 3-methoxy-3-(oxyethylene) meso-
substituents to improve hydrophilicity. In the first step, a trichlorosilane coupling
agent (CA) was grafted onto the surface by dipping the previously oxidised Si sub-
strate in a 1:100 (v:v) solution of CA in hexane for 20 minutes at room tempera-
ture. Then the CA modified sample was immersed in a 5 × 10−3 mol.L−1 porphyrin
solution in THF for 48 hours at 60 °C. This immobilization method was success-
ful and yielded monolayers with 1.91 × 1013 molecules.cm−2 surface coverage.
With this modified silica indicator pH can be monitored optically via changes of
the Soret band of the porphyrin upon protonation.

The same protocol was used to immobilize a porphyrin bearing one hydroxyl
unit for attachment to a modified silica sample and three aryl meso substituents
possessing long alkyl chains.133 This silica material-derivatized free base por-
phyrin monolayer has been tested as an optical gas sensor for NO2 detection.
Sensitivity to NO2 is only observed with TPP derivatives, and not with OEP
monolayers.

ITO electrodes have been modified with porphyrins using another sequential
grafting procedure. A silanization reaction between the hydroxylated surface and a
trimethoxysilane coupling agent is followed by amide formation between the terminal
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amine function of the CA and carboxylic acid porphyrins.134 SAMs of porphyrins
with or without tert-butyl groups (R = H or t-Bu in Figure 38) have been obtained.
Photo- and electro-chemical analyses of the monolayers showed that interactions
between porphyrins are more important for the nonsterically hindered species. The
good quality of the porphyrin SAMs gives access to long-lived excited singlet state
apparently similar to those of the antenna function of photosystem I in cyanobacte-
ria, opening the field to the construction of artificial light harvesting systems.

2. Phosphonate Linkage

Bocian, Lindsey and coworkers have prepared porphyrin derivatives (17) and
(18) possessing protected phosphonic acid anchoring units (Figure 39).135,136
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The di-tertbutyloxyphosphoryl protected phosphonic acid is stable under the condi-
tions of the coupling reaction, metallation, and DDQ oxidation; and the deprotection
step does not lead to demetalation. The monolayer is formed by the baking method.
Eight drops of a DMF porphyrin solution were deposited on the SiO2 sample. Between
each drop deposition, the sample is heated at 170 °C for 10 minutes. Electrochemical
studies were conducted on these modified surfaces as the SiO2 layer is thin and grown
on a highly doped Si sample. The conducting samples thus obtained showed electro-
chemical characteristics consistent with the presence of robust monolayers.

Deutero-porphyrin derivatives bearing phosphonate residues such as (19) have
been synthesized for immobilization on TiO2 (Figure 40).137 Co porphyrin mono-
layers seemed to be sensitive toward detection of organohalogen compounds.

Slipped co-facial Zn porphyrins have been immobilized on a titanium-modified
ITO anode using a phosphonic acid anchoring unit (Scheme 21).138 These com-
pounds have been investigated as special-pair mimic porphyrin assemblies. In the
first step, a porphyrin bearing a phosphonate anchor and two terminal olefin
groups was grafted on ITO. Pair formation with another Zn porphyrin was
achieved in a second step by Zn-imidazole coordination followed by ring-closure
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Figure 38. Self-assembled monolayers of porphyrins on ITO. (Adapted from Ref. 134.)

Figure 39. Porphyrin compounds bearing tripod- or mono-phosphonic acid anchoring units.
(Adapted from Refs. 135 and 136.)
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metathesis. These special-pair mimics exhibited efficient charge injection from the
S2 photoexcited state. High photocurrents were generated upon photoirradiation of
the system in aqueous media containing hydroquinone. 

Phosphonate coordination to Zr(IV) centers has been used to form multi-
layers of porphyrins on solid surfaces.139–141 While this chemistry is useful for
Langmuir-Blodgett film formation, it does not fit within the scope of a review
devoted to surface functionalization.

VI. Innovative Technologies and Concepts
in Hybrid Electronics

A. Overview

Porphyrins have been physically deposited on semiconductors for the design of
hybrid devices based on their photoredox properties, such as light-sensitive Si- or
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Figure 40. Deuteroporphyrin with phosphonate anchoring units for immobilization on TiO2.
(Adapted from Ref. 137.)

Scheme 21. Immobilization of a porphyrinic dimer on ITO with a phosphonic acid anchor-
ing unit. (Adapted from Ref. 138.)
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CNT-based transistors or optoelectronic memories.142–145 Physical deposition
methods are relatively simple to carry out, but they do not provide a controllable
pathway for electrons at the interface between the bulk substrate and surface
molecular materials. In contrast, chemical anchoring methods, such as those
reviewed in the preceding paragraphs, afford strong coupling of the SAM molec-
ular orbitals to the conduction and valence bands of the substrate, which in turn
dictates the charge transport properties of the final device and warrants some
reproducibility. Chemical approaches for hybrid silicon-molecular electronics
have been reviewed.146–150

Porphyrin macrocycles and their metal complexes are regarded as key building
blocks for this type of technology, as they remain robust under high-temperature
processing steps and operating conditions. They also exhibit several redox states
that are useful for multibit information storage, and they remain stable over a very
large number of operational cycles.71

B. Selected Examples

1. Molecular Capacitor Memory Cell

Several libraries of specifically designed metalloporphyrins with various linker
lengths and anchoring units have been constructed by Bocian, Lindsey and
coworkers for the design of hybrid silicon memory devices. Electrochemical stud-
ies were first performed to determine values of the k° and τ1/2 parameters that can
be linked to values of write/erase voltage and information retention time, respec-
tively.22,151 Information is stored as a charge in the redox monolayer. For capaci-
tive electrochemical cell devices, a potential is applied between the reference/
counter electrode and the porphyrin-decorated metal substrate (Figure 41). Once
the voltage is high enough electrons flow from the molecule to the substrate and
the molecule is oxidized. When the voltage is switched off, the molecule returns
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Figure 41. A typical example of molecular capacitor structure designed by Bocian, Misra
and coworkers. (Adapted from Ref. 158.)

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 300



to its neutral state more or less rapidly. Initial studies were performed on capaci-
tive cells based on metal electrodes.152 In 2003, the substrate was switched to
silicon in the design of so-called EMS (electrolyte molecule silicon) and EMOS
(electrolyte molecule oxide silicon) structures.153–155 The role of the tunnel oxide
and of its thickness has been studied. The porphyrin monolayer showed good ther-
mal stability (about 1 hour at 400 °C) and was stable upon continuous read-write
cycling (1012 cycles).71

These results prompted the development of DRAM architectures (dynamic
random access memory) using this hybrid technology by a startup company,
ZettaCore, founded in 1999 for that purpose.156 In brief, molecular capacitor cells
offer several competitive advantages relative to the current DRAMs.157 Self-
assembly of the charge-carrying units in a single, uniform, dense monolayer, and
higher charge density than in a conventional capacitor hold the key to increasing
the density of DRAM in a cost-effective manner. Moreover, switching from a deep
capacitor trench in conventional architectures to a flat electrochemical cell in the
so-called ZettaRAM molecular capacitor is economically appealing. This will
reduce the volume of the memory components on the chip, and also the lithogra-
phy costs inherent to the engineering of capacitor trenches with a high aspect ratio
(Figure 42). The ZettaRAM has the added benefit of being a low-power memory
system.158

Following a similar strategy, De Salvo and coworkers have described novel
types of capacitive cells in which metalloporphyrins are anchored to Si by
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Figure 42. Examples of (a) trench and (b) stacked cell geometries for the DRAM capacitor,
and (c) a photomicrograph of 1 MBit ZettaCore hybrid CMOS/molecular DRAM. (Adapted
from Ref. 157.)

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 301



hydrosilylation, either in a single step or followed by a click cycloaddition.159,160

Their potential in the design of advanced memory devices has been described,161

and it has been highlighted in the International Technology Roadmap for
Semiconductors (2009 edition).162

2. Hybrid CMOS Transistor Memory

Hybrid devices inspired from transistor and flash memory structures have been
designed (Figure 43a).163 The cell is made of a n-Si bulk with highly doped
implanted p-Si source (S) and drain (D) regions. Between the S and D lies the
channel above which a thin layer of SiO2 tunnel oxide is deposited. The molecules
are immobilized on the oxide layer via their phosphonate anchoring units, and this
charging/discharging zone mimics the floating gate of flash memories. An elec-
trolyte solution (or an ionic liquid) is then deposited and a metal top gate electrode
is positioned in contact with the electrolyte.164,165 All-solid pseudo-MOS hybrid
silicon/molecular cells have been described (Figure 43b).166,167

3. Hybrid Nanowire Transistor Memory

An advanced memory structure obtained by immobilization of a Co porphyrin on an
InO2 nanowire linking two source and drain metallic dices (Figure 44a) has been
described.168 The procedure used to immobilize the porphyrin on the nanowire
presumably generates a In–S bond. The I/V curve of the device was recorded upon
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Figure 43. (a) Schematic view of a hybrid CMOS structure with a SiO2 tunnel oxide layer.
Adapted from Ref. 163. (b) An all solid pseudo-MOS device functionalized with ferrocene
molecules. (Adapted from Ref. 167.)
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sweeping the gate voltage (−5 V to 5 V) and recording the current in the nano-
wire with source-drain voltage set at 0.1 V. An important hysteresis was observed
(Figure 44b). The memory states were probed by applying a positive (5 V) or a neg-
ative (−5 V) gate voltage to the Si (back gate), then the gate voltage was grounded
and the memory state was identified by recording the conductance of the device
through the nanowire (Figure 44c). In one case, the conductance of the nanowire
varies linearly with VDS and in the other case the conductance remains equal to 0.
These two states correspond to an “on” and an “off ” state. From the change of
threshold voltage when the molecule are charged or discharged the number of elec-
trons exchanged can be estimated (3 e− per nm length of nanowire). The retention
time was 41 seconds at room temperature, and could be increased up to hours by
decreasing the temperature. The device also seemed stable upon write/erase cycling.

Similar measurements have been performed with a free base porphyrin rather
than with a Co complex, and no hysteresis has been observed. This has been ten-
tatively explained by the different natures of the oxidation sites — delocalized
porphyrin orbitals in the second case vs. localized metal d orbitals in the first.

4. Molecular Break-Junction Device

Molecular break junctions are devices with a structure dedicated to mono-molecular
electronics. A nanogap electrode is fabricated and presumably filled with a single
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Figure 44. (a) Schematic view of a InO2 nanowire transistor modified with a Co porphyrin
SAM; (b) I/VG characteristic recorded for this devices and (c) I/VDS profile with VG = −0.1 V after
a write and a erase cycle leading to a “on-1” state and a “off-0” state. (Adapted from Ref. 168.)
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molecule. A trans-A2B2 CoTPP derivative bearing two protected thiol anchoring
units has been placed in a gold nanogap electrode (Figure 45).169 Electron trans-
port through the molecule has been studied.

VII. Conclusion

The wealth of chemical functionalization methods summarized in the preceding
sections may lead one to consider that anchoring any porphyrin or phthalocyanine
complex on any type of conductor or semiconductor is technically possible at this
time. In this field again porphyrin compounds have the edge, due to their easy syn-
thesis and derivatization. Sequential methods using the surface immobilization of
a spacer and the subsequent coupling of an active molecule, such as those based
on click chemistry, appear to be a major breakthrough for the anchoring of chem-
ically or thermally sensitive molecules. A number of significant results have
emerged which are of enormous interest in the design of molecular electronic
devices. Due to their high stability in various redox states, porphyrin and phthalo-
cyanine complexes faithfully play their role of charge storage sites which proves
useful for information storage. Electron transport kinetics between the conductor
(or semiconductor) substrate and the anchored molecule can be adjusted by chang-
ing the nature of the charge storage site (central metal or macrocyclic ring), and it
can be finely tuned by modifying the nature (conjugated or not) and length of the
linker. Such versatility may prove interesting for emerging technologies.

The development of hybrid silicon-molecular technologies thus seems fore-
seeable, but it may not be expected in the near future. A major hurdle lies in the
inherent incompatibility of molecular chemistry with the techniques used for the
elaboration of silicon chips. Clean room operations such as silicon etching and
metal deposition require the exclusion of any possible source of contamination,
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Figure 45. (a) Schematic view of the experimental setup used to study a molecular break
junction on gold. The nanoscale break in the Au lead is not shown. (b) Chemical structure of
molecule used to fill the nanogap. (Adapted from Ref. 169.)
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and molecular compounds and organic solvents clearly are potential contaminants.
In this respect it is worth noting that in the few hybrid technologies developed so
far (for the Zettaram memory cell), the anchoring of porphyrin and the steps
involving molecular chemistry are conducted in the ultimate phase of the fabrica-
tion process. It will be interesting to watch the success met by this innovative
product, and to see if its competitive advantages are recognized by the market.

In the meantime, molecular memory will still be viewed as a long term
research goal. The knowledge base for molecular electronics obviously needs
further fundamental work, which is currently under way in many laboratories all
over the world.162

VIII. References
1. Carroll, R. L.; Gorman, C. B. Angew. Chem. Int. Ed. 2002, 41, 4378.
2. Ulman, A. Chem. Rev. 1996, 96, 1533.
3. Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Chem. Rev. 2005,

105, 1103.
4. Bain, C. D.; Biebuyck, H. A.; Whitesides, G. M. Langmuir 1989, 5, 723.
5. Choi, Y.; Jeong, Y.; Chung, H.; Ito, E.; Hara, M.; Noh, J. Langmuir 2008, 24, 91.
6. Ciszek, J. W.; Tour, J. M. Chem. Mater. 2005, 17, 5684.
7. Zuo, G.; Liu, X.; Yang, J.; Li, X.; Lu, X. J. Electroanal. Chem. 2007, 605, 81.
8. Lu, X.; Zhang, L.; Li, M.; Wang, X.; Zhang, Y.; Liu, X.; Zuo, G. ChemPhysChem 2006, 7, 854.
9. Devaraj, N. K.; Decreau, R. A.; Ebina, W.; Collman, J. P.; Chidsey, C. E. D. J. Phys. Chem. B

2006, 110, 15955.
10. Shimazu, K.; Takechi, M.; Fujii, H.; Suzuki, M.; Saiki, H.; Yoshimura, T.; Uosaki, K. Thin

Solid Films 1996, 273, 250.
11. Nishimura, N.; Ooi, M.; Shimazu, K.; Fujii, H.; Uosaki, K. J. Electroanal. Chem. 1999, 473, 75.
12. Lu, X. Q.; Li, M. R.; Yang, C. H.; Zhang, L. M.; Li, Y. F.; Jiang, L.; Li, H. X.; Jiang, L.;

Liu, C. M.; Hu, W. P. Langmuir 2006, 22, 3035.
13. Yamada, T.; Hashimoto, T.; Kikushima, S.; Ohtsuka, T.; Nango, M. Langmuir 2001, 17, 4634.
14. Imahori, H.; Norieda, H.; Ozawa, S.; Ushida, K.; Yamada, H.; Azuma, T.; Tamaki, K.; Sakata, Y.

Langmuir 1998, 14, 5335.
15. Imahori, H.; Norieda, H.; Nishimura, Y.; Yamazaki, I.; Higuchi, K.; Kato, N.; Motohiro, T.;

Yamada, H.; Tamaki, K.; Arimura, M.; Sakata, Y. J. Phys Chem. B 2000, 104, 1253.
16. Imahori, H.; Arimura, M.; Hanada, T.; Nishimura, Y.; Yamazaki, I.; Sakata, Y.; Fukuzumi, S.

J. Am. Chem. Soc. 2001, 123, 335
17. Imahori, H.; Kashiwagi, Y.; Endo, Y.; Hanada, T.; Nishimura, Y.; Yamazaki, I.; Araki, Y.;

Ito, O.; Fukuzumi, S. Langmuir 2004, 20, 73.
18. Chan, Y.-H.; Schuckman, A. E.; Perez, L. M.; Vinodu, M.; Drain, C. M.; Batteas, J. D. J. Phys.

Chem. C 2008, 112, 6110.
19. Gryko, D. T.; Clausen, C.; Lindsey, J. S. J. Org. Chem. 1999, 64, 8635.
20. Viana, A. S.; Leupold, S.; Montforts, F.-P.; Abrantes, L. M. Electrochim. Acta 2005, 50, 2807.
21. Gryko, D. T.; Clausen, C.; Roth, K. M.; Dontha, N.; Bocian, D. F.; Kuhr, W. G.; Lindsey, J. S.

J. Org. Chem. 2000, 65, 7345.

47/Porphyrins on Conductors and Semiconductors for Hybrid Electronics 305

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 305



22. Roth, K. M.; Gryko, D. T.; Clausen, C.; Li, J.; Lindsey, J. S.; Kuhr, W. G.; Bocian, D. F. J. Phys.
Chem. B 2002, 106, 8639.

23. Jiao, J.; Schmidt, I.; Taniguchi, M.; Lindsey, J. S.; Bocian, D. F. Langmuir 2008, 24, 12047.
24. Zak, J.; Yuan, H.; Ho, M.; Woo, L. K.; Porter, M. D. Langmuir 1993, 9, 2772.
25. Vesper, B. J.; Salaita, K.; Zong, H.; Mirkin, C. A.; Barrett, A. G. M.; Hoffman, B. M. J. Am.

Chem. Soc. 2004, 126, 16653.
26. Zong, H.; Sun, P.; Mirkin, C. A.; Barrett, A. G. M.; Hoffman, B. M. J. Phys. Chem. B 2009,

113, 14892.
27. Hutchison, J. E.; Postlethwaite, T. A.; Murray, R. W. Langmuir 1993, 9, 3277.
28. Postlethwaite, T. A.; Hutchison, J. E.; Hathcock, K. W.; Murray, R. W. Langmuir 1995, 11,

4109.
29. Éll, A. H.; Csjernyik, G.; Slagt, V. F.; Bäckvall, J.-E.; Berner, S.; Puglia, C.; Ledung, G.;

Oscarsson, S. Eur. J. Org. Chem. 2006, 1193.
30. Wei, L.; Padmaja, K.; Youngblood, W. J.; Lysenko, A. B.; Lindsey, J. S.; Bocian, D. F. J. Org.

Chem. 2004, 69, 1461.
31. Wei, L.; Tiznado, H.; Liu, G.; Padmaja, K.; Lindsey, J. S.; Zaera, F.; Bocian, D. F. J. Phys.

Chem. B 2005, 109, 23963.
32. Gryko, D. T.; Zhao, F.; Yasseri, A. A.; Roth, K. M.; Bocian, D. F.; Kuhr, W. G.; Lindsey, J. S.

J. Org. Chem. 2000, 65, 7356.
33. Uosaki, K.; Kondo, T.; Zhang, X.-Q.; Yanagida, M. J. Am. Chem. Soc. 1997, 119, 8367.
34. Kondo, T.; Ito, T.; Nomura, S.-I.; Uosaki, K. Thin Solid Films 1996, 284–285, 652.
35. Clausen, C.; Gryko, D. T.; Yasseri, A. A.; Diers, J. R.; Bocian, D. F.; Kuhr, W. G.; Lindsey, J. S.

J. Org. Chem. 2000, 65, 7371.
36. Clausen, C.; Gryko, D. T.; Dabke, R. B.; Dontha, N.; Bocian, D. F.; Kuhr, W. G.; Lindsey, J. S.

J. Org. Chem. 2000, 65, 7363.
37. Li, J.; Gryko, D.; Dabke, R. B.; Diers, J. R.; Bocian, D. F.; Kuhr, W. G.; Lindsey, J. S. J. Org.

Chem. 2000, 65, 7379.
38. Padmaja, K.; Youngblood, W. J.; Wei, L.; Bocian, D. F.; Lindsey, J. S. Inorg. Chem. 2006, 45,

5479.
39. Hutchison, J. E.; Postlethwaite, T. A.; Chen, C.-H.; Hathcock, K. W.; Ingram, R. S.; Ou, W.;

Linton, R. W.; Murray, R. W.; Tyvoll, D. A.; Chng, L. L.; Collman, J. P. Langmuir 1997, 13, 2143.
40. Imahori, H.; Norieda, H.; Yamada, H.; Nishimura, Y.; Yamazaki, I.; Sakata, Y.; Fukuzumi, S.

J. Am. Chem. Soc. 2001, 123, 100.
41. Eberspacher, T. A.; Collman, J. P.; Chidsey, C. E. D.; Donohue, D. L.; Van Ryswyk, H.

Langmuir 2003, 19, 3814.
42. Offord, D. A.; Sachs, S. B.; Ennis, M. S.; Eberspacher, T. A.; Griffin, J. H.; Chidsey, C. E. D.;

Collman, J. P. J. Am. Chem. Soc. 1998, 120, 4478.
43. Zhang, Z.; Hou, S.; Zhu, Z.; Liu, Z. Langmuir 2000, 16, 537.
44. Zhang, Z.; Imae, T.; Sato, H.; Watanabe, A.; Ozaki, Y. Langmuir 2001, 17, 4564.
45. Zou, S.; Clegg, R. S.; Anson, F. C. Langmuir 2002, 18, 3241.
46. Boeckl, M. S.; Bramblett, A. L.; Hauch, K. D.; Sasaki, T.; Ratner, B. D.; Rogers, J. W.

Langmuir 2000, 16, 5644.
47. Nandivada, H.; Jiang, X.; Lahann, J. Adv. Mater. 2007, 19, 2197.
48. Nebhcni, L.; Barner-Kowollik, C. Adv. Mater. 2009, 21, 3442.
49. Chelmowski, R.; Kafer, D.; Köster, S. D.; Klasen, T.; Winkler, T.; Terfort, A.; Metzler-Nolte, N.;

Wöll, C. Langmuir 2009, 25, 11480.

306 Duclairoir and Marchon

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 306



50. Mahouche, S.; Mekni, N.; Abbassi, L.; Lang, P.; Perruchot, C.; Jouini, M.; Mammeri, F.;
Turmine, M.; Romdhane, H. B.; Chehimi, M. M. Surf. Sci. 2009, 603, 3205.

51. Ringot, C.; Sol, V.; Granet, R.; Krausz, P. Mater. Lett. 2009, 63, 1889.
52. Gole, A.; Murphy, C. J. Langmuir 2008, 24, 266.
53. Fleming, D. A.; Thode, C. J.; Williams, M. E. Chem. Mater. 2006, 18, 2327.
54. Collman, J. P.; Devaraj, N. K.; Eberspacher, T. P. A.; Chidsey, C. E. D. Langmuir 2006, 22,

2457.
55. Devaraj, N. K.; Dinolfo, P. H.; Chidsey, C. E. D.; Collman, J. P. J. Am. Chem. Soc. 2006, 128,

1794.
56. Devaraj, N. K.; Decreau, R. A.; Ebina, W.; Collman, J. P.; Chidsey, C. E. D. J. Phys. Chem. B

2006, 110, 15955.
57. Collman, J. P.; Devaraj, N. K.; Decréau, R. A.; Yang, Y.; Yan, Y.-L.; Ebina, W.; Eberspacher,

T. A.; Chidsey, C. E. D. Science 2007, 315, 1565.
58. Decréau, R. A.; Collman, J. P.; Yang, Y.; Yan, Y.; Devaraj, N. K. J. Org. Chem. 2007, 72, 2794.
59. Roth, K. M.; Yasseri, A. A.; Liu, Z.; Dabke, R. B.; Malinovskii, V.; Schweikart, K.-H.; Yu, L.;

Tiznado, H.; Zaera, F.; Lindsey, J. S.; Kuhr, W. G.; Bocian, D. F. J. Am. Chem. Soc. 2003, 125,
505.

60. Buriak, J. M. Chem. Soc. Rev. 2002, 102, 5, 1271.
61. Liu, Z.; Yasseri, A. A.; Loewe, R. S.; Lysenko, A. B.; Malinovskii, V. L.; Zhao, Q.; Surthi, S.;

Li, Q.; Misra, V.; Lindsey, J. S.; Bocian, D. F. J. Org. Chem. 2004, 69, 5568.
62. Pinson, J.; Podvorica, F. Chem. Soc. Rev. 2005, 34, 429.
63. Zhu, X.-Y.; Boiadjiev, V.; Mulder, J. A.; Hsung, R. P.; Major, R. C. Langmuir 2000, 16, 6766.
64. Cleland, G.; Horrocks, B. R.; Houlton, A. J. Chem. Soc. Faraday. T. 1995, 91, 4001.
65. Kim, N. Y.; Laibinis, P. E. J. Am. Chem. Soc. 1997, 119, 2297.
66. Effenberger, F.; Götz, G.; Bidlingmaier, B.; Wezstein, M. Angew. Chem. Int. Edit. 1998, 37,

2462.
67. Aurora, A.; Bernardini, G.; Cattaruzza, F.; Flamini, A.; Pallavicini, P.; Zanoni, R.; Decker, F.

J. Electroanal. Chem. 2005, 579, 133.
68. Sano, H.; Maeda, H; Ichii, T.; Murase, K.; Noda, K.; Matsushige, K.; Sugimura, H. Langmuir

2009, 25, 5516.
69. Chen, B.; Flatt, A. K.; Jian, H.; Hudson, J. L.; Tour, J. M. Chem. Mater. 2005, 17, 4832.
70. Zanoni, R.; Aurora, A.; Cattaruzza, F.; Decker, F.; Fastiggi, P.; Menichetti, V.; Tagliatesta, P.;

Capodilupo, A.-L.; Lembo, A. Mater. Sci. Eng. C 2007, 27, 1351.
71. Liu, Z.; Yasseri, A. A.; Lindsey, J. S.; Bocian, D. F. Science 2003, 302, 1543.
72. Yasseri, A. A.; Syomin, D.; Loewe, R. S.; Lindsey, J. S.; Zaera, F.; Bocian, D. F. J. Am. Chem.

Soc. 2004, 126, 15603.
73. Liu, Z.; Schmidt, I.; Thamyongkit, P.; Loewe, R. S.; Syomin, D.; Diers, J. R.; Zhao, Q.; Misra,

V.; Lindsey, J. S.; Bocian, D. F. Chem. Mater. 2005, 17, 3728.
74. Padmaja, K.; Wei, L.; Lindsey, J. S.; Bocian, D. F. J. Org. Chem. 2005, 70, 7972.
75. Jiao, J.; Anariba, F.; Tiznado, H.; Schmidt, I.; Lindsey, J. S.; Zaera, F.; Bocian, D. F. J. Am.

Chem. Soc. 2006, 128, 6965.
76. Lu, M.; Chen, B.; He, T.; Li, Y.; Tour, J. M. Chem. Mater. 2007, 19, 4447.
77. Chen, B.; Lu, M.; Flatt, A. K.; Maya, F.; Tour, J. M. Chem. Mater. 2008, 20, 61.
78. Ciampi, S.; Böcking, T.; Kilian, K. A.; James, M.; Harper, J. B.; Gooding, J. J. Langmuir 2007,

23, 9320.
79. Ciampi, S.; Le Saux, G.; Harper, J. B.; Gooding, J. J. Electroanal. 2008, 20, 1513.

47/Porphyrins on Conductors and Semiconductors for Hybrid Electronics 307

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 307



80. Ciampi, S.; Bocking, T.; Kilian, K. A.; Harper, J. B.; Gooding, J. J. Langmuir 2008, 24, 5888.
81. Delapierre, G.; Duclairoir, F.; Marchon, J.-C. French Patent WO/2007/048924.
82. Rohde, R. D.; Agnew, H. D.; Yeo, W.-S.; Bailey, R. C.; Heath, J. R. J. Am. Chem. Soc. 2006,

128, 9518.
83. Haensch, C.; Ott, C.; Hoeppener, S.; Schubert, U. S. Langmuir 2008, 24, 10222.
84. Huang, K.; Duclairoir, F.; Pro, T.; Buckley, J.; Marchand, G.; Martinez, E.; Marchon, J.-C.;

De Salvo, B.; Delapierre, G.; Vinet, F. ChemPhysChem 2009, 10, 963.
85. Liu, H.; Duclairoir, F.; Fleury, B.; Dubois, L.; Chenavier, Y.; Marchon, J.-C. Dalton T. 2009,

19, 3793.
86. Ciraci, S.; Dag, S.; Yildirim, T.; Gülseren, O.; Senger, R. T. J. Phys.-Condens. Mat. 2004, 16,

R901.
87. De La Torre, G. J. Porphyr. Phthalocya. 2009, 13, 637–644.
88. Zagal, J. H.; Griveau, S.; Ozoemena, K. I.; Nyokong, T.; Bedioui, F. J. Nanosci. Nanotechno.

2009, 9, 2201.
89. Bahr, J. L.; Tour, J. M. J. Mater. Chem. 2002, 12, 1952.
90. Banerjee, S.; Hemraj-Benny, T.; Wong, S. S. Adv. Mater. 2005, 17, 17.
91. Hirsch, A. Angew. Chem. Int. Edit. 2002, 41, 1853.
92. Bahr, J. L.; Tour, J. M. Chem. Mater. 2001, 13, 3823.
93. De la Torre, G.; Blau, W.; Torres, T. Nanotechnology 2003, 14, 765.
94. Li, H.; Martin, R. B.; Harruff, B. A.; Carino, R. A.; Allard, L. F.; Sun, Y.-P. Adv. Mater. 2004,

16, 896.
95. Baskaran, D.; Mays, J. W.; Zhang, X. P.; Bratcher, M. S. J. Am. Chem. Soc. 2005, 127, 6916.
96. Guo, Z.; Du, F.; Ren, D.; Chen, Y.; Zheng, J.; Liu, Z.; Tian, J. J. Mater. Chem. 2006, 16, 3021.
97. Liu, Z.-B.; Tian, J.-G.; Guo, Z.; Ren, D.-M.; Du, F.; Zheng, J.-Y.; Chen, Y.-S. Adv. Mater. 2008,

20, 511.
98. Zhang, Y.; He, H.; Gao, C.; Wu, J. Langmuir 2009, 25, 5814.
99. Li, H.; Cheng, F.; Duft, A. M.; Adronov, A. J. Am. Chem. Soc. 2005, 127, 14518.

100. Liu, J.; Nie, Z.; Cao, Y.; Adronov, A.; Li, H. J. Polym. Sci. A1 2008, 46, 7187.
101. Landis, E.C.; Hamers, R. J. Chem. Mater. 2009, 21, 724.
102. Campidelli, S.; Ballesteros, B.; Filoramo, A.; Díaz, D. D.; De La Torre, G.; Torres, T.; Rahman,

G. M. A.; Ehli, C.; Kiessling, D.; Werner, F.; Sgobba, V.; Guldi, D. M.; Cioffi, C.; Prato, M.;
Bourgoin, J.-P. J. Am. Chem. Soc. 2008, 130, 11503.

103. Carlmark, A.; Hawker, C.; Hult, A.; Malkoch, M. Chem. Soc. Rev. 2009, 38, 352.
104. Binder, W. H.; Sachsenhofer, R. Macromol. Rapid Comm. 2008, 29, 952.
105. Malkoch, M.; Schleicher, K.; Drockenmuller, E.; Hawker, C. J.; Russell, T. P.; Wu, P.; Fokin,

V. V. Macromolecules 2005, 38, 3663.
106. Séverac, M.; Pleux, L. L.; Scarpaci, A.; Blart, E.; Odobel, F. Tetrahedron Lett. 2007, 48, 6518.
107. Palacin, T.; Le Khanh, H.; Jousselme, B.; Jegou, P.; Filoramo, A.; Ehli, C.; Guldi, D. M.;

Campidelli, S. J. Am. Chem. Soc. 2009, 131, 15394.
108. Campidelli, S.; Sooambar, C.; Diz, E. L.; Ehli, C.; Guldi, D. M.; Prato, M. J. Am. Chem. Soc.

2006, 128, 12544.
109. Ballesteros, B.; Campidelli, S.; de la Torre, G.; Ehli, C.; Guldi, D. M.; Prato, M.; Torres, T.

Chem. Commun. 2007, 2950.
110. Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger, M.; Hirsch, A. J. Am. Chem.

Soc. 2002, 124, 760.
111. Ballesteros, B.; De La Torre, G.; Ehli, C.; Rahman, G. M. A.; Agulló-Rueda, F.; Guidi, D. M.;

Torres, T. J. Am. Chem. Soc. 2007, 129, 5061.

308 Duclairoir and Marchon

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 308



112. Cheng, F.; Zhang, S.; Adronov, A.; Echegoyen, L.; Diederich, F. Chem.-Eur. J. 2006, 12, 6062.
113. Cheng, F.; Adronov, A. Chem.-Eur. J.2006, 12, 5053.
114. Boul, P.J.; Cho, D.-G.; Rahman, G. M. A.; Marquez, M.; Ou, Z.; Kadish, K. M.; Guldi, D. M.;

Sessler, J. L. J. Am. Chem. Soc. 2007, 129, 5683.
115. Chitta, R.; Sandanayaka, A. S. D.; Schumacher, A. L.; D’Souza, L.; Araki, Y.; Ito, O.;

D’Souza, F. J. Phys. Chem. C 2007, 111, 6947.
116. Guldi, D. M.; Rahman, G. M. A.; Jux, N.; Tagmatarchis, N.; Prato, M. Angew. Chem. Int. Edit.

2004, 43, 5526.
117. Ehli, C.; Rahman, G. M. A.; Jux, N.; Balbinot, D.; Guldi, D. M.; Paolucci, F.; Marcaccio, M.;

Paolucci, D.; Melle-Franco, M.; Zerbetto, F.; Campidelli, S.; Prato, M.  J. Am. Chem. Soc.
2006, 128, 11222.

118. D’Souza, F.; Chitta, R.; Sandanayaka, A. S. D.; Subbaiyan, N. K.; D’Souza, L.; Araki, Y.;
Ito, O. Chem.-Eur. J. 2007, 13, 8277.

119. Liu, A.-Z.; Lei, S.-B. Surf. Interface Anal. 2007, 39, 33.
120. Boukhvalov, D. W.; Katsnelson, M. I. J. Phys.-Condens. Mat. 2009, 21, 344205.
121. Xu, Y.; Liu, Z.; Zhang, X.; Wang, Y.; Tian, J.; Huang, Y.; Ma, Y.; Zhang, X.; Chen, Y. Adv.

Mater. 2009, 21, 1275.
122. Liu, Z.-B.; Xu, Y.-F.; Zhang, X.-Y.; Zhang, X.-L.; Chen, Y.-S.; Tian, J.-G. J. Phys. Chem. B

2009, 113, 9681.
123. Szunerits, S.; Boukherroub, R. J. Solid State Electr. 2008, 12, 1205.
124. Mangeney, C.; Qin, Z.; Dahoumane, S. A.; Adenier, A.; Herbst, F.; Boudou, J.-P.; Pinson, J.;

Chehimi, M. M. Diam. Relat. Mater. 2008, 17, 1881.
125. Yang, N.; Uetsuka, H.; Nebel, C. E. Adv. Funct. Mater. 2009, 19, 887.
126. Wenmackers, S.; Vermeeren, V.; VandeVen, M.; Ameloot, M.; Bijnens, N.; Haenen, K.;

Michiels, L.; Wagner, P. Phys. Status Solidi A 2009, 206(3), 391.
127. Zhou, Y.; Zhi, J.; Zou, Y.; Zhang, W.; Lee, S.-T. Anal. Chem. 2008, 80, 4141.
128. Silberzan, P.; Leger, L.; Ausserre, D.; Benattar, J. J. Langmuir 1991, 7, 1647.
129. García-Sánchez, M.-A.; De la Luz, V.; Estrada-Rico, M. L.; Murillo-Martínez, M. M.;

Coahuila-Hernández, M. I.; Sosa-Fonseca, R.; Tello-Solís, S. R.; Rojas, F.; Campero, A.
J. Non-Cryst. Solids 2009, 355, 120.

130. Lummerstrofer, T.; Hoffmann, H. J. Phys. Chem. B 2004, 108, 3963.
131. McDonald, A. R.; Franssen, N.; van Klink, G. P. M.; van Koten, G. J. Organomet. Chem. 2009,

694, 2153.
132. Gulino, A.; Mineo, P.; Bazzano, S.; Vitalini, D.; Fragalà, I. Chem. Mater. 2005, 17, 4043.
133. Gulino, A.; Bazzano, S.; Mineo, P.; Scamporrino, E.; Vitalini, D.; Fragalà, I. Chem. Mater.

2005, 17, 521.
134. Imahori, H.; Hosomizu, K.; Mori, Y.; Sato, T.; Ahn, T. K.; Kim, S. K.; Kim, D.; Nishimura, Y.;

Yamazaki, I.; Ishii, H.; Hotta, H.; Matano, Y. J. Phys. Chem. B 2004, 108, 5018.
135. Muthukumaran, K.; Loewe, R. S.; Ambroise, A.; Tamaru, S.-I.; Li, Q.; Mathur, G.; Bocian,

D. F.; Misra, V.; Lindsey, J. S. J. Org. Chem. 2004, 69, 1444.
136. Loewe, R. S.; Ambroise, A.; Muthukumaran, K.; Padmaja, K.; Lysenko, A. B.; Mathur, G.;

Li, Q.; Bocian, D. F.; Misra, V.; Lindsey, J. S. J. Org. Chem. 2004, 69, 1453. 
137. Wedel, M.; Walter, A.; Montforts, F.-P. Eur. J. Org. Chem. 2001, 1681.
138. Morisue, M.; Haruta, N.; Kalita, D.; Kobuke, Y. Chem. Eur. J. 2006, 12, 8123.
139. Massari, A. M.; Gurney, R. W.; Wightman, M. D.; Huang, C.-H. K.; Nguyen, S. T.; Hupp, J. T.

Polyhedron 2003, 22, 3065.
140. Nixon, C. M.; Le Claire, K.; Odobel, F.; Bujoli, B.; Talham, D. R. Chem. Mater. 1999, 11, 965.

47/Porphyrins on Conductors and Semiconductors for Hybrid Electronics 309

b867_Vol-10_Ch-47.qxd  6/21/2010  3:18 PM  Page 309
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List of Abbreviations

AB arsenobatetaine
As2O3 arsenic trioxide
BDHC 1,19-dimethyl-AD-didehydrocorrin
CFC-113 1,1,2-trichloro-1,2,2-trifluoroethane
CFC-113a 1,1,1-trichloro-2,2,2-trifluoroethane
CH3-H4folate N5-methyltetrahydrofolate
Cob(II)7C1ester heptamethyl cobyrinate
Cob(II)7C3ester heptapropyl cobyrinate
1,2-DCE 1,2-dichoroethene
DDAB didodecyldimethylammonium bromide
DDD 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane
DDE 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene
DDMS 1,1′-(2-chloroethylidene)-bis(4-chlorobenzene)
DDMU 1-chloro-2,2-bis(4-chlorophenyl)ethylene
DDNU 1,1′-(ethenylidene)-bis(4-chlorobenzene)
DDO 1,1′-(ethylidene)-bis(4-chlorobenzene)
DDT 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane
DH dimethylglyoximato
DMA dimethylarsinic acid
DTT dithiothreitol
ECA ethyl chloroacetate
GSH glutathione
HSA human serum albumin
HCB hexachlorobenzene
HCH hexachlorocyclohexane
H2salen N,N′-ethylenebis(salicylideneamine)
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MMA monomethylarsonous acid
PCB pentachlorobenzene
PCE tetrachloroethene
PFOS perfluorooctane sulfonate
SCE saturated calomel electrode
SHE standard hydrogen electrode
TMAO trimethylarsine oxide
TCE trichloroethene
TCPP 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
TsOCH3 methyl tosylate
TTDB 2,3-dichloro-1,1,4,4-tetrakis(4-chlorophenyl)but-2-ene

I. Introduction

A. Enzymic Reactions

Vitamin B12 is a term found in health and nourishment studies, and has the chem-
ical name of cyanocobalamin. However, this name is typically used for a cobal-
amin derivative. Vitamin B12 derivative denotes the cobalamin family that will be
discussed in this chapter. Vitamin B12 derivatives consist of a cobalt atom coordi-
nated with the tetrapyrrole ring system (corrin ring) and also linked to a hetero-
cyclic base, 5,6-dimethylbenzimidazole, as shown in Figure 1. The corrin ring is
similar to that in porphyrins, which are found in heme, chlorophyll, or
cytochromes, but also different from porphyrin in that it is highly reduced and is
missing one carbon atom from the carbon macro-ring. The porphyrin is a dianionic
ligand; on the other hand, the corrin ring is a monoanionic ligand. Therefore, the
corrin ring can stabilize the low oxidation states of the central cobalt.

Two coenzymatically active forms of vitamin B12 exist, i.e. adenosylcobalamin
and methylcobalamin, as shown in Figure 1. The B12-dependent enzymes catalyze
various molecular transformations, for example, the rearrangement reactions as
typified by the conversion of methylmalonyl-CoA to succinyl-CoA, the methyla-
tion reaction as in the synthesis of methionine, and the dehalogenation reaction of
perchloroethylene, all as shown in Figure 2. These B12-dependent enzymic reac-
tions have been reviewed in the literature.1–5 These reactions are very interesting
from the viewpoint of organic synthesis. In this chapter, the biomimetic and bioin-
spired catalytic reactions with vitamin B12 enzyme functions are summarized.

B. B12 Model Complexes

Various cobalt complexes have been synthesized as model complexes of
vitamin B12.

6 However, all of these complexes cannot be qualified as favorable
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model complexes using the following criteria. (i) The redox behavior of the central
cobalt, which is mainly controlled by the basicity of an equatorial ligand, must be
similar to that for the naturally occurring B12. (ii) The electronic properties must
be equivalent to those of the natural B12, which are provided by the corrin ring
with eight double bonds and a direct bond between the rings A and D. (iii) The
steric effects, which are caused by a methyl moiety and a hydrogen atom at
the C(1) and C(19) positions in the corrin ring, respectively, may be important for
the reactivity of the central cobalt.

The cobalt complexes have been extensively used not only as B12 models, but
also as novel catalysts for organic syntheses by taking advantage of the high
nucleophilicity of their univalent cobalt species. Typical model complexes are
shown in Figure 3. However, most of these complexes cannot be used as func-
tional simulations of B12-dependent enzymes. For example, cobaloxime
[bis(dimethylglyoximato)cobalt], [Co(DH)

2
], which is readily prepared and fre-

quently utilized, is capable of forming the cobalt–carbon bond with various lig-
ands in the same manner as observed for the vitamin B12 derivative.7 Nevertheless,
this cobalt complex is not considered to be a good model since its redox behavior
is different from that of B12.

8 A cobalt complex of 1,19-dimethyl-AD-didehydro-
corrin, [Co(BDHC)], has additional double bonds at the peripheral sites and an
extra angular methyl group compared to the parent corrinoid.9 This complex was
found to be analogous to corrinoids on the basis of its electronic properties, but
failed to simulate the reactions mediated by B12 because of the significant steric
repulsion effect exerted by the angular methyl groups. As for the diimine-dioxime
complex, [Co(DO)(DOH)pn], though this complex has a very simple structure
compared to natural vitamin B12, it shows redox behavior analogous to that of B12

with respect to the central cobalt.10,11

The naturally occurring apoproteins, which provide relevant reaction sites for
B12, are considered to perform additional important roles that lead to the desolva-
tion and close association of reacting species. Based on this, the catalytic activity
of B12 in hydrophobic microenvironments in order to simulate the catalytic func-
tions of holoenzymes has shown some interesting characteristics. Under such cir-
cumstances, hydrophobic vitamin B12 derivatives (lipophilic derivatives), which
have ester groups in place of the peripheral amide moieties of natural vitamin B12,
were reported.12,13

C. Construction of Artificial Enzymes

Naturally occurring holoenzymes are typical supramolecules composed of a spe-
cific apoprotein and an additional cofactor, such as a coenzyme or metal ions.
Some artificial enzyme systems with organic/inorganic hybrid nanomaterials have

48/Bioinspired Catalysts with B12 Enzyme Functions 317

b867_Vol-10_Ch-48.qxd  6/21/2010  3:19 PM  Page 317



been reported, as shown in Figure 4. One example is a vesicle-type artificial
enzyme composed of peptide lipids and hydrophobic vitamin B12.

14 The second
example is a silica gel bearing vitamin B12 derivatives, formed by the sol-gel
method.15 The third is an organic/inorganic hybrid nanomaterial, i.e. human serum
albumin (HSA) containing vitamin B12 derivatives.16 The fourth example is a titanium
dioxide–B12 hybrid system.17 The electrochemical catalytic system and above
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artificial enzyme systems are very useful for various molecular transformations.
The catalytic simulations of B12 enzymes with bioinspired systems are summa-
rized in this chapter.

II. Bioinspired 1,2-Migration Reactions

The rearrangement reactions involve the intramolecular exchange of a func-
tional group (X) and a hydrogen atom between neighboring carbon atoms
[refer to Eq. 1].18,19 These reactions have attracted much attention because of
their novel nature from the viewpoints of organic and organometallic chem-
istry. Carbon-skeleton rearrangement reactions, mediated by methylmalonyl-
CoA mutase, glutamate mutase, and α-methyleneglutarate mutase are shown in
Eqs. 2–4.
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A. 1,2-Migration of Functional Groups on Cobalt Complexes

In B12 model reactions from the 1970s and 1980s, vitamin B12 derivatives or their
model complexes are reduced to a super-nucleophilic Co(I) species, and alkylated
complexes with the Co–C bond were obtained by reaction with the corresponding
alkyl halide as the substrate. The products from the alkylated complex obtained by
photolysis or thermolysis were then analyzed. Some typical and interesting reac-
tion examples were shown as follows.

Dowd and Shapiro reported that the methylmalonate-bound cobalamin was
prepared and the 1,2-migration product was obtained by the thermal cleavage of
the Co–C bond at low yield as shown by Eq. 5.20
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Scott and Kang reported that methylmalonyl monothiolate-bound cobalamin
was prepared by the reaction between B12s [Co(I) species of cobalamin] and the
brominated substrate, and then the thioester-migrated product was obtained as the
majority, as shown by Eq. 6.21 This reaction is interesting from the viewpoint of

H3C C H

CO2H

COS CoA COS CoA

H2C CH2

CO2H
mutase

methylmalonyl-CoA

(2)
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the migrating group, which is the thioester not the carboxylic ester. This tendency
is similar to the enzymic reaction of methylmalonyl-CoA mutase.
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Schrauzer and coworkers also reported the reaction of the methylmalonyl
monothiolate-bound cobalamin that was investigated under reduced reaction con-
ditions, and proposed a rearrangement mechanism with an anionic intermediate as
shown in Eq. 7.22 The reaction mechanism was not different from that for the
enzymic reaction, but this report showed that the 1,2-migration reaction proceeded
effectively via an anionic intermediate.

CoIII

COSEt

CO2Et

Me

Zn, or NaBH4
CO2Et

CSEt

Me

O

CO2Et

COSEt

Me
(7)

These reactions are interesting as pioneer model reactions for B12-dependent
enzymic reactions.

B. Electrochemical 1,2-Migration of Functional Groups

1. Catalytic Simulation of Methylmalonyl-CoA Mutase

The redox behavior of vitamin B12 derivatives was investigated in organic sol-
vents, and a Co(I) species as a super-nucleophile is readily formed by electro-
chemical reduction.23 On the basis of the redox behavior, the electrochemical
catalytic cycles were established as shown in Figure 5. An alkylated complex,
generated by the reaction of the Co(I) species and an alkyl halide, is generally
decomposed by photolysis or electrolysis to afford reduction and/or rearrangement
products.24–26 One example using the hydrophobic vitamin B12, [Cob(II)7C1ester]
ClO4 (see Figure 6), is shown.
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2,2-Bis(ethoxycarbonyl)-1-bromopropane has been adopted as a model sub-
strate for methylmalonyl-CoA mutase. The redox behavior of [Cob(II)7C1ester]ClO4

in DMF containing the substrate was examined by cyclic voltammetry. The redox
potential for the Co(II)/Co(I) couple was observed to be −0.59 V vs. SCE in the pres-
ence of the substrate. An irreversible reduction peak was observed at ca. −1.3 V vs.
SCE and assigned to the formation of the one-electron reduction intermediate of the
alkylated complex, which was generated by the reaction between the Co(I) species
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and the substrate. In addition, the second irreversible reduction peak was observed
at ca. −1.8 V vs. SCE. This peak was assigned to the formation of the two-electron
reduction intermediate of the alkylated complex. This redox behavior indicates that
different intermediates will be formed at −1.0 V, −1.5 V, and −2.0 V vs. SCE.

Electrolysis of the substrate was carried out after the addition of a catalytic
amount of [Cob(II)7C1ester]ClO4 in DMF under various conditions (refer to
Eq. 8).26 The catalysis was quite efficient at −2.0 V vs. SCE as reflected in the
yields of the rearrangement product.
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Reaction mechanisms involved in the controlled-potential electrolysis have been
investigated by various spectroscopic methods.25,26 The results are consistent with the
overall feature of the electrolysis shown in Figure 7. At −1.0 V vs. SCE, the divalent
cobalt complex is first converted into the corresponding univalent cobalt species by
electrochemical reduction. The alkylated complex is subsequently formed by reaction
of the super-nucleophilic Co(I) species with the alkyl halide. The complex is then
decomposed by visible light to give the Co(II) species and the alkyl radical, and the
latter abstracts a hydrogen atom to afford the simple reduction product. At −1.5 V vs.
SCE, the alkylated complex is further reduced to form the one-electron reduction
intermediate in the dark. The electronic structure of the intermediate seems to be rep-
resented by two canonical forms. A proton attack on the β-carbon of the substrate
induces the carbon-skeleton rearrangement, followed by the cobalt–carbon bond
cleavage. On the other hand, the one-electron reduction intermediate is spontaneously
decomposed to the Co(I) chelate and the alkyl radical in the absence of an efficient
proton source. The reduction product is mainly derived from the alkyl radical by rapid
abstraction of a hydrogen atom. At −2.0 V vs. SCE, the alkylated complex is con-
verted into the two-electron reduction intermediate in the dark. This intermediate is
decomposed to the Co(I) chelate and an anionic species, and the rearrangement prod-
uct is obtained from the latter. Since the identical radical species, which is produced
by the reaction of the present substrate with tributyltin hydride or by photolysis of the
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present substrate bound to cobaloxime, does not undergo the rearrangement reac-
tion,27 both of the anionic reduction intermediates given in Figure 7 are the primary
sources for the rearrangement product.

2. Catalytic 1,2-Migration of Functional Groups

In order to further characterize the catalytic proficiency of the hydrophobic
vitamin B12 and to clarify the migratory aptitude of functional groups in the
electrochemical rearrangement reaction, several kinds of substrates were also
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used.26 These substrates and the corresponding products are summarized in Eqs. 9
and 10. Substrates with two electron-withdrawing groups on the β-carbon atom
tend to give the corresponding rearrangement products that are derived from the
individual migration of the groups. Based on these results, the apparent migratory
aptitude of electron-withdrawing groups decreases in the following sequence:
COR > CO2R > CN. Both steric bulkiness and the electronic character of the
migrating groups are responsible for this tendency.
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The steric effect in the carbon-skeleton rearrangement catalyzed by
[Cob(II)7C1ester]ClO4 was investigated under the same conditions.28 The controlled-
potential electrolyses of alkyl halides having two carboxylic ester groups of different
bulkiness on the same carbon atom were carried out in DMF (see Eq. 11). As for the
correlation between the bulkiness of an ester group and migratory aptitude, a smaller
ester group tends to migrate to the adjacent carbon atom more readily than a larger
one. This steric effect is determined by the stereo-electronic effect.
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3. Ring-Expansion Reactions

Although naturally occurring B12-dependent enzymes do not catalyze ring-expan-
sion reactions, such reactions are mediated by vitamin B12 model complexes under
electrochemical conditions. The ring-expansion of cyclic α-(bromomethyl)-β-
keto esters by one carbon unit has been examined extensively by generating radi-
cal species with Bu3SnH.29–32 Torii and coworkers investigated the ring-expansion
reactions of 2-alkyl-2-(bromomethyl)cycloalkanones, which have 5- and 6-
membered rings, mediated by cobaloxime in methanol by constant-current elec-
trolysis under irradiation with visible light.33 Other ring-expansion reactions can
be applied to vitamin B12 derivatives. [Cob(II)7C1ester]ClO4 was utilized to cat-
alyze ring-expansion reactions under controlled-potential electrolysis conditions.

The electrolyses of alkyl halides with a cyclic ketone (5-, 6-, 7-, and 8-
membered rings) and an ester group were carried out in DMF in the presence of
[Cob(II)7C1ester]ClO4 at −2.0 V vs. SCE (see Eq. 12).34 A simply reduced product, a
ring-expanded product, and an ester-migrated product were reported. The major
product was a ring-expansion product for all the substrates. The following facts
became obvious based on these data: (i) The ring-expansion reactions are effectively
catalyzed by the hydrophobic vitamin B12. (ii) As for the reactivity of the substrates,
an alicyclic ketone with a larger ring size (8-membered one) is less reactive than those
with the smaller ring sizes (5-, 6-, and 7-membered). The formation of an alkylated
complex with the substrate (n = 4) seems to be less favorable relative to that with
other substrates due to steric reasons. (iii) As for the product selectivity, the major
products are the ring-expanded ones for all substrates. Even when numbered sub-
strates (n = 2 and 4) are used, ester-migrated products are obtained to some extent.
Since the 6-membered ring is structurally stable, the 5-membered substrate (n = 1)
readily afforded the ring-expansion product. On the other hand, the molar ratios of
the nonexpanded products vs. the ring-expansion product are much higher for reac-
tions with the 6-membered substrate (n = 2) than those for the other reactions.
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C. Artificial Enzymes Composed of Apoenzyme Model
and B12 Model Complexes

Various cobalt complexes have been synthesized as model complexes of B12.
35 The

naturally occurring apoproteins, which provide relevant reaction sites for vitamin
B12, are considered to perform additional important roles that lead to the desolva-
tion and close association of the reacting species.36,37 Based on this concept, the
activity of B12 in hydrophobic microenvironments has been studied in order to
simulate the catalytic functions of holoenzymes.

One interesting example is a cyclophane-type B12 artificial enzyme that is
constructed with a combination of an octopus cyclophane and a hydrophobic vita-
min B12 (Figure 8).27,38–41 The hydrophobic vitamin B12 is noncovalently incorpo-
rated into the octopus cyclophane in a 1:1 molar ratio by a hydrophobic
interaction. The vesicle-type B12 artificial enzyme has also been reported as
another example.42–46 This artificial B12 enzyme is noncovalently constructed with
a combination of a single-walled bilayer vesicle composed of N

+
C5Ala2C16 and
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the hydrophobic vitamin B12 (Figure 9). The morphological stability of the
synthetic bilayer vesicle is not perturbed by the noncovalent incorporation of
the hydrophobic vitamin B12.

14,44 The model reactions of methylmalonyl-
CoA mutase and glutamate mutase using artificial enzymes are outlined in the
following section.

1. Methylmalonyl-CoA Mutase-like Reactions

Methylmalonyl-CoA mutase catalyzes the interconversion of methylmalonyl-CoA
and succinyl-CoA. A characteristic aspect of the substrate, methylmalonyl-CoA, is
that it has two electron-withdrawing groups on the same carbon atom. Successful
model reactions have been reported in some papers.27,44 The electrochemical
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1,2-migration reactions proceed via anionic intermediates as described earlier. On
the other hand, 1,2-migration reactions proceed via radical intermediates in artifi-
cial enzymes such as the cyclophane- and vesicle-type. Substrate species were
bound to the hydrophobic vitamin B12 at one axial site of the nuclear cobalt, and
the resulting alkylated complexes were noncovalently fixed in the bilayer mem-
brane domain in aqueous media and then irradiated with visible light, resulting in
the homolytic cleavage of the Co–C bond. Some typical experimental results are
shown in Eqs. 13–16 and compared with the data obtained for the reactions
in homogeneous solution. The apparent migratory aptitude of the electron-
withdrawing groups was observed to increase as follows: CN ≈ CO2C2H5 <
COCH3. The rearrangement reactions, which are slow in homogeneous solution,
readily proceed in the vesicle by the cage effect of the apoenzyme model. Such
microenvironmental effects provided by the bilayer membrane become more pro-
nounced when the hydrophobic vitamin B12 is covalently bound to the lipid
species.47–51 A simpler artificial vitamin B12 holoenzyme has been constructed by
combination of a bilayer membrane and a simple B12 model complex using the
same procedure.52,53
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The above reactions are stoichiometric rather than catalytic, even though the
substrate species undergoes isomerization. In order to improve this situation, an
effective process for activation of the substrates was coupled with the catalytic
mediator composed of [Cob(II)7C3ester]ClO4 and the N+C5Ala2C16 vesicle.44 An
appropriate amount of [Cob(II)7C3ester]ClO4 and a large excess of vanadium
trichloride were dissolved in an aqueous medium containing the N+C5Ala2C16

vesicle and an appropriate excess of the substrate. The solution was irradiated with
visible light under aerobic conditions. The overall reaction cycle is shown in
Figure 10. A substrate is activated by vanadium(III) ions and molecular oxygen,54–57

and the resulting radical species undergoes coupling with [Cob(II)7C3ester]+ to
afford the corresponding alkylated complex. The alkylated complex is subjected
to homolytic cleavage to give the original substrate and the isomerized products,
the former being subjected to catalysis. Similar reactions occur in the cyclophane-
type artificial enzyme.39,39

The following aspects became apparent from these investigations. (i) A
combination of vanadium trichloride and atmospheric oxygen abstracts a
hydrogen atom from the terminal methyl group of a substrate species to
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form the corresponding radical species, which then undergoes a reaction with
[Cob(II)7C3ester]+ to form the Co–C bond. (ii) Since both suppression of the
molecular motion and desolvation effects operate on the chemical species
incorporated into the bilayer vesicle, [Cob(II)7C3ester]+ and the substrate radi-
cal, which are produced by homolytic cleavage of the Co–C bond upon photol-
ysis, must form a tight pair. Under such conditions, the nuclear cobalt promotes
the 1,2-migration of the electron-withdrawing groups. This artificial holoen-
zyme is expected to be applied to other nonenzymatic reactions that undergo
similar reaction mechanisms.44

2. Glutamate Mutase-like Reactions

Glutamate mutase mediates the interconversion of methylaspartic acid and glu-
tamic acid. A model reaction with the apoenzyme functions has been reported.43,45

Diethyl methylaspartate was bound to the hydrophobic vitamin B12, and the result-
ing alkylated complex underwent homolytic cleavage of the Co–C bond upon
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irradiation with visible light. It is apparent from Eq. 17 that the isomerization reac-
tion takes place only in the apoenzyme models.
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The overall reaction sequence mediated by the artificial glutamate mutase in
the single-walled bilayer vesicle is illustrated in Figure 11; a substrate bound to a
hydrophobic vitamin B12 undergoes the homolytic Co–C bond cleavage upon irra-
diation with visible light, the generated substrate radical is converted into
the product radical, and the product radical abstracts a hydrogen atom from its
vicinity to produce the final product.

Which functional group preferentially migrates to the neighboring carbon
atom, the glycyl group or the carboxylic ester, in a reaction mediated by the artifi-
cial glutamate mutase? It became clear by utilizing a deuterated substrate that the
glycyl group predominantly migrates in a similar manner as observed for the cor-
responding enzymic reaction, as shown in Eq. 18.46 Dowd and coworkers observed
that the β-methylaspartate-glutamate rearrangement readily took place via forma-
tion of a ketimine Schiff base derivative of diethyl β-methylaspartate, as mediated
by vitamin B12. Based on these results, they suggested the possible formation of
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Figure 11. Overall reaction sequence in artificial glutamate mutase.
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such a Schiff base intermediate in the corresponding enzymic reaction.58,59

However, the glycyl group can migrate without the Schiff base formation in the
apoenzyme model, though the yield is relatively low under the stated conditions.
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3. Other Carbon-Skeleton Rearrangement Reactions

Even though naturally occurring B12-dependent enzymes do not catalyze ring-
expansion reactions, such reactions are mediated by artificial enzymes under
experimental conditions comparable to those applied in the abovementioned reac-
tions. The reactions shown by Eqs. 19 and 20 were carried out in various media
under anaerobic irradiation by visible light. The products, 2-methyl-1,3-cyclopen-
tanedione (simple reduction product), 1,4-cyclohexanedione (ring-expansion
product), 3-methyl-2-pyrrolidinone (simple reduction product) and 2-piperidinone
(ring-expansion product), were obtained. These results indicated that the conver-
sions of the 5-membered ring compounds into the corresponding 6-membered
products take place much more favorably in the vesicle or the octopus cyclophane,
relative to those in methanol and benzene.38,60
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III. Bioinspired Methyl Transfer Reactions

The methyl transfer reaction in methionine synthase catalyzed methylation at the
sulfur of homocysteine using a methyl group from N5-methyltetrahydrofolate
(CH3-H4folate), which leads to tetrahydrofolate and methionine.2 This reaction is
also very interesting from the viewpoint of organic synthesis.

A. Methyl Transfer to Alkylthiols

The cobalamin-dependent methionine synthase that catalyzed the above methyl
transfer reaction is one major role for the B12 coenzyme as shown in Figure 12.
The cobalamin cofactor plays an integral role in methyl transfer, accepting
methyl groups from CH3-H4folate and donating them to the homocysteine. During
catalytic turnover, the cofactor cycles between the methylcobalamin and
cob(I)alamin forms, alternately demethylated by homocysteine and remethylated
by CH3-H4folate.61

It is difficult to achieve an efficient methyl transfer cycle under nonenzy-
matic conditions. Therefore, in model studies the methyl transfer cycle was often
divided into two parts: the first half-reaction involving the methyl transfer from
CH3-H4folate to cob(I)alamin, and the second half-reaction involving the methyl
transfer from methylcob(III)alamin to homocysteine.62 Zn2+ ions have been
considered by many researchers to be the essential cofactor in this enzymic
reaction.63–65

For the complete methyl transfer cycle, Keese, Darbre and coworkers in a
pioneering study, reported that the methylated vitamin B12 derivatives involve
the model methyl transfer reactions from methylamines to 1-hexanethiol in the
presence of Zn and ZnCl2 in refluxing ethanol.66 They found that the methyl
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transfer reaction from methyl heptamethyl cobyrinate to 1-hexanethiol occurs
in the presence of pyridine and ZnCl2 in a 69% yield. They then used N,N-
dimethylaniline as the methyl source, and constructed the catalytic cycle as shown
in Figure 13. The methyl group first transfers to the Co(I) species from N,N-
dimethylaniline to form methyl heptamethyl cobyrinate, and then it transfers to 1-
hexanethiol. The authors carried out this reaction in the presence of Zn powder in
acetic acid/ethanol under reflux conditions. The total yield of the hexyl methyl sul-
fide was about 6% based on the vitamin B12 derivative. The low yield may be
attributed to the activity conflict between the methyl donor and methyl acceptor in
the same environment, especially under neutral conditions.
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A catalytic methyl transfer reaction from methyl tosylate (TsOCH3) to 1-
octanethiol mediated by heptamethyl cobyrinate perchlorate, [Cob(II)7C1ester]ClO4,
was reported using an electrochemical method with a sacrificial Zn electrode as
shown in Figure 14.67 The catalytic methyl transfer reaction effectively proceeded
under continuous controlled-potential electrolysis at −1.0 V vs. Ag/AgCl at 50 °C
in the dark with a carbon-felt cathode and a sacrificial Zn-plate anode. Turnover
behavior was observed for the first time under nonenzymatic conditions. During
the electrolysis, Zn2+ ions from the sacrificial zinc plate anode played essential
roles in the catalytic cycle. The mechanism for such methyl transfer reactions, as
shown in Figure 15, was clarified by product analysis, electronic spectroscopy and
ESR spin-trapping experiments, as well as cyclic voltammetry.68 The formation
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and cleavage of the CH3–Co bond is the indispensable intermediate during the
catalytic methyl transfer reaction. Continuous electrolysis at −1.0 V vs. Ag/AgCl
in the presence of TsOCH3 insured a continuous Co(I) species, which facilitated
the formation of the CH3–Co intermediate by the reaction with methyl tosylate.
Under thermodynamic conditions, with the help of Zn2+ and the interaction
between the CH3–Co bond and the activated 1-octanethiol, the CH3–Co bond was
cleaved, resulting in the methyl group transferred to the 1-octanethiol to form the
methylated product. The Co(I) species formed may react with the proton from 1-
octanethiol to form the Co(II) species. The catalyst will then be activated to the
Co(I) species under electrochemical conditions.

B. Methyl Transfer to Inorganic Arsenics

Inorganic arsenic has caused serious chronic diseases through environmental pol-
lution.69 However, some methylated arsenic compounds, especially trimethylar-
sine oxide (TMAO) and arsenobatetaine (AB), have much lower toxicities than
arsenic trioxide (As2O3). The acute toxicity of AB, as determined from animal
experiments, is approximately one three-hundredth of that of arsenic trioxide.70

Meanwhile, in marine ecosystems, inorganic arsenicals are biologically methy-
lated through the food chain, which involves a methyltransferase and a reduc-
tase.71–73 An interesting application of the methyl transfer reaction with vitamin B12

to the detoxification system for inorganic arsenic has been reported. A new syn-
thetic pathway was designed for the transformation of arsenic trioxide into
arsenobatetaine via trimethylarsine oxide, as shown in Figure 16.74,75 It is a new
and selective detoxification method for inorganic arsenic, which is the biomimetic
methylation of arsenic trioxide (As2O3) to give trimethylarsine oxide (TMAO).
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The methylation reaction of As2O3 was performed at 37 °C for 24 hours in an
aqueous buffer solution using methyl heptamethyl cobyrinate as the methyl donor,
in the presence of glutathione (GSH).75 More than 98% of the arsenic trioxide
(As2O3) was methylated to monomethylarsonous acid (MMA) 56%, dimethy-
larsinic acid (DMA) 41% and TMAO 1.4%. The generation of TMAO was not
observed when methylcobalamin was used as the methyl donor under the same
conditions.76–78 Such activation may partly contribute to the interaction of GSH
and the methylated hydrophobic vitamin B12, which was observed by electronic
spectroscopy. When such a methylation was performed at 100 °C in an aqueous
buffer solution for 2 hours in the presence of glutathione with methyl cobyrinic
acid as the methyl donor, the arsenic trioxide (As2O3) was almost quantitatively
methylated to TMAO (99%).74 This is the first report of the selective conversion
of arsenic trioxide into TMAO using an artificial cofactor.

TMAO was quantitatively converted into AB in the presence of GSH and
iodoacetic acid in an aqueous buffer solution at 37 °C.74 The vitamin B12 deriva-
tives and the GSH that are used in this detoxification method are safe and envi-
ronmentally friendly materials. This method for the detoxification of inorganic
arsenics could be used for the prevention of poisoning by inorganic arsenical com-
pounds that are present in well water, which has been a widespread cause of
chronic poisoning by arsenic.

IV. Bioinspired Dehalogenation Reactions

Vitamin B12-dependent enzymes catalyze various molecular transformations that
are of particular interest from the viewpoint of organometallic and catalytic
chemistry. One of the most significant properties of the corrinoid compound
(B12) is the high nucleophilicity toward several organic halides to form an alky-
lated complex via dehalogenation. Much attention has been focused on such
reductive dehalogenation reactions because of their potential application for the
treatment of halogenated solvent wastes as well as for environmental remedial
methods.79 Within the past few decades, it has been demonstrated that certain
bacteria can use tetrachloroethene as an electron acceptor by reducing it to cis-
dichloroethene via trichloroethene and H2 as an electron donor for energy con-
servation (dehalorespiration) (Figure 17).80–83 Reductive dehalogenase isolated
from the anaerobic bacteria contains the corrinoid compound as a cofactor.84,85

Thus, the substantial ability of the corrinoid compound (B12) to accomplish
reductive dehalogenation prompted many researchers to investigate the cataly-
sis of B12 for the degradation of various organic halides. Furthermore, efforts to
clarify a mechanism for reductive dehalogenation of polychloroethylene in an
enzymatic process have been reported using several model systems.86–97 This
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section highlights the catalytic dechlorination of chlorinated organic compounds
by B12 and its models.

A. Reduction of Organic Halides by B12 Derivatives

In an early study, the reaction of the Co(I) state of B12 (vitamin B12s) with various
alkyl halides was investigated by kinetic experiments using sodium borohydride as
the reducing reagent.98,99 The nucleophilicity of vitamin B12s was evaluated using
Pearson’s nucleophilic reactivity constants, nCH3I

(Table 1).100 Vitamin B12s was rec-
ognized as a powerful nucleophile. Thus, the reductive dechlorinations of chlorinated
organic molecules catalyzed by B12 derivatives were achieved using various chemi-
cal reductants. The catalytic and stoichometric reactions of two insecticides, mirex
(1,1a,2,2,3,3a,4,5,5a,5b,6-dodecachlorooctahydro-1,3,4-metheno-1H-cyclobuta-
[cd]pentalene) and kepone (1,1a,3,3a,5,5a,5b,6-decachlorooctahydro-1,3,4-methano-
2H-cyclobuta[cd]pentalen-2-one) were conducted using vitamin B12s in the presence
of some reductants (either NaBH4, 1-thioglycerol, 2,3-dimercaptopropanol, or
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Table 1. Nucleophilic reactivity constants toward CH3l.a

Nucleophile nCH3l

CH3OH 0.00
Cl− 4.37
Br− 5.79
l− 7.42
Cobaloxime (aqua) 14.3
Vitamin B12s 14.4

aData taken from the Refs. 98 and 99.
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acetoin in alkali) (Figure 18).101 A titanium(III) citrate was commonly used as the
water-soluble reductant for the B12 activation. Chlorinated methanes, chlorinated
ethylenes and ethanes, such as carbon tetrachloride, chloroform, dichloromethane,
chloromethane, tetrachloroethylene, trichloroethylene, cis-dichloroethylene,
trans-dichloroethylene, 1,1-dichloroethylene, vinyl chloride, trichlorofluoro-
ethane, hexachloroethane, pentachloroethane, 1,1,1,2-tetrachloroethane, 1,1,2,2-
tetrachloroethane, and 1,1,1-trichloroethane were dechlorinated to the corresponding
alkanes and alkenes, catalyzed by cyanocobalamin (vitamin B12) (Figure 19).102–111

Toxaphene, a complex organochlorine pesticide mixture formed by the chlorination
of camphene, was also dechlorinated by dicyanocobinamide and cyanocobalamin
(Figure 20).112 The most persistent metabolite in the environmental sample of
toxaphene, 2-exo,3-endo,6-exo,8,8,10-hexachlorobornane, was also transformed.
Reductive dechlorination of α-,β-,δ-,γ-hexachlorocyclohexane (HCH) isomers by
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hydroxocobalamin was carried out in the presence of titanium(III) citrate (−0.48 V vs.
SHE, pH above 7.3) and dithiothreitol (DTT) (−0.33 V vs. SHE, pH 7).113,114 The reac-
tion profiles for the dechlorination of HCH were dependent on the reductant. When
DTT was used as the external electron source, α- and γ-HCH were transformed into
pentachlorocyclohexane, tetrachlorocyclohexane, and chlorobenzene, whereas
chlorobenzene was detected in all the HCH dechlorination systems together with
small amounts of pentachlorocyclohexane and tetrachlorocyclohexane when tita-
nium(III) citrate was used as the reductant (Figure 21).

The reductive dechlorination using the DTT/cyanocobalamin system was
also applied to the degradation of carbon tetrachloride.115 The Co(II) form
of B12 (vitamin B12r) was expected to be the predominant cobalt species that
reacts with the organic halide, while cob(I)alamin (vitamin B12s) did not partic-
ipate in the reaction since DTT is a weak reductant. Therefore, the one-electron
reduction of vitamin B12 followed by atom transfer to form the cobalt-
trichloromethyl intermediate was proposed for the dechlorination mechanism
(Figure 22).

As a thiol reductant, cysteine (−0.21 V vs. SHE, pH 7) was used for the car-
bon tetrachloride transformation mediated by cyanocobalamin.116 The Co(II) form
of B12 (vitamin B12r) exhibited little reactivity toward carbon tetrachloride in the
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absence of cysteine, and the reactive B12 species was hypothesized to be the
pentacoordinated Co(II)-cysteinate complex (Figure 23).

Dehalogenation of fluorinated organic compounds was also achieved by the
B12 catalyst. Reductive defluorination of perfluorooctane sulfonate (PFOS)
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(Figure 24) was carried out using cyanocobalamin (vitamin B12) as the catalyst
and titanium(III) citrate as the bulk reductant in an anoxic aqueous solution
at 70 °C and pH 9.117 Partial defluorination of technical PFOS and PFOS
branched isomers proceeded in seven days, with 18% and 71% fluoride
releases, respectively.

Removal of the chlorine from the aromatic ring in chlorophenols,118,119

2,3,4,5,6-pentachlorobiphenyl120,121 and hexachlorobenzene121 were investi-
gated by vitamin B12/titanium(III) citrate or using the DTT system (Figure 25).
Reductive dechlorination of such chlorinated benzenes by the B12 catalyst
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proceed several days to weeks. For example, an approximately 10% chlorine
removal for 2,3,4,5,6-pentachlorobiphenyl was observed for 36 days in aque-
ous condition at 20 °C.

Due to environmental concerns, zero valent metals were used as the reducing
reagent for the B12 activation since a heterogeneous metal is easy to remove after
the reaction.122 Iron does not have enough reducing potential for Co(I) genera-
tion, while zinc efficiently reduced vitamin B12 to form the Co(I) species, as
confirmed by UV-visible spectroscopy. The vitamin B12 and zinc combination sys-
tem significantly enhances the reaction rates for both the PCE and TCE dechlori-
nation compared with those for the metal only.

B. Electrocatalytic Reduction of Organic Halides by B12 Derivatives

Vitamin B12 derivatives are electrochemically active, and the Co(I) form of B12 is
produced at the cathode in various media, such as DMF, DMSO, CH3CN, alco-
hols, and aqueous solutions.23,123 In situ generated Co(I) species in an electrolyte
solution reacts with organic halides by dehalogenation. Ethylene dibromide, a sus-
pected human carcinogen, was reduced to form an alkene at glassy carbon elec-
trodes in a surfactant-stabilized emulsion using an electrocatalytic cycle involving
vitamin B12 (Eqs. 21–25).124,125 The catalysis of the Co(I) form of B12 saved an
overpotential of 0.84 V compared to the direct reduction of ethylene dibromide.
The intermediate (β-bromoalkyl)cobalamin (Eq. 21) was predicted but was kinet-
ically invisible on the time scale under the investigated experimental conditions.
Reductive dehalogenation of α-haloacetic acids to give acetic acid was achieved
by vitamin B12s during electrolysis at −0.9∼−1.1 V vs. SCE in acetonitrile/water
(1:1), pH 3 phosphate buffer.126 Analysis by cyclic voltammetry showed the for-
mation of a reduced organic product at the formal potential of Co(II)/Co(I). The
organocobalt intermediate was also not observed in the reaction due to the car-
boxylic acid group that reductively destabilized the alkylated complex. In this
way, the Co(I) species also formally acts as a powerful reductant toward these
substrates.

(21)

(22)

(23)

(24)

(25)

Co(II)  +  e Co(I)

Co(I)  +  CH2BrCH2Br [BrCo(III)CH2CH2Br]

Co(II)  +   CH2CH2Br + Br-

Co(I)  +   CH2CH2Br Co(II)  +   CH2CH2Br-

CH2CH2Br- CH2=CH2 + Br-
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The electrolysis of 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) in
the presence of corrinoid compound, heptamethyl cobyrinate perchlorate, was also
reported.127 Among the chlorinated organic compounds, DDT is characterized
by a pronounced insecticidal property and has been used worldwide despite its
known hazardous effects on human health and wildlife. DDT was catalytically
dechlorinated by B12 to form 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane (DDD),
1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene (DDE), 1-chloro-2,2-bis(4-chloro-
phenyl)ethylene (DDMU), and (E/Z) 2,3-dichloro-1,1,4,4-tetrakis(4-chlorophenyl)
but-2-ene (TTDB) in DMF containing tetra-n-butylammonium perchlorate
(Figure 26). A photosensitive intermediate having a Co–C bond formed during the
electrolysis was identified by electronic spectroscopy.

A voltammetric study of the electrocatalytic reduction of vicinal dibro-
moalkanes, (trans-1,2-dibromocyclohexane, 1,2-dibromobutane) in ionic liquid
media of cyanocobalamin (vitamin B12) was reported.128 Cyanocobalamin was
hard to dissolve in a dry ionic liquid, but was dissolved in an ionic liquid (butyl-
3-methylimidazolium trifluoromethanesulfonate) containing water (5–20% v/v).
In contrast, the corrinoid compound, heptamethyl cobyrinate perchlorate, was
soluble in the dry ionic liquid. Interestingly, enhancement for reactivity of the
Co(I) form of B12 toward DDT in the ionic liquid, 1-butyl-3-methylimidazolium
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tetrafluoroborate, was reported.129 More highly dechlorinated products, 1,1′-(2-
chloroethylidene)-bis(4-chlorobenzene) (DDMS), 1,1′-(ethenylidene)-bis(4-
chlorobenzene) (DDNU), and 1,1′-(ethylidene)-bis(4-chlorobenzene) (DDO)
were produced under electrolysis in an ionic liquid in the presence of the B12 cat-
alyst compared to the result in DMF mentioned above (Eq. 26). The enhanced
reactivity of the B12-ionic liquid system over the B12-DMF system for the elec-
trolysis of DDT was explained by an application of the Hughes-Ingold predictions
of solvent polarity effects on reaction rates.130 Two neutral reactants, the Co(I)
form of B12 and an organic halide, react to form charged products via a charge-
separated activated complex in the polar ionic liquid, which decreases the ∆G‡

value, resulting in an increase in the reaction rate. The solvent polarity parameter,
the ET

N value of the ionic liquid, is greater than that of DMF.131
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The mechanism for the dechlorination of an organic chloride by B12 under
electrochemical conditions was investigated by cyclic voltammetry.132 Using
chloroacetonitrile as an example, the crucial step in the catalytic process was elu-
cidated as the proton transfer decomposition of the alkylcobalt(II) complex, which
was formed by the reduction of the alkylcobalt(III) complex in DMF with the
addition of an acid. Furthermore, it was pointed out that the reduction step of the
alkylcobalt(III) complex was affected by the axial ligand, such as the chloride ion
derived from the substrate (Figure 27). The stronger this ligand is, the more neg-
ative the potential required for this step which influences the catalytic process.

C. Photocatalytic Reduction of Organic Halides by B12 Derivatives

A photoredox compound was utilized for the activation of B12 to form a Co(I)
species by irradiation with light. An inorganic complex, [Ru(bpy)3]Cl2 (where
bpy is 2,2′-bipyridine) is widely used as a photosensitizer due to its ability
to mediate electron transfer.133–136 In the case of the B12 catalytic system, the
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combined use of cyanocobalamin (vitamin B12) and [Ru(bpy)3]Cl2 was first
reported for the photochemical reduction of carbon dioxide and water by visible
light irradiation.137 Application of this combination for the dehalogenation of
organic halides was also reported. The mono-dechlorination of DDT effectively
proceeded using a heptamethyl cobyrinate perchlorate catalyst in the presence of
[Ru(bpy)3]Cl2 by irradiation with visible light (Figure 28). The formation of the
reactive Co(I) form of B12 was confirmed by the ESR spectral change in this
system.138,139

Titanium oxide (TiO2) was also utilized as the photosensitizer to mediate the
electron transfer toward B12 (Figure 29). It is well known that TiO2 generates an
electron-hole pair under band gap excitation by UV light irradiation.140–142 The
conductive band electron for TiO2 (Ered = −0.5 V vs. NHE in neutral aqueous solu-
tion) could reduce the B12 derivatives to form Co(I) species. A corrinoid compound
having seven carboxylic acid groups, cobyrinic acid, was immobilized on TiO2,
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and the immobilized B12 was then reduced to the Co(I) state by irradiation with
UV light (365 nm). The B12–TiO2 hybrid catalyst effectively dehalogenated vari-
ous organic halides, such as DDT, DDD, and phenethyl bromide.143 The powder
type of B12–TiO2 hybrid catalyst can be immobilized on a glass plate. By irradiation
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with UV light (365 nm), the immobilized catalyst (hybrid glass) shows efficient
reactivity for the dechlorination of PCE to TCE and 1,2-DCE (E/Z) with product
yields of 43% and 1/1%, respectively.144

D. Dechlorination of Organic Halides by Other Cobalt Complexes

Cobalt complexes, except for the corrinoid compound, have been synthesized and
utilized for catalytic reactions. Tetradentate chelate compounds, such as por-
phyrin, phthalocyanine, cobaloxime, and H2salen, where H2salen is N,N′-ethyl-
enebis(salicylideneamine), were extensively studied. The characteristics of each
catalyst such as the stability, solubility, and redox potential of the cobalt center
were dependent on each complex. The electrogenerated cobalt(I) salen was widely
used for the dechlorination of various organic chlorides, such as ethyl chloroac-
etate (ECA),145 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113),146 1,1,1-trichloro-
2,2,2-trifluoroethane (CFC-113a),147 DDT,148 hexachlorobenzene (HCB),149 and
pentachlorobenzene (PCB).150 As for the photocatalytic system, cobalt(II) tetra-
sulfonatophthalocyanine151 and cobalt(III) meso-tetra-(4-carboxyphenyl)porphyrin
chloride152 (Figure 30) were combined with TiO2 for the reductive dechlorination of
bromoform, carbon tetrachloride, and chloroform. The catalytic dechlorination
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of PCE and TCE by 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin cobalt
[(TCPP)Co] with titanium(III) citrate as the bulk reductant was reported.153 The
bimolecular rate constants for the chlorinated ethylenes (PCE, TCE, cis-DCE,
and trans-DCE) with the Co(I) form of (TCPP)Co and vitamin B12 were
compared. The values of (TCPP)Co are 5.6 and 14 times for PCE and TCE,
respectively, over B12.

V. Bioinspired Immobilized Catalysts

A. B12 Modified Electrodes

Immobilized catalysts are generally considered to have many advantages: only a
small amount is needed, they are usable in various media, and the products and
catalyst can be easily separated. The catalyst can also be recovered and recycled,
reducing waste significantly.154 Various materials such as metals, polymers, clays,
silica, and zeolite have been used as supports for the catalyst. Each support has
different functions that are dependent on their properties. Among them, the elec-
tronic conductivity of the support is of importance and some materials were used
as electrodes. Modified electrodes are a result of purposeful modification of a con-
ductive substrate to produce an electrode suited for a particular function and they
have properties which are different from those of the unmodified substrate.
Therefore, modification of the electrode surface with a metal complex was devel-
oped as a good catalyst for electro-organic reactions.155 This section highlights the
studies of the B12 immobilized catalyst, and especially B12 modified electrodes for
electro-organic reactions. The electro-catalytic utilities of the immobilized B12

result from the ready availability of the active Co(I) species by electron transfer
from the electrode.

B. Noncovalently Bound B12 Modified Electrodes

The adsorption of a catalyst to an electrode surface has been known to modify the
electrochemical behavior of the substrate. Zagal and coworkers have found that
vitamin B12 (cyanocobalamine) strongly adsorbs on pyrolytic graphite.156–158 The
resulting vitamin B12 modified electrode catalyzed the oxidations of cysteine and
glutathione and the reduction of cystine, while the bare electrodes are completely
inert.

Vitamin B12 hexacarboxylate 8-aminocob(III)yrinic acid c-lactam [B12(COOH)6]
was used to incorporate a catalytic activity into insoluble liquid crystal films of a
cationic surfactant on carbon electrodes (Figure 31).159 Didodecyldimethyl-
ammonium bromide (DDAB) films loaded with the vitamin B12 derivative catalyzed
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the reductions of trichloroacetic acid and 1,2-dibromoethane at potentials of the
Co(I) formation.

The corrinoid compound having seven long alkyl chains, heptaoctylcobyri-
nate perchlorate, was incorporated in a monolayer of an organosilane amphiphile,
and the monolayer was transferred to an indium tin oxide (ITO) electrode as an
X-type Langmuir-Blodgett (LB) film (Figure 32).160 The redox behavior of the
modified electrode was investigated by cyclic voltammetry, and the reversible
Co(II)/Co(I) redox couple was observed at −0.65 V vs. Ag/AgCl in an aqueous
solution. However the application of this modified electrode for electroorganic
reactions was not reported.

A B12 modified electrode using sol-gel techniques was reported (Figure 33).15

A hydrophobic heptapropyl cobyrinate perchlorate was readily trapped on an ITO
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electrode by a sol-gel reaction. The complex was physically retained in a silica gel
film formed on an ITO electrode. The electrolysis of benzyl bromide was
performed at −1.20 V vs. Ag/AgCl by irradiation with visible light using the
modified electrode to form bibenzyl and toluene.

C. Polymer-coated B12 Modified Electrodes

A surface modification of the carbon electrodes by polymers consisting of
epoxy resins and a B12 derivative has been reported (Figure 34).161 The poly-
meric monomer, Araldite CT-200 and the B12 derivative having a 3,5-
diaminobenzoyl moiety at its peripheral site were co-polymerized onto an
oxidized glassy carbon electrode surface at 373 K. The structure of the modi-
fied electrode was estimated to be a cross-linked polymer. Polymer-modified
electrodes with large specific surfaces have been used in electroorganic syn-
thesis. The synthesis of valeronitrile by the reductive cross-coupling of ethyl
iodide and acrylonitrile effectively proceeded using the modified electrode
(Eq. 27). This B12 modified carbon electrode was also used as an electrochem-
ical sensor for alkylating agents, i.e. organic halides.162 The oxidative addition

352 Hisaeda and Shimakoshi

N N

NN

H

H

H3C H
CH3

HH3C
H3C

H CH3

CH3

HCo

C3H7OOC

CH3

COOC3H7

COOC3H7

COOC3H7CH3
C3H7OOC

C3H7OOC COOC3H7

ClO4
- CoII

Co

Co

Co

Co

O

O

O

Si

Si

Si

O

O

O

Si

Si

Si

O
O

O

O

O Si

O Si

O Si

O Si

O

O

O

O

Si

Si

Si
O

Si

O

O
O

Si
O

O

O

Si

Si

O

O Si

Si

O

Si

Co

Co

in EtOH

e-

=
ITO electrode

silica sol-gel matrix

tetraethoxy silane, 
HCl aq.

Figure 33. A sol-gel modified electrode containing the trapped B12 derivative (adapted from
Ref. 15).

I CN+
Electrolysis

B12 electrode
CN (27)

of an organic halide from dilute solutions to the immobilized Co(I) species of
the B12 derivative yielded a surface-confined alkylated complex. The same
modified electrode was applied to various electroorganic reactions as a
functional simulation of the cobalamin-dependent enzymic reaction.163 The
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carbon-skeleton rearrangement reactions of organic halides efficiently pro-
ceeded using the polymer-coated B12 modified electrode (Eqs. 28–30). The
polymer matrix may provide an efficient microenvironmental effect on the
rearrangement reaction catalyzed by B12.
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Another type of polymer-coated electrode was prepared.164–167 Poly-L-lysine
was covalently linked to carbon electrodes, and an amide linkage from polylysine to
the B12 derivative was efficiently formed (Figure 35). The modified electrode showed
a reversible electron transfer for the Co(II)/Co(I) couple. The electrocatalytic
activities for various molecular transformations were conducted in microemul-
sions as the reaction medium (Eqs. 31 and 32).
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The electrochemical polymerization of a B12 derivative containing a pyr-
role group in a peripheral alkyl chain on a platinum electrode surface has been
reported (Figure 36).168–170 The dissolved oxygen reduction reaction was chosen to
obtain preliminary information about the catalytic activity of the B12-containing
polymer-modified electrodes. However, the application of this modified electrode
for electroorganic reactions was not reported.
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D. Covalently Bound B12 Modified Electrodes

The direct modification of the electrode surface with catalyst species provided
some advantages compared to those of the previously described matrix-assisted
modified electrodes. The predominant utility is facilitating the electron transfer
from the electrode to the catalyst and easy access of the substrate to the bound cat-
alyst. Synthesis of a B12 derivative having a trimethoxysilyl group at the periph-
eral position was reported (Figure 37).171 This complex was easily immobilized
onto an oxidized platinum electrode surface, and the immobilized complex exhib-
ited a definitive Co(II)/Co(I) redox couple. The Co(I) species formed on the elec-
trode surface reacts with phenethyl bromide to form styrene by irradiation with
visible light and have a turnover number of over 6,000 for an hour.

A monolayer type B12 modified electrode was prepared using the self-assembly
technique. A B12 disulfide derivative was spontaneously adsorbed onto the gold
surface (Figure 38).172 The modified electrode showed electrocatalytic activity
for the reduction of dissolved oxygen. However, the application of this modified
electrode for electroorganic reactions was not reported.
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A mesoporous TiO2 was also used as an electrode. A vitamin B12 hexacarboxy-
late, namely 8-aminocob(III)yrinic acid c-lactam (B12(COOH)6), was chemisorbed
on a nanocrystalline TiO2 electrode to form a B12 modified electrode.173 The mod-
ified electrode was active for the debromination of dibromocyclohexane and the
stereoselective cyclization of 2-(4-bromobutyl)-2-cyclohexen-1-one to 1-decalone
in a microemulsion (Eqs. 31 and 32). Binding of the B12 catalyst to the TiO2 elec-
trode enhanced the electron-transfer rates and catalytic efficiency though about
70% of the B12 catalyst was desorbed from the TiO2 electrodes during the reaction.
A cross-linking of the B12 catalyst on the pore walls of a mesoporous TiO2 elec-
trode was achieved, based on a solid phase supported synthesis, to obtain a highly
stable modified electrode (Figure 39).174 The modified electrodes showed high
electrocatalytic reactivity for the dehalogenation of vicinal dihalides (dibro-
moethane and trans-dibromocyclohexane).

E. B12 Immobilized Polymers

The use of a soluble polymer as catalyst support may be applicable as an advan-
tageous alternative to conventional solid-phase supports. A soluble polymer
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support provides homogeneous reaction conditions that do not depress the access
of the substrate. A hyperbranched polymer is one of the dendric polymers that are
synthesized via a one-step polymerization reaction in an inexpensive and easy
way, and it has various advantages when compared to dendrimers, which are syn-
thesized via multiple-step polymerizations.175 The B12-hyperbranched polymers
were synthesized and characterized by UV-visible and NMR spectroscopy as well
as DLS (Figure 40).176,177 The spherical shape of the hybrid polymer was observed
by TEM. The hybrid polymer exhibits catalysis for the dehalogenation of
phenethyl bromide to form ethylbenzene and 2,3-diphenylbutane by irradiation
with UV light at room temperature.

VI. Other Bioinspired Reactions

A. Asymmetric Reactions

One of the fascinating functions of naturally occurring vitamin B12 is its potential
as a chiral catalyst for asymmetric synthesis, since B12 creates a chiral reaction site
provided by a corrin ring and peripheral substituents. B12 catalyzes asymmetric
reduction of α,β-unsaturated carbonyl derivatives (esters and amides) in aqueous
acetic acid in presence of zinc (Eq. 33).178,179 Both cyanocobalamin and hep-
tamethyl dicyanocobyrinate produce the (S)-isomer as product. Enantiometric
excesses depended on the applied reaction conditions. The alkylated complex
formed by Re-face attack of a Co(I) to substrate was considered as an inter-
mediate, and subsequent reductive cleavage of cobalt–carbon bond afforded the
(S)-configuration product in varying enantiometric excesses.180 Schrauzer and
coworkers investigated the asymmetric alkylation of cob(II)alamin with D/L-
alanine in the presence of V3+

and oxygen radicals, and obtained the alanine-bound
cobalamin with a 12% e.e. of the D-alanine-bound complex, as shown in Eq. 34.54
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Ogoshi and coworkers studied the alkylation of cob(I)alamin with prochiral 1-
acetyl-1-alkylcyclopropanes that induced an asymmetric center in the resulting
alkyl ligands, as shown in Eq. 35, and found a 24% e.e. for X=Ac and Y=Et, and
a 33% e.e. for X=Ac and Y=CH2Ph.181 Golding and coworkers carried out the
alkylation of cob(I)alamin with tert-butyloxirane and methyloxirane as shown in
Eq. 36, preferentially affording the (R)-alkyl-bound products in 62% and 50% e.e.,
respectively.182,183 Bonhôte and Scheffold reported the asymmetric isomeriza-
tion of 1,2-epoxycyclopentane to give (R)-2-cyclopenten-1-ol via the formation
of the corresponding alkylated cobalamin, in 62% e.e.184 Achiral epoxides and
N-aziridines are isomerized to optically active allylic alcohols and N-acyl-
allylamines by the hydroxocobalamin hydrochloride (vitamin B12a)/Zn/NH4Cl
system (Eqs. 37 and 38).185,186 Using this system, an optically active cyclopenta[b]
furan was obtained for prostaglandin synthesis.187 Murakami and coworkers have
investigated the enantioselective alkylation of hydrophobic vitamin B12 deriva-
tives, which bear a chiral binaphthyl moiety, with various racemic 3-bromo-2-
methylpropionic esters in methanol, and S-enantioselectivity with as high as 65%
e.e. was observed regardless of the chiral nature of the binaphthyl moiety.188,189

The higher S-enantiomer selectivity with hydrophobic vitamin B12 derivative has
been reported as follows. The controlled-potential electrolysis of racemic ethyl 3-
bromo-2-methoxy-2-phenylpropionate was carried out at −1.8 V vs. SCE in DMF,
as mediated by hydrophobic vitamin B12 derivatives to afford ethyl 2-methoxy-2-
phenylpropionate and ethyl 2-methoxy-3-phenylpropionate in the dark as shown
in Eq. 39.190 The best enantiomeric excess is 87% for the [Cob(II)7C1ester]ClO4.
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H C

X

CH2

Y

CoI

CoIII

CH2

Y

X

*

X = COCH3 , Y = CH2Ph :  33% e.e.

+

X = COCH3 , Y = C2H5  :  24% e.e.

cob(I)alamin

(35)

*

50% e.e. (R-config)

+CoI
O

X
CoIII

H2C

C OH

X

H

X =CH3 :

X = C(CH3)3 : 62% e.e. (R-config)

cob(I)alamin

(36)

O

OH
cob(I)alamin

MeOH
(37)

(CH2)n N
cob(I)alamin

MeOH

O

R (CH2)n

H
N

O

R

R = t-BuO, n = 1; R = t-BuO, n = 2
R = Ph, n = 1; R = Ph, n = 2
R = Et, n = 2

(38)

Br

Ph

CO2C2H5H3CO

H3C Ph

CO2C2H5H3CO

[Cob(II)7C3ester]ClO4 : 55% e.e. (S-config)

87% e.e. (S-config)

*

[Cob(II)7C1ester]ClO4 :

-1.8 V vs. SCE

Hydrophobic B12

(39)
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The enantioselective cyclopropanation of alkenes with ethyl diazoacetate was
carried out in the presence of B12 (Eq. 40).191 Among the cobalamin derivatives
(cyanocobalamin, methylcobalamin, adenosylcobalamin, hydroxocobalamin
hydrochloride), hydroxocobalamin hydrochloride (vitamin B12a) exhibited the
most effective catalysis for a variety of alkenes, which afforded the cis-dominant
cyclopropanes in excellent yields and moderate enantioselectivities.
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R1

R2 R2

R1

H
EtOOC

+ N2CHCOOEt
B12 (40)

B. Other Reactions

Reductive removal of β-haloethyl protecting groups from acids was conducted
using vitamin B12 and vitamin B12 model compounds.192 The catalytically active
Co(I) species formed by electrolysis or treatment with zinc reacts with β-
chloroethyl or β-bromoethyl esters to form alkylated Co(III) intermediates and the
subsequent cleavage of the cobalt–carbon bond to produce the corresponding
acids and ethylene (Eq. 41). Such a reductive elimination was used for the
synthesis of glycols (unsaturated sugars) (Eq. 42).193 The tetra- or triacetyl-1-
bromosugar was converted to the tri- or diacetyl sugars by the vitamin B12/zinc
system in neutral media, MeOH.

Electrolysis

aquocobalamin
R-CO2CH2CH2X R-CO2H CH2CH2 X-+ +

Zn/NH4Cl
or

R = C6H5, p-CH3-C6H5-NH-

Ph OCH2CONH

N
O

S

X = Cl, Br

(41)
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Reductive acylation of activated olefins with anhydrides was catalyzed by
vitamin B12a. 4-Oxo-aldehydes, ketones, esters, and nitriles were synthesized from
the corresponding carboxylic anhydrides and activated olefins (Eq. 43).194 The
nucleophilic Co(I) form of B12 reacted with carboxylic anhydrides and other acyl
derivatives to form Co(III) acyl compounds.195 Photolysis or electrolysis of the
cobalt–carbon bond provided the final product in the presence of an activated
olefin.
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aquocobalamin

O
H

AcO

H

AcO

H

Br
OAcH

H

OAc
O

H

AcO

H

AcO
H

OAc

Zn/NH4Cl (42)

Electrolysis, hν

vitamin B12a
(R1CO)2O +

R1 = CH3, n-C7H15, n-C6H13, C6H5

+ R3HC=CR2Z (R1CO)R3HC-CHR2Z R1COO-

R2 = H, CH3

R3 = H, CH3

(43)

A unique reductive dimerization of arylalkenes catalyzed by the B12/Zn or
Ti(III) citrate system was reported in an environmentally benign solvent
(ethanol/water).196 Mono- and 1,1-disubstituted alkenes regioselectively provided
the corresponding dimers along with some reduced product (Eq. 44), and dienes
containing one aryl alkene afforded an intramolecular cyclized product (Eqs. 45
and 46). This reaction expands to the intramolecular cyclization reaction of
N-substituted pyrroles and α-alkylstyrenes (Eqs. 47 and 48).197

cat. B12

Ti(III)citrate

R2

R1

R2

R1

Me
R1

R2Me

R1 = Ph, 4-MeC6H4, 2,5-(Me)2C6H3, 4-ClC6H4, 4-FC6H4

R2 = H, Me, Ph

+
R2

R1 Me

(44)
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The photoreduction of CO2 to CO catalyzed by a corrinoid compound, such as
cyanocobalamin, hydroxocobalamin, and cobinamide, was carried out in acetonitrile/
methanol solutions containing p-terphenyl and triethylamine as a photosensitizer
and a sacrificial reductant, respectively.198 The catalytic efficiency of the cobalt
complexes for the photochemical production (λ ≥ 300 nm) of CO and H2 were
compared for the corrinoid compounds and cobalt tetra-m-tolylporphyrin. The
corrinoid compounds had higher product formation rates and yields than those of
the porphyrin complex.

The photochemical catalytic reaction was also reported using the binuclear
Ru(bpy)3-B12 system. A radical-type cyclization of methyl 1-(3-bromopropyl)-4-
oxocyclohexa-2,5-diene-1-carboxylate to the corresponding indene derivative was
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cat. B12

Ti(III)citrate
N

Me
N

Me

Me

Me Me

Me

N

Me

Me

Me

Me

+ (45)

cat. B12

Ti(III)citrate
N

Me

Ph Ph

N

Me

Me

Ph

Ph

(46)

cat. B12

Ti(III)citrateN

N

OBn

N

HN

OBn

(47)

cat. B12

Ti(III)citrate
O

R

R = H, Me

O

R

(48)
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conducted using the photoredox-photocatalyst in the presence of triethanolamine
(Figure 41).199

VII. Conclusions

The catalytic simulations, model reactions, and application reactions of B12

enzymes with bioinspired systems have been summarized in this chapter. Various
cobalt complexes which act as B12 models exhibit a variety of wonderful reactivi-
ties. Hybrid catalysts composed of synthesized metal complexes and nano-space
materials, which are similar to the active center of the B12 enzyme, enabled various
molecular transformations, including environmental-friendly organic synthesis
reactions and degradation reactions of organic halide pollutants by electroorganic
or photochemical reactions. Combining the benefits of natural enzymes and engi-
neering methods, this will allow the development of a new catalyst system that will
exceed biological reactions. The development of bioinspired catalysts will play an
important role in the next generation of science and technology.
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by B12 derivatives, 344–346

photocatalytic reduction of organic halides
by B12 derivatives, 346–349

reduction of organic halides by B12

derivatives, 339–344
Density functional theory (DFT), and catalytic

cycle of CYP 450, 87–93
DFT-calculated reaction mechanism of trans-

2-phenylmethylcyclopropane activation,
120–121

Diamond functionalization via C–C
linkage/amide coupling, and
noncovalent linkage of carbon
nanotubes, 293–294

Diisopropyl diazomethylphosphonate
(DAMP)

chiral strapped porphyrins and, 64–65
cyclopropanation and, 54–56

Diluent post-immobilization for anchoring
porphyrin/phthalocyanine on gold, 251

Diphenylphosphoryl azide (DPPA),
aziridination and, 71
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Direct immobilization of macrocycle
complex porphyrin system immobilization,

260–263
modulation of surface/macrocycle linker,

256–259
multi-linkage of surface/macrocycle,

259–260
TPP derivatives and, 253–256

Dodecafluorosubphthalocyanine as electron
acceptor unit, 201

Dye-sensitized solar cells
CHENO and, 168–169
JK2/IPCE structures versus wavelength of

TT-1/JK-2 molecule, 169–171
optimization via peripheral

modification/preparation of new
derivatives, 163–164

optimization via TT-1 derivatives with
π-conjugated/non-conjugated links,
164–165

photovoltaic data comparisons,
164–165

RuPcs and, 160–162, 166
and silicon naphthalocyanine dyes, 162
and tetra-tert-butyl-substituted TiPs/RuPcs

with carboxy groups at axial ligand,
161–162

and unsymmetrically substituted carboxy-
Zn(II)Pcs, 162–163

Dye-sensitized solar cells (DSSCs)
basic concepts of, 157, 159
coadsorbents and, 167–169
cosensitization strategy and, 169–173
interfacial electron transfer dynamics and,

166–167
and structural optimization of Pcs,

159–166
tetracarboxy-ZnPcs tested in, 160

E
Electrocatalytic organic halide reduction by

B12 derivatives, 344–346
Electrochemical 1,2-migration of functional

groups
catalytic 1,2-migration of functional

groups, 324–325

catalytic simulation of methylmalonyl-CoA
mutase and, 321–324

ring-expansion reactions and, 326
Electron transfer

and diffusion rate constant k12, 188–189
dodecafluorosubphthalocyanine as electron

acceptor unit, 201
and driving force dependence of log ket,

186, 188, 194–196, 198–199,
206–208

Marcus theory of, 184–186
and monomer vs. dimer porphyrins in

artificial photosynthetic systems,
190–196

multistep photoinduced, 203–212
observed second-order rate constant of,

187–188
photoinduced in supramolecular

complexes, 212, 214
and planar vs. nonplanar porphyrins in

artificial photosynthetic systems,
186–190

Electron transfer dynamics, interfacial, 
dye-sensitized solar cells and, 
166–167

Electrostatic coupling, 290–291
Enantioselectivity

and chiroporphyrin development, 22
and D4-symmetric Halterman porphyrin,

15–18
and D4-symmetric porphyrin (chiral picket

fence porphyrins), 10
effect of temperature on chiral picket fence

porphyrins, 24
ENDA and styrene cyclopropanation,

62–63
and iron/manganese glycosylated

porphyrins (chiral picket fence
porphyrins), 18–19

and molybdenum complex with TBHP, 
15

and rhodium metal/ruthenium exchange in
chiral picket fence porphyrin
cyclopropanation, 49–50

[Ru(O)2]5 chiral picket fence porphyrins,
11–12
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and sulfoxidation of chiral picket fence
porphyrins, 74

Enzyme functions (B12). See Catalysts with B12

enzyme functions
Epoxidation

of 1,2-dihydronaphthalene catalyzed by
[MnCl] chiral picket fence
porphyrins, 22–23, 35–36

of 2-nitrostyrene (chiral strapped
porphyrins), 27–28

of aromatic alkenes catalyzed by [MnCl]
chiral picket fence porphyrins,
10–12

of aromatic alkenes catalyzed by [RuCO]
chiral picket fence porphyrins,
12–13

of aromatic olefins catalyzed by [FeCl]
chiral strapped porphyrins, 27–31,
33

of aromatic olefins catalyzed by
iron/ruthenium complexes (chiral
strapped porphyrins), 34–35

of aromatic olefins catalyzed by [MnCl]
chiral picket fence porphyrins, 8–9,
20–21

of aromatic olefins catalyzed by [Ru(O)2]
chiral strapped porphyrins, 35

and atropisomers of glycoconjugated
porphyrins (chiral picket fence
porphyrins), 19–20

and binaphthyl-derived catalysts (chiral
strapped porphyrins), 30–31

and binaphthyl group for catalytic stability
(chiral picket fence porphyrins),
8–9

C=C epoxidation by Cpd I of CYP 450,
127–129

chiral basket handle porphyrins (chiral
strapped porphyrins), 40–43

chiroporphyrin development, 21–22
and D4-symmetric Halterman porphyrin,

15–18
and D4-symmetric porphyrin (chiral picket

fence porphyrins), 10
and development of chiral strapped

porphyrins, 26–27

and electron-withdrawing trifluoromethyl
group (chiral picket fence
porphyrins), 14–15

and chiral picket fence porphyrins, 5–7
historical aspects, 3–5
and homochiral-strapped porphyrin with

chiral cyclohexane auxiliaries,
36–37

and homochiral threitol-strapped
porphyrins, 33–34

and iron/manganese glycosylated
porphyrins (chiral picket fence
porphyrins), 18–19

and molybdenum complex with TBHP,
15

and Mosher’s chiral amide (chiral picket
fence porphyrins), 25

of olefins catalyzed by [FeBr] chiral picket
fence porphyrins, 18–19

of olefins catalyzed by [FeCl] chiral
strapped porphyrins, 38, 40

of olefins catalyzed by [MnCl] chiral
picket fence porphyrins, 15, 17,
38–39

of olefins catalyzed by [Ru(O)2] chiral
strapped porphyrins, 37–38

of olefins catalyzed by [RuCO] chiral
picket fence porphyrins, 15–16

of olefins catalyzed by [RuCl2]
chiral picket fence porphyrins, 14

and ortho-aryl position attachment of ether
groups (chiral picket fence
porphyrins), 24

and Oxone (KHSO5) and cis β-
methylstyrene (chiral picket fence
porphyrins), 11

and peptide chain attachment to meso-
positions (chiral picket fence
porphyrins), 25

and picket fence/basket handle porphyrins
with amino acids, 40

and porphyrin on ortho-position of meso-
aryl groups (chiral picket fence
porphyrins), 7–8

and proline-derived ligands (chiral
strapped porphyrins), 38–39
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styrene reactions with PhIO (chiral picket
fence porphyrins) and, 25–26

of styrenes with PhIO, 27–28
and threitol-strapped porphyrins, 37–38

Ester linkage with oxidized CNT, and
covalent linkage of carbon nanotubes,
280–281

Ethyl α-nitrodiazoacetate (ENDA), and
styrene cyclopropanation, 62, 65

Exciton-blocking layers (EBLs) and Pc
incorporation into OPV by vapor
deposition, 146–147

F
Flash photolysis time-resolved microwave

conductivity (FP-TRMC),
porphyrin–nanocarbon composites and,
230

G
Glutamate mutase-like reactions, apoenzyme

model/B12 model complexes and,
331–333

Gold, 303–304. See also Surface
functionalization of gold for
electronics

Graphene functionalization via amide linkage,
292–293

H
H2DPP, 216–220, 227–229
Halterman porphyrins. See also Epoxidation

aromatic alkenes catalyzed by [RuCO]
chiral picket fence porphyrins,
12–13

aziridination of olefins by manganese
complexes of, 69–72

cyclopropanation and, 45, 48–49
and D4-symmetric Halterman porphyrin,

15–18
and D4-symmetric porphyrin (chiral picket

fence porphyrins), 10
and electron-withdrawing trifluoromethyl

group (chiral picket fence
porphyrins), 14–15

porphyrin 8 and derivatives, 15

sol-gel and ruthenium porphyrin complex
in, 13–14

High-valent iron-oxo porphyrins in
oxygenation reactions

and aliphatic C–H activation by Cpd I of
CYP 450, 108–120

and aliphatic hydroxylation mechanisms
with byproduct formation for CYP
450, 120–124

and aromatic C–H activation by Cpd I of
CYP 450, 125–127

and catalytic cycle of CYP 450, 87–93
and C=C epoxidation by Cpd I of CYP

450, 127–129
cytochromes P450 as superfamily of

cysteine thiolate-ligated heme
enzymes, 85–86

and iron(IV)-oxo porphyrin π-cation
radical complexes, 93–97

and modeling of CYP 450 properties/
reactivities of compound I (Cpd I),
98–106

and modeling of CYP 450 properties/
reactivities of two-state reactivity,
106–107

and sulfoxidation by Cpd I of CYP 450,
129–131

Highest occupied molecular orbital (HOMO)
energy, dye-sensitized solar cells and,
157

Homochiral-strapped porphyrin with chiral
cyclohexane auxiliaries, 36–37

Hybrid CMOS transistor memory, hybrid
electronics and, 302

Hybrid electronics. See Conductors/
semiconductors for hybrid electronics

Hybrid nanowire transistor memory, hybrid
electronics and, 302–303

Hybrid planar-mixed molecular
heterojunctions and OPV by vapor
deposition, 146–147

Hydroxylation of chiral basket handle
porphyrins, 76–77

Hydroxylation of chiral strapped porphyrins,
76

Hydrosilylation of C–C triple bond, 269–270
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Hydroxylation of chiral picket fence
porphyrins, C–H bond functionalization
and, 73–74

Hydroxylation of ethylbenzene by Cpd I(Cl-),
125–127

I
Immobilization of complex porphyrin systems,

and surface functionalization of gold,
260–263

Immobilization of macrocycle
click coupling and, 265–267
complex porphyrin system immobilization

and, 260–263
coordination bond coupling and, 

264–265
and modulation of surface/macrocycle

linker, 256–259
multi-linkage of surface/macrocycle and,

259–260
TPP derivatives and, 253–256

Incorporation of Pcs into organic photovoltaic
devices by solution processing,
153–157

Inorganic arsenics methyl transfer, 337–338
Interfacial electron transfer dynamics, 

dye-sensitized solar cells and, 
166–167

Intramolecular π–π interaction, 190–191, 210,
212–213. See also Planar vs. nonplanar
porphyrins

porphyrin–nanocarbon composites and,
221–222

Iodine species and aziridination, importance
of, 68

Iron-catalyzed cyclopropanation, 45
Iron-oxo porphyrins in oxygenation reactions.

See High-valent iron-oxo porphyrins in
oxygenation reactions

K
Kinetic isotope effect (KIE) ratio, 122

L
Lewis acidity, supramolecular porphyrin

complexes and, 215–216, 220

Linkage between CNT/macrocycle: π–π
interaction, and noncovalent linkage of
carbon nanotubes, 289–292

Lowest unoccupied molecular orbital (LUMO)
energy

dye-sensitized solar cells and, 157, 161
structural modification in Pcs and OPV by

vapor deposition and, 148–149

M
Macrocycle immobilization

click coupling and, 265–267
complex porphyrin system immobilization

and, 260–263
coordination bond coupling and, 264–265
and modulation of surface/macrocycle

linker, 256–259
multi-linkage of surface/macrocycle and,

259–260
TPP derivatives and, 253–256

Marcus theory of electron transfer, 184–186
Memory, hybrid electronics and, 300–303
Metalloporphyrin-catalyzed asymmetric

atom/group transfer reactions. See
Asymmetric atom/group transfer
reactions

Methyl transfer reactions
methyl transfer to alkylthiols, 334–337
methyl transfer to inorganic arsenics,

337–338
Methylmalonyl-CoA mutase-like reactions,

apoenzyme model/B12 model complexes
and, 328–331

Methylmalonyl-CoA mutase, electrochemical
1,2-migration of functional groups and,
321–324

Microelectronics. See Conductors/
semiconductors for hybrid electronics

Migration reactions
1,2-migration of functional groups on

cobalt complexes, 320–321
artificial enzymes composed of apoenzyme

model/B12 model complexes,
327–334

carbon-skeleton rearrangement reactions,
319–320
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electrochemical 1,2-migration of functional
groups, 321–326

Molecular break-junction device, hybrid
electronics and, 303–304

Molecular capacitor memory cells, hybrid
electronics and, 300–302

Monomer vs. dimer porphyrins, and
artificial photosynthetic systems,
190–196

Mosher, chiral amide (chiral picket fence
porphyrins) of, 25

Multistep photoinduced electron transfer
and driving force dependence of log ket,

206–208
and energy levels/spectra of PhCN,

209–211
and ferrocene unit attached to ZnImP–C60,

203–206
quantum yield and, 208–209
time profiles of, 205–207

N
Nanocarbons, 227. See also

Porphyrin–nanocarbon composites
Nitrene sources and aziridination systems, 68,

75–76
Noncovalent bonding, supramolecular

porphyrin complexes and, 212
Noncovalent linkage of carbon nanotubes

diamond functionalization via C–C
linkage/amide coupling, 293–294

linkage between CNT/macrocycle: π–π
interaction, 289–292

O
Olefins. See also Chiral strapped porphyrins

and 1,2-dihydronaphthalene catalyzed by
[MnCl] chiral strapped porphyrins,
35–36

catalyzed by [FeCl] chiral strapped
porphyrins, 27–31, 33, 38,
40–44

catalyzed by [MnCl] chiral strapped
porphyrins, 38–39

catalyzed by [Ru(O)2] chiral strapped
porphyrins, 35, 37–38

epoxidation catalyzed by [FeBr] chiral
picket fence porphyrins, 18–19

epoxidation catalyzed by [MnCl] chiral
picket fence porphyrins, 8–9, 15, 17,
20–21

epoxidation catalyzed by [RuCO] chiral
picket fence porphyrins, 15–16

epoxidation catalyzed by [RuCl2] chiral
picket fence porphyrins, 14

Organic halide reduction
dechlorination by other cobalt complexes,

349–350
electrocatalytic reduction by B12

derivatives, 344–346
photocatalytic reduction by B12 derivatives,

346–349
reduction by B12 derivatives, 339–344

Organic–inorganic hybrid solar cells. See Dye-
sensitized solar cells

Organic solar cells, phthalocyanines in
bilayer heterojunctions fabricated using

two different processing techniques
and OPV by vapor deposition,
149–150

hybrid planar-mixed molecular
heterojunctions and OPV by vapor
deposition, 146–147

incorporation of Pcs into organic
photovoltaic devices by solution
processing, 153–157

introduction of exciton-blocking layers into
OPV by vapor deposition, 146–147

organic photovoltaic (OPV) devices and,
143–145

structural modification in Pcs and OPV by
vapor deposition, 148–149

tandem solar cells and OPV by vapor
deposition, 150–152

Osmium-catalyzed cyclopropanation, 45
Oxidation potentials

chlorophyll analogs and, 196–197
and planar vs. nonplanar porphyrins in

artificial photosynthetic systems,
193–194

Oxide surface functionalization
overview, 294–295
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phosphonate linkage and, 297–298
silanization and, 295–297

Oxygenation reactions. See also High-valent
iron-oxo porphyrins in oxygenation
reactions

and iron(IV)-oxo porphyrin π-cation
radical complexes, 93–97

P
Peroxidase, catalytic cycle of, 101–102
Phosphonate linkage, oxide surface

functionalization and, 297–298
Photocatalytic organic halide reduction by B12

derivatives, 346–349
Photosynthetic reaction center models,

184–186
Photosynthetic systems, artificial. See

Artificial photosynthetic systems
Photovoltaic devices, organic (OPD), tandem

solar cells and efficiency of, 150–151
Photovoltaic devices, organic (OPV)

and bilayer heterojunctions fabricated using
two different processing techniques
and OPV by vapor deposition,
149–150

covalent linkage for performance
improvement of, 155–156

general information, 143–145
and incorporation of Pcs into, 149–150
introduction of exciton-blocking layers into

OPV by vapor deposition, 146–147
structural modification in Pcs and OPV by

vapor deposition, 148–149
structural modification in Pcs and OPV by

vapor deposition and, 148–149
tandem solar cells and OPV by vapor

deposition, 150–152
Phthalocyanines in solar cells, 142–143. See

also Solar cells, phthalocyanines in
Planar vs. nonplanar porphyrins, and artificial

photosynthetic systems, 186–190
Porphyrin–nanocarbon composites

and cyclic porphyrin dimer Ni2–CPDPy,
229–230

decay process and, 227
and intramolecular π–π interaction,

221–222

and laser photoexcitation/spectra of
nanohybrids, 222–223, 225–226

PN–H2Q structure/photoirradiation,
227–228

tetrathiafulvalene (TTF) and, 229
Porphyrin nanochannel (PNC) structures, 227.

See also Porphyrin–nanocarbon
composites

Porphyrin solar cells. See also Solar cells,
phthalocyanines in

and chromophores/electron
donor/fullerenes for chromophore
efficiency, 232–234

and oligomers with polypeptidic
backbones, 235

PNC–TTF supramolecules and, 231–232
and porphyrin–alkanethiolate monolayer

protected-gold nanoclusters/C60, 236
role of, 231
voltage characteristics, 236

Product isotop effect (PIE), 122
Proline-derived ligands, 38–39
Pseudomonas putida, CYP 450 and, 86–87
PTCBI, and hybrid planar-mixed molecular

heterojunctions, 146–147
Pyrrolidine linkage between CNT/spacer unit,

and covalent linkage of carbon
nanotubes, 285–289

Q
Quantum mechanics/molecular mechanics

(QM/MM)
aliphatic hydroxylation mechanisms and,

122–123
and catalytic cycle of CYP 450, 87–93
and quantum-chemical calculations of

push/pull effect of axial ligand,
103–106

and sulfoxidation by Cpd I of CYP 450,
129–131

R
Redox behavior, and planar vs. nonplanar

porphyrins in artificial photosynthetic
systems, 190–191

Redox electrolyte, and Pcs as sensitizers of
dye-sensitized solar cells, 157
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Reduction reactions. See Dehalogenation
reactions

Rhodium-catalyzed cyclopropanation, 45
Ring-expansion reactions

electrochemical 1,2-migration of functional
groups and, 326

as other carbon-skeleton rearrangement
reactions, 333

S
Self-assembled mono-layer (SAM)

cytochrome c oxidase active site and,
266–268

and Si–O bonding of macrocycle, 272–273
and surface functionalization of gold,

249–250, 253–256
Sequential grafting, conductors/

semiconductors for hybrid electronics
and, 276–278

Sequential grafting for anchoring porphyrin/
phthalocyanine on gold, 251–252

Sequential immobilization of macrocycle
click coupling, 265–267
coordination bond coupling, 264–265

Sharpless system, 31
Si–C bonding of macrocycle

and conductors/semiconductors for hybrid
electronics, 274–276

surface functionalization of silicon for
electronics and, 274–276

Si–O bonding of macrocycle
and conductors/semiconductors for hybrid

electronics, 272–274
surface functionalization of silicon for

electronics and, 272–274
Silanization, oxide surface functionalization

and, 295–297
Silicon. See Surface functionalization of

silicon for electronics
Silicon naphthalocyanine dyes, and dye-

sensitized solar cells, 162
Single-step adsorption for anchoring

porphyrin/phthalocyanine on gold, 251
Single-walled carbon nanotubes (SWNTs),

porphyrin–nanocarbon composites and,
221–224

Sol-gel and ruthenium porphyrin complex,
13–14

Solar cells, phthalocyanines in. See also
Porphyrin solar cells

abbreviations for, 142
basic concepts of DSSCs, 157, 159
bilayer heterojunctions fabricated using

two different processing techniques
and OPV by vapor deposition,
149–150

coadsorbents and, 167–169
cosensitization strategy and, 169–173
emergent importance of, 142–143
hybrid planar-mixed molecular

heterojunctions and OPV by vapor
deposition, 146–147

incorporation of Pcs into organic
photovoltaic devices by solution
processing, 153–157

interfacial electron transfer dynamics and,
166–167

introduction of exciton-blocking layers into
OPV by vapor deposition, 146–147

organic photovoltaic (OPV) devices and,
143–145

Pc incorporation into OPV by solution
processing, 153–157

perylenebisimide derivative structure, 153
phthalocyaninato triple decker structure,

153
structural modification in Pcs and OPV by

vapor deposition, 148–149
structural optimization of Pcs, 159–166
tandem solar cells and OPV by vapor

deposition, 150–152
Solution processing, and Pc incorporation into

OPV, 153–157
Spin-coating technique, and Pc incorporation

into OPV, 153
Structural modification in Pcs and OPV by

vapor deposition, 148–149
Structural optimization of Pcs, dye-sensitized

solar cells and, 159–166
Styrene. See Epoxidation
Subnaphthalocyanine (SubNcCl), and Pc

incorporation into OPV, 154
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Substrates
biological, 87
and C=C epoxidation by Cpd I of CYP

450, 127–129
DFT-calculated reaction enthalpies/BDE

values of, 123–124
Succinimidyl diazoacetate and

cyclopropanation, 60–61
Sulfoxidation by Cpd I of CYP 450, 129–131
Sulfoxidation of chiral basket handle

porphyrins, 77–78
Sulfoxidation of chiral picket fence

porphyrins, C–H bond functionalization
and, 74

Surface functionalization of gold for
electronics

direct immobilization of macrocycle
(complex porphyrin system
immobilization) and, 260–263

direct immobilization of macrocycle
(modulation of surface/macrocycle
linker) and, 256–259

direct immobilization of macrocycle
(multi-linkage of
surface/macrocycle) and, 259–260

direct immobilization of macrocycle (TPP
derivatives) and, 253–256

overview, 249–253
sequential immobilization of macrocycle

(click coupling), 265–267
sequential immobilization of macrocycle

(coordination bond coupling),
264–265

Surface functionalization of silicon for
electronics

overview, 267–272
sequential grafting and, 276–278
and Si–C bonding of macrocycle, 274–276
and Si–O bonding of macrocycle, 272–274

Surface/macrocycle linker modulation, direct
immobilization of macrocycle (complex
porphyrin system immobilization) and,
256–259

Surface/macrocycle multi-linkage
tripodal anchoring groups and,

259–260
two or four S-containing meso substituents

and, 259

T
Tandem solar cells and OPV by vapor

deposition, 150–152
Temperature, effect on enantioselectivity of

chiral picket fence porphyrins, 22, 24
Tetra-tert-butyl-substituted TiPs/RuPcs

with carboxy groups at axial ligand,
and dye-sensitized solar cells,
161–162

Tetraphenylporphyrin (TPP) derivatives, direct
immobilization of macrocycle (complex
porphyrin system immobilization) and,
253–256

Tetrathiafulvalene (TTF), porphyrin–
nanocarbon composites and, 229

Threitol-strapped ligands and chiral strapped
porphyrins, 64

Threitol-strapped porphyrins, 37–38
Transfer reactions. See Catalysts with B12

enzyme functions
Transistor memory, hybrid electronics and,

302–303
Twin-coronet porphyrins, 27–28, 30

U
Unsymmetrically substituted carboxy-

Zn(II)Pcs, and dye-sensitized solar
cells, 162–163

V
Vapor deposition to incorporate Pcs into

OPVs, 146–152
Vaulted binaphthyl porphyrins, 41–42

Z
Zinc porphyrin monomer/dimers, 190–191,

196–200
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A
Abbreviations

for free-base porphycenes, VII:360
for IR spectroscopy/microscopy,

VII:438–440
for metallophthalocyanines (MPcs),

VII:249
for phthalocyanines (Pcs), VII:249
for porphyrin isomers, VII:360

Absolute configurations, of natural products
via conformational analysis,
VII:232–239

Absorption. See also Infrared
spectroscopy/microscopy

of chlorophyll/bacteriochlorophyll/
chlorin/bacteriochlorin systems,
VII:179–181

of chlorophyll hetero-dyads, VII:196–197
circular dichroism (CD)/electronic

absorption spectra and hemoglobin,
VII:154–156

corrphycenes and, VII:383, VII:390–392
equine hemoproteins and, VII:157–160
fluorescence spectra/quantum yields (ΦF)

and, VII:281–282
free-base porphycenes and,

VII:380–390
free-base porphyrin electronic spectras and

Qx/Qy notation, VII:380–381
hemiporphycenes and, VII:383,

VII:390–392
isoporphycene derivatives and,

VII:390–392
perimeter model for absorption elucidation,

VII:392–397

photophysical processes after light
absorption and Jablonski diagram,
VII:268

radiative/nonradiative rates for
porphycenes and derivatives,
VII:401, VII:403

in room temperature absorption spectra,
VII:384–385

room temperature absorption spectra for
toluene solutions, VII:403

synthetic heme systems and, VII:165–171
for toluene solutions, VII:403

Absorptions. See also Photophysical 
properties of expanded porphyrins;
Photophysical properties of porphyrin
arrays

and chlorosomal bacteriochlorophylls,
I:229–230

conjugated porphyrin arrays and, I:4
and film on cuvette walls for BChl mimics,

I:259–262
fused structures and, I:78–79, I:81–82
future outlook of charge transfers and,

I:208
ionic pyrene derivatives and SWNT,

I:201–202
metal-bridged porphyrin arrays and, I:110,

I:112
metallotetrapyrrole-fullerene dyads and,

I:313
nanometer scale structures and, I:136
non-covalently linked hybrids (MP/C60 β-

systems) and, I:183–184
non-covalently linked hybrids (ZnP

functions) and, I:179
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spectra of butadiyne-linked porphyrin
dimer, I:4, I:7

and SWNT functionalized with PMMA
dendrimers, I:195

Acenaphtho[1,2-b]porphyrins (AcePs), II:48
22-Acetoxy-m-benziporphyrin, II:145
Acetylamino-substituted phthalocyanines,

examples of, III:115–118
Acetylcholinesterases (AChEs), and

enzyme inhibition-based biosensors,
V:218

Acetylene bonds, ethynyl-conjugated
porphyrin arrays and, I:6

Acetylene derivative/N-fused porphyrin
coupling, Sonogashira C–C coupling
reactions and, III:344

Acetylenic porphyrins, Sonogashira 
C–C coupling reactions and,
III:341–342

Acid-acetone method, and removal of heme
from heme pocket, V:7

Acid-alcohol pair sequential, cytochrome
P450 enzymes and, V:185–186

Acidic reaction
and preparation of 3,6-

bis(trifluoromethyl)phthalonitrile,
III:72, III:76

trialkylsilyl-substituted phthalocyanines
and, III:45

Acid-labile metalloporphyrin, synthesis of,
I:49

Acidobacteria, I:223
Acridine, IV:3, IV:23, IV:409, IV:410
Actinide elements absorption spectra,

IX:37–39
Activatable photosensitizer conjugates,

IV:281–284, IV:285–286
Activator protein 1 (AP-1), IV:430
Active oxygen. See Compound I
Active targeting, IV:330, IV:332–354

antimicrobial PDT, IV:388–389
Avidin-biotin complex (AB-C),

IV:330–331
dendrimers, IV:331
modular carrier systems, IV:36,

IV:330–331, IV:341, IV:374

multiplying units in antibody conjugates,
IV:330–331, IV:335, IV:342,
IV:369, IV:374

photoimmunotherapy, overview, IV:330,
IV:332–333

photosensitizer conjugates for active
targeting, overview, IV:355–362

polyphasic tumor targeting (PTT),
IV:330–331

See also Cellular targeting; Monoclonal
antibodies (MAb); Passive targeting;
specific conjugate types

Acyclic anion receptors, VIII:167–168. See
also Pyrrole-based π-conjugated acyclic
anion receptors

Acyclic zinc porphyrin dimer, supramolecular
polymerization of, I:52

adj-diazuliporphyrin, crystal structure of,
II:169

adj-dicarbaporphyrins, coordinated complexes
of, II:167–168, II:169

Adler-type reactions
Adler-Longo porphyrin synthesis

procedure, III:432–433
and combinatorial chemistry of porphyrins,

III:493–498
six-member libraries using two different

aldehydes, III:525–529
Adsorption 

alkylsulfanylphthalocyanines and, III:190
fullerene/porphyrin architectures and, 

I:90
of transition-metal

tetraaminophthalocyanines, III:114,
III:119

Aerobic bioprocess, nitrification as, V:128
Age-related macular degeneration (AMD),

IV:27, IV:30, IV:254
Aggregation behavior

carboxylated derivatives (water soluble
Pcs) and, VII:280

energy levels/transitions (water soluble
Pcs) of, VII:278–279

in non-water soluble Pcs, VII:321–323
quaternized derivatives (water soluble Pcs)

and, VII:280–281
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sulfonated derivatives (water soluble Pcs)
and, VII:279–280

agostic interactions, NCP metal complexes
and, II:304, II:305

AgPc absorption spectra, IX:72–74
Akt phosphorylation, IV:437–438, IV:440
Alcaligenes faecalis IAM 1015, and bacterial

NOR, V:132
Aldehydes

and Adler-type reactions, III:493–498
condensation with two different,

III:525–529
and dynamic libraries based on H-bonds,

III:498–502
and small libraries for therapeutic

discovery, III:502–506
substituted BODIPYs and, VIII:8–12
and tetraaminophthalocyanines, III:119

Aliphatic aldehydes, substituted BODIPYs
and, VIII:8–12

Aliphatic C–H activation by Cpd I of CYP
450, X:108–120

Aliphatic hydroxylation mechanisms,
QM/MM and, X:122–123

Alkali metal salts, as phthalocyanine
sulfoacids and derivatives, III:83–92

Alkanes, photocatalytic reactions of,
VII:347–348

Alkenes
aliphatic hydroxylation mechanisms and,

X:123
epoxidation catalyzed by [MnCl] chiral

picket fence porphyrins, 
X:10–12

epoxidation catalyzed by [RuCO] chiral
picket fence porphyrins, 
X:12–13

photocatalytic reactions of, VII:347–348
Alkenyl porphyrins, Heck C–C coupling

reactions and, III:345
Alkenyl substituents of phthtalocyanines

examples of, III:36–40
palladium-catalyzed coupling reactions

and, III:35, III:41
and preparation of 4-vinylphthalonitrile,

III:34–35

and preparation of phthalonitriles,
III:41–42

Alkenyl-substituted BODIPYs, VIII:42–48
Alkoxy-substituted phthalocyanines and

derivatives, III:121, III:169–170. See
also Hydroxy-/alkoxy-/aryloxy-
substituted phthalocyanines and
derivatives

bridged, III:173–176
diazotization introducing hydroxyl groups

into phthalocyanine core, III:172
introduction of ArO/ArS into

phthalonitriles and phthalocyanines,
III:171

preparation of 1,2,4,5,8,9,10,11,15,16,17,
18,22,23,24,25-hexadecaalkyl(aryl)
oxy-substituted phthalocyanines,
III:171–172

preparation of tetraplatinum(II) derivatives,
III:173

Alkyl substituents of phthalocyanines
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-

hexadecasubstituted compounds of,
III:31–34

1,2,8,9,(10,11),15,16(17,18),22,23(24,25)-
octasubstituted compounds of,
III:17

1,3,8,10,(9,11),15,17(16,18),22,24(23,25)-
octasubstituted compounds of,
III:17–18

1,4,8,11,15,18,22,25-octasubstituted
compounds of, III:18–23

1,8(11),15(18),22(25)-tetrasubstituted
compounds of, III:7–11

2,3,9,10,16,17,23,24-octasubstituted
compounds of, III:23–31

2,9(10),16(17),23(24)-tetrasubstituted
compounds of, III:10–16

dodeca-alkyl- or aryl-substituted, III:31
Alkyl-/alkenyl-/alkynyl-substituted

phthalocyanines spectra, III:199–216,
III:286

Alkyl-/arylsulfonyl and sulfinyl-substituted
phthalocyanines, as electron-
withdrawing groups of phthalocyanines,
III:92–95
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Alkylhydrazine, and inactivation of HRP,
V:22–23

Alkylsulfide sulfoxidation, X:129–131
Alkylthiol methyl transfer, X:334–337
Alkylthio-substituted phthalocyanines

alkylsulfanylphthalocyanines and, III:176,
III:190

alkylthio-/phenylthio-/phenylsulphonyl-
substituted phthalocyanines spectra,
III:255–260, III:286–287

aromatic nucleophilic substitution and,
III:173, III:176

examples of, III:177–189
and Q-band in phenylsulfanyl derivatives,

III:176
alkyne-substituted porphyrins, “click

chemistry” reaction with azides,
II:275–283

Alkynylporphyrins, III:340–341
Alkynyl substituents of phthtalocyanines

examples of, III:36–40
palladium-catalyzed coupling reactions

and, III:35, III:41
and preparation of 4-vinylphthalonitrile,

III:34–35
and preparation of phthalonitriles,

III:41–42
Alkynyl-substituted BODIPYs,

VIII:42–48
Allenylporphyrins, Suzuki-type C–C coupling

reactions and, III:340–341
Allosteric systems, fullerene and, I:43–44
17-Allylamino-17-methoxygeldanamycin (17-

AAG), IV:439–440
Allylic alcohols, catalytic oxidation with PhIO

of, X:30–32
α-and/or β-substituted Pcs

abbreviations for, IX:2–3
numbering system used in absorption

database for, IX:100–101
structure/metal/solvent/transition

energy/remarks/reference number,
IX:137–314

α-functionalized isoindoles, synthesis of TBPs
and Pcs and, II:6

AlPc absorption spectra, IX:78–86

Aluminum, unsubstituted Pcs (UV-vis
absorption data) and, IX:103–104

Amidation
aryl-amidation (Pd-catalyzed C–N

coupling) and, III:401–404
β-amidation (Pd-catalyzed C–N coupling)

and, III:398–401
meso-amidation (Pd-catalyzed C–N

coupling) and, III:395–398
Amide linkage with oxidized CNT, and

covalent linkage of carbon nanotubes,
X:280

Amide NH site
amidopyrrole-based receptors and,

VIII:176, VIII:183
as donor for hydrogen bonding,

VIII:167–168
guanidinocarbonyl-based anion receptors

and, VIII:170
Amides

covalent amide linkage with oxidized CNT
(CNT functionalization), X:280

and graphene functionalization via amide
linkage, X:289–292

and linkage, I:146
and Mosher’s chiral amide (chiral picket

fence porphyrins), X:25
noncovalent diamond functionalization

via C–C linkage/amide coupling
(CNT functionalization),
X:293–294

Amidopyrrole-based receptors, pyrrole-based
π-conjugated acyclic anion receptors
and, VIII:175–181

Amination of chiral picket fence porphyrins,
C–H bond functionalization and,
X:75–76

Amination
aryl-amination (Pd catalyzed C–N

coupling) and, III:389–395
β-amination (Pd-catalyzed C–N coupling)

and, III:385–389
meso-amination (Pd-catalyzed C–N

coupling) and, III:379–384
Amino acid carboxylates, and binding by

ristocetin, VIII:167
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Amino acid radicals, freeze-quench EPR
experiments and Compounds I/ES,
V:309–310

5-Aminolevulinic acid (ALA)
adenosine and thymidine conjugates,

IV:10, IV:12
ALA-based photosensitizers, IV:7–11,

IV:12
ALA derivatives as multifunctional agents,

IV:10
dendritic ALA, IV:369–371
esters, IV:8–10, IV:366
leishmaniasis treatment by ALA or Metvix

(ALA methyl ester), IV:285
peptide derivatives, IV:9–10
as photodynamic therapy (PDT) agent,

IV:7–8, IV:285
structure, IV:329
synthetic peptide conjugates,IV:348–349
undecyl 5-aminolevulinate (Und-ALA),

IV:366
5-(4-Aminophenyl)-10,15,20-

triphenylporphyrin
Ag(II), Cu(II), Ni(II), Zn(II), and Pd(II)

complexes’ microwave-assisted
synthesis of, II:199–200

Fe(III) and Mn(III) complexes’ microwave-
assisted synthesis of, II:200

Aminoporphyrins, synthesis of meso-aryl- and
meso-alkyl-, II:239–240

Amino-substituted phthalocyanines and
derivatives

and adsorption of transition-metal
tetraaminophthalocyanines, III:114,
III:119

amino-substituted phthalocyanines spectra,
III:231–234, III:287–288

and epinephrine detection, III:114
examples of, III:115–118
formation of tetracarbamic acid derivatives,

III:118–119
and preparation of phthalonitriles with

electron-donating groups,
III:120–121

ureido-substituted phthalocyanines,
III:114, III:118

3-Aminotriazole (3-AT), IV:413
Ammonification, nitrite reduction and, V:130
Amperometric biosensors, V:252–254
Amphiphilic diblock copolymers, ethyne-

bridged polymersomes and, I:10
Amphiphilic receptors, pyrrole-based π-

conjugated acyclic anion receptors and,
VIII:224–225

Anammox (anaerobic ammonium oxidation)
bacteria, V:128, V:131

Anchoring of porphyrin/phthalocyanines. See
Conductors/semiconductors for hybrid
electronics

Anhydrides, pyromellitic anhydride/imide
cyclotetramerization, III:95,
III:104–105

Animal peroxidases. See Peroxidases (animal
superfamily)

Anion binding, expanded porphyrins and,
II:176

Anion receptors. See Pyrrole-based π-
conjugated acyclic anion receptors

Anion-responsive aryl-bridged bispyrroles,
pyrrole-based π-conjugated acyclic
anion receptors and, VIII:200–203

Anion-responsive supramolecular gels,
pyrrole-based π-conjugated acyclic
anion receptors and, VIII:219–224

Anions, impact on metalloporphyrin structures
of, VI:18

Anisaldehyde, and tetraaminophthalocyanines,
III:119

Anisotropy factors, and natural chlorophyll
a/bacteriochlorophyll a and derivatives,
VII:177, VII:182

Anisotropy, g-tensor, VI:83
ANKA (Germany), VII:441
[18]Annulene, II:173
Antenna system, tandem solar cells and,

X:152
Antennae (photosynthetic)

EET and, I:225
photosynthetic reaction centers (RCs) and,

I:227–228
Antenna-reaction center mimicry, tetrapyrrole-

nanocarbon hybrids, I:391–397
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Anthracocyanine/naphthalocyanine/ring-
expanded Pc analogs, UV-vis absorption
data, IX:383–396

Anthraporphyrins
crystal structure of zinc complex of

fullerene-linked, II:33
Suzuki-type C–C coupling reactions and,

III:337–338
synthesis of fullerene-linked, II:33,

II:40
zinc template strategy and synthesis of,

II:7
2,3-Anthraporphyrins, II:32, II:38

UV spectra of, II:38
Anthraquinone porphyrin hybrids

(porphyrin–AQ), IV:23
Anthraquinone-fused porphyrin, Diels-Alder

reaction on β-vinylTPP in synthesis of,
II:84

Anti ligation, I:234–235
Anti-angiogenesis treatment, IV:427, IV:428,

IV:432–435
Antiaromaticity, I:513, I:529–534
Antibodies (monoclonal). See Monoclonal

antibodies (MAb)
Antibody conjugation with photosensitizers,

IV:157–158
See also Antibody fragments (Fab);

Conjugates; Linkers in conjugates;
Monoclonal antibody
(MAb)–photosensitizer conjugates

Antibody fragments (Fab), IV:158,
IV:170–171

C6.5, IV:171
conjugation to photosensitizers,

IV:170–171, IV:172
L19 fragment conjugate with chlorin e6,

IV:342
OC125F(abδ)2, IV:170, IV:342
single-chain fragments (ScFv), IV:158,

IV:160, IV:170–171, IV:172,
IV:342–343

Antimicrobial PDT, IV:386–393
active targeting, IV:388–389
bacteriophages, IV:386, IV:388–389
Candida albicans, IV:392–393

cationic or neutral photosensitizer effect on
Gram-negative bacteria, IV:387,
IV:389–390

Escherichia coli, IV:47, IV:60, IV:82–83,
IV:387

fungi, IV:392–393
immunoglobulin G–bacteriochlorophyll

conjugate (IgG–Bchl), IV:388
immunoglobulin G–tin(IV) chlorin e6

conjugate (IgG–SnCe6), IV:388
passive targeting, IV:389–393
5-phenyl-10,15,20-tris(N-methyl-4-

pyridyl)porphyrin chloride
3(Py+–Me), IV:393

photodynamic antimicrobial chemotherapy
(PACT), IV:149

polymer nanofibers, IV:387
Staphylococcus aureus, IV:47, IV:285–286,

IV:388–389
Staphylococcus epidermidis, IV:391
targeting of microorganisms, overview,

IV:386–388
waste water bacteria, IV:389–390
See also Infectious disease treatment by

photosensitizers; Photodynamic
inactivation (PDI); Targeting
strategies for PDT

Antimony(V)(NCTPP3-)Br2, synthesis of,
II:336, II:337

Antimony(V)(NCTPP3-)Br2
.HBr, synthesis of,

II:336, II:337
Antimony, unsubstituted Pcs (UV-vis

absorption data) and, IX:131
Antioxidants, ROS in biosensors and, V:208
Antipodes and CD spectra, VII:200–201,

VII:203
Apo HasA, heme-loaded HasA and,

VI:353–354
Apoenzyme model/B12 model complexes

and activity in hydrophobic
microenvironments of B12,
X:327–328

glutamate mutase-like reactions and,
X:331–333

methylmalonyl-CoA mutase-like reactions
and, X:328–331
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and other carbon-skeleton rearrangement
reactions, X:333–334

Apoproteins, artificial hemes and, V:6–7
Apoptosis, IV:405–408, IV:419–420

AIF, IV:410
benzoporphyrin derivative delivery by

liposomes, IV:363
9-capronyloxytetrakis (methoxyethyl)

porphycene (CPO), IV:408–409,
IV:410

caspase-3, IV:281, IV:405–406, IV:407,
IV:414

chromatin fragmentation, IV:406–407,
IV:413, IV:415

cytochrome c release from mitochondria,
IV:385, IV:405–406, IV:408,
IV:409–410, IV:416, IV:419

DNA fragmentation, IV:405–407
endonucleosomes, IV:405–406, IV:407
galectin affect on T-cell apoptosis,

IV:266
Golgi apparatus photodamage, IV:385
HA14-1, IV:409
lysosome-localized photosensitizers,

IV:385
mitochondrial membrane integrity loss,

IV:409–410
morphologic appearance, IV:415
necrosis vs. apoptosis, IV:414
photodamage to Bcl-2, IV:408–410,

IV:418, IV:432
photodamage to Bcl-xL, IV:408–409,

IV:412
photosensitizer damage to endoplasmic

reticulum, IV:279
photosensitizer damage to mitochondria,

IV:279
photosensitizer localization sites, IV:408,

IV:409, IV:410, IV:411
procaspase-3, IV:406, IV:411, IV:414
role of reactive oxygen species (ROS),

IV:412–414
Smac/Diablo, IV:410
ursodeoxycholic acid (UDCA) effect,

IV:408–409
ZnPpIX treatment, IV:384

Arabidopsis thaliana (ATP), plant peroxidases
and, VI:372

Arbuzov-Mikhaelis reaction, for
polysubstituted phthalocyanine metal
complexes, III:61–62

Arginine-glycine-aspartic acid (RGD). See
RGD (arginine-glycine-aspartic acid)
peptides

Argon, main trapping site of porphycene in,
VII:398–399

Aromatic alkenes
epoxidation catalyzed by [MnCl] chiral

picket fence porphyrins, X:10–12
epoxidation catalyzed by [RuCO] chiral

picket fence porphyrins, X:12–13
Aromatic bridges, cofacial porphyrin dimers

and, I:54
Aromatic C–H activation by Cpd I of CYP

450, X:125–127
Aromatic compounds, cytochrome P450

enzymes and, V:191, V:301
Aromatic conjugation of BODIPY-analogs

benz[c,d]indole (extended systems) and,
VIII:112–114

and bis-BODIPY systems, VIII:117–119
di(iso)indomethene dyes (extended

systems) and, VIII:112
and phenanthrene-fused systems,

VIII:114–116
and porphyrin-fused systems, VIII:116
restricted systems, VIII:104–112

Aromatic conjugation, porphyrins and,II:81
Aromatic nucleophilic substitution

for alkylthio-/arylthio-substituted
phthalocyanines, III:173, III:176

and electron-donating/electron-withdrawing
substituents in same benzene ring,
III:190, III:195–198

for introduction of ArO/ArS into
phthalonitriles and phthalocyanines,
III:171

and precursor phthalonitriles, III:173
for preparation of dialkylamino-substituted

phthalocyanines, III:120–121
and tetrafluorophthalonitrile/alcohols in

DMF/K2CO2, III:171–172

Cumulative Index to Volumes 1–10 391

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 391



Aromatic rings
porphyrin triflates and oxidation potential

of, II:61, II:63
pyrroles fused with, II:2
synthetic methods of porphyrins fused

with, II:1, II:2
Aromatic tetraheteroporphyrin dications,

skeletal core and synthesis of, 
II:173

Aromaticity
experimental magnetic criteria and NICS as

measures of, II:110
hexapyrrolic expanded porphyrins and,

I:519–529
NMR chemical shifts of inner vs. perimeter

hydrogens of porphyrins and,
II:108–109

pentapyrrolic expanded porphyrins and,
I:513

porphyrins and criteria for, II:108
quantitative measures of, I:509
Soret and Q-band intensities and electronic

criterion of, II:110
Arsenics (inorganic) methyl transfer,

X:337–338
Arthromyces ramosus peroxidase (ARP)

electronic absorption maxima of Fe(III)
resting state/intermediate compounds
of, VI:418

plant peroxidases and, VI:373
Artificial enzymes composed of apoenzyme

model/B12 model complexes
and activity in hydrophobic

microenvironments of B12,
X:327–328

glutamate mutase-like reactions and,
X:331–333

methylmalonyl-CoA mutase-like reactions
and, X:328–331

and other carbon-skeleton rearrangement
reactions, X:333–334

Artificial hemes. See Hemoproteins
(reconstituted with artificially created
hemes)

Artificial lipid films, as biomimetic
membrane, V:230

Artificial photosynthetic systems
charge separation using chlorophyll

analogs for, X:196–203
design of photosynthetic reaction center

models, X:184–186
and monomer vs. dimer porphyrins,

X:190–196
multistep photoinduced electron transfer

and, X:203–212
need for, X:183–184, X:210
and planar vs. nonplanar porphyrins,

X:186–190
porphyrin–nanocarbon composites and,

X:221–231
porphyrin solar cells and, X:231–236
supramolecular porphyrin complexes and,

X:212–221
2-Arylaminoporphyrins, Buchwald–Hartwig

reaction and, II:241
Aryl hydrocarbon receptor nuclear

translocator (ARNT, HIF-1β),
IV:432

Aryl lithium reagents, and fluoride atom
substitution in BF2-group with aryl
groups, VIII:91–92

3,5-Aryl-substituted BODIPYs from aryl-
pyrroles, VIII:48–52

Aryl-substituted, pyrrole-based π-
conjugated acyclic anion receptors,
VIII:211–219

Aryl substituents of phthalocyanines
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-

hexadecasubstituted compounds of,
III:31–34

1,2,8,9,(10,11),15,16(17,18),22,23(24,25)-
octasubstituted compounds of,
III:17

1,3,8,10,(9,11),15,17(16,18),22,24(23,25)-
octasubstituted compounds of,
III:17–18

1,4,8,11,15,18,22,25-octasubstituted
compounds of, III:18–23

1,8(11),15(18),22(25)-tetrasubstituted
compounds of, III:7–11

2,3,9,10,16,17,23,24-octasubstituted
compounds of, III:23–31
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2,9(10),16(17),23(24)-tetrasubstituted
compounds of, III:10–16

aryl-substituted phthalocyanines spectra,
III:217–219

dodeca-alkyl- or aryl-substituted, III:31
Aryl-amidation (Pd-catalyzed C–N coupling),

palladium-catalyzed, III:401–404
Aryl-amination (C–N coupling), palladium-

catalyzed, III:389–395
Arylboronic acids. See Palladium-catalyzed 

C-B coupling
Aryl-bridged bispyrroles, pyrrole-based π-

conjugated acyclic anion receptors and,
VIII:200–203

Aryl-bridged dipyrrolylquinoxalines, pyrrole-
based π-conjugated acyclic anion
receptors and, VIII:190–200

Aryldiazonium reaction with reductive Si–H
surface, X:271–272

Aryloxy-substituted phthalocyanines and
derivatives. See Hydroxy-/alkoxy-
/aryloxy-substituted phthalocyanines
and derivatives

Aryl-substituted BODIPYs, VIII:42–48
Arylthio-substituted phthalocyanines

alkylsulfanylphthalocyanines and, III:176,
III:190

aromatic nucleophilic substitution and,
III:173, III:176

examples of, III:177–189
and Q-band in phenylsulfanyl derivatives,

III:176
Ascorbate peroxidase (APX), as classification,

VI:372, VI:423–426
Ascorbate peroxidase (APX), X:101, X:103
AsPc absorption spectra, IX:95–99
Assimilatory nitrate reductase (Nas), as Mo-

containing enzyme, V:128
Asymmetric atom/group transfer reactions

aziridination and, X:68–72
C–H bond functionalization and, X:73–78
cyclopropanation and chiral picket fence

porphyrins, X:45–64. See also
Cyclopropanation

cyclopropanation and chiral strapped
porphyrins, X:64–68

epoxidation (chiral basket handle
porphyrins), X:40–43

epoxidation (chiral picket fence
porphyrins), X:5–26. See also Chiral
picket fence porphyrins

epoxidation (chiral strapped porphyrins),
X:26–40. See also Chiral strapped
porphyrins

epoxidation (historical), X:3–5
ATP-binding cassette (ABC) transporter, and

bacterial acquisition of iron,
VI:340–341

Atropoisomer, III:438–439
Attenuation factor

β-substituted ZnP-p-phenyleneethynylene-
C60 system and, I:157

covalent bridge and, I:154–155
impact of nature of oligomers on, 

I:159
ZnP-thiophene-C60 system and, I:158

AuPc absorption spectra, IX:72–74
Australian Synchrotron, VII:441
Autophagosomes, IV:414, IV:415, IV:416,

IV:417
Autophagy, IV:414–418, IV:420
Autoxidation

and catalytic cycle of cytochromes P450,
V:174–178

copper 2,9(10),16(17),23(24)-
tetrabromophthalocyanine and,
III:71

reaction of 3,4,5,6-tetrafluorophthalonitrile
and perfluoropropene with cesium
fluoride, III:76–77

and uncoupling in catalytic cycle,
V:181–182

Avastin (bevacizumab), IV:434–435
Avidin-biotin complex (AB-C), 

IV:330–331
Axial ligand. See also Chiral basket handle

porphyrins; Chiral picket fence
porphyrins; Chiral strapped
porphyrins

and aromatic alkenes catalyzed by [MnCl]
chiral picket fence porphyrins,
X:10–12
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and carbon monoxide of M(II) porphyrins,
VII:446–448

and cyanide of M(II) porphyrins, 
VII:448

and dioxygen of M(II) porphyrins,
VII:444–445

effect on ground states, and
electronic/magnetic structures,
VII:26–31

and epoxidation of 1,2-dihydronaphthalene,
X:21–22

and four-coordinate iron(III) porphyrin
cation for formation of pure
intermediate-spin complexes,
VII:60–61

general axial ligands (X1, X2) of Pcs,
VII:260–263

and HasA–HasR interaction, VI:356–357
and imidazoles of M(II) porphyrins,

VII:444
and iron(IV)-oxo porphyrin π-cation

radical complexes, X:94–97
and magnetochemical series for formation

of pure intermediate-spin complexes,
VII:58–60

and modeling of CYP 450
properties/reactivities of compound I
(Cpd I), X:100

and nitric oxide of M(II) porphyrins,
VII:448–450

and Pcs as sensitizers of dye-sensitized
solar cells, X:160–161

and quantum-chemical calculations of
push/pull effect of, X:103–106

spin delocalization and plane orientation,
VI:50–55

UV-vis absorption data of sub-/super-Pcs
and, IX:101

Aza-BODIPY dyes
benz[c,d]indole-based, VIII:130–131
cyclized, VIII:131–133
miscellaneous metals and, VIII:133–134
restricted systems and, VIII:126–130
tetra-aryl systems and, VIII:119–126

2-Aza-21-carbaporphyrin. See N-confused
porphyrin (NCP)

Azadipyrromethene chromophores. See Aza-
BODIPY dyes

Azaporphyrins, incorporation with porphyrin
analogs, V:31–32

2-Aza-5,10,15,20-tetraphenyl-21-
carbaporphyrin, II:106, II:107

Azidoporphyrins, “click chemistry” reaction
with alkynes, II:273–275

Aziridination
chiral picket fence porphyrins and,

X:69–72
importance of, X:68

Azobenzene derivatives as analogs, BODIPYs
and, VIII:144–145

Azoesters, meso-amination and, III:382–383
Azoporphyrin, synthesis of, I:110–111
Azulene

adj-dicarbaporphyrin incorporating, 
II:168

opp-dicarbaporphyrins containing one
moiety of, II:166–167

Azulene-fused porphyrins, optical properties
of, II:68

Azulinoporphyrins, coordination compounds
of, II:157–158

Azuliporphyrins, external reactivity of,
II:151–156

B
B bands, IX:6–8, IX:10–12
B12 apoenzyme model complexes

and activity in hydrophobic
microenvironments of B12,
X:327–328

glutamate mutase-like reactions and,
X:331–333

methylmalonyl-CoA mutase-like reactions
and, X:328–331

and other carbon-skeleton rearrangement
reactions, X:333–334

B12 enzyme functions. See Catalysts with B12

enzyme functions
B12-dependent enzymes

dechlorination of organic halides by 
other cobalt complexes, 
X:349–350
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electrocatalytic reduction of organic halides
by B12 derivatives, X:344–346

photocatalytic reduction of organic halides
by B12 derivatives, X:346–349

reduction of organic halides by B12

derivatives, X:339–344
Bacillus azotoformans

and active site of bacterial NOR,
V:138–139

spectra of qCuANOR from, V:133–134
Bacillus cereus, IV:390–391
Bacillus megaterium, and rapid-scanning

stopped-flow studies of P450BM3

Compounds I/ES, V:322
Bacillus stearothermophilus, and bacterial

NOR, V:132
Back face ligation, I:234
Bacteria and iron acquisition, VI:340–342. See

also Peroxidases (plant/fungal/bacterial
superfamily)

Bacterial nitric oxide reductase (NOR)
active site of, V:137–138
dynamics of gas molecules and, 

V:137–138
and electron/proton transfer to active site,

V:138–140
general information, V:132–133
molecular evolution of, V:141–142
oxidized form of, V:133–136
reaction mechanism of, V:140–141
reduced form of, V:135, V:137

Bacteriochlorin systems. See
Chlorophyll/bacteriochlorophyll/chlorin/
bacteriochlorin systems

Bacteriochlorins, II:194, IV:5
benzobacteriochlorin derivatives, IV:37
cycloimide derivatives of bacteriochlorin p,

IV:38–39
isobacteriochlorins, IV:5
metallobacteriochlorins, IV:257
structure, IV:32
synthesis, IV:31
tetrakis-pyridyl-tetrahydroporphyrin

tosylate (THP), IV:42
meso-tetraphenylporphyrin (TPP) analogs,

IV:40–41

Tookad (WSR09), IV:255, IV:257–258
See also Chlorins (2,3-dihydroporphyrins)

Bacteriochlorophyll systems. See
Chlorophyll/bacteriochlorophyll/chlorin/
bacteriochlorin systems

Bacteriochlorophyll, IV:33–34, IV:42, IV:388
Bacteriochlorophylls (BChl). See also Fully

synthetic self-assembling BChl mimic
chlorosomes trapping photons/hour/, I:223
diastereomeric ligation of, I:231–238
dimers/oligomers of, I:238–245
and fully synthetic self-assembling BChl

mimic, I:273–279
and micelle formation from MGDG, I:245
and photosynthetic RCs of cyanobacterial

photosystems, I:2–3
and semisynthetic chlorosomal mimics,

I:280–290
and semisynthetic self-assembling BChl

mimics, I:280–290
and unstability of Mg atom, I:236

Bacteriophages, IV:386, IV:388–389
Bacteriophins, UV-vis spectrum of, II:208–209
Bai-based coordination polymers,

supramolecular assemblies and,
VIII:470–478

Band gap materials, III:487
Band gaps Eop. See HOMO-LUMO gaps Eeg

BaPc absorption spectra, IX:21–24
Barton–Zard reaction

control of HOMO and LUMO energy
levels and porphyrin synthesis using,
II:48

isoindoles with fused aromatic rings and,
II:7

synthesis of isoindoles using, II:9
Basal cell carcinoma (BCC), IV:8, IV:48
Baseplate-deficient chlorosomes, I:226
10B (boron-10), IV:192–193, IV:204, IV:238
11B (boron-11), IV:192
bc1 complex, and respiratory chain enzyme

studies, VII:472–474
Bcl-2

degradation by celecoxib, IV:428,
IV:431–432

HA14-1 binding, IV:409
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localization in ER and mitochondria,
IV:408, IV:411

photodamage to Bcl-2, IV:408–410,
IV:418, IV:432

Bcl-xL, IV:408–409, IV:412
Beclin-1, IV:418
Benvix (ALA-benzyl ester), IV:8
Benz[c,d]indole, and aromatic conjugation of

BODIPY-analogs, VIII:112–114
Benz[c,d]indole-based, aza-BODIPY dyes and,

VIII:130–131
Benzene ring

electron-donating/electron-withdrawing
substituents in, III:190–198

and hydroxy-/alkoxy-/aryloxy-substituted
phthalocyanines, III:170

Benzene, reorganization energy and, I:147
Benzene-1,3,5-tricarboxamides, self-

assembling metalloporphyrins and, I:94,
I:98

Benzene-centered porphyrin hexamers,
I:38–39, I:42

2H-Benz[e]isoindole, synthesis of TBP or
TNP using, II:44–45, II:47

Benziporphyrins
with exocyclic double bonds in meso-

positions of, II:141, II:142
meso-modifications of, II:142

Benzocarbaheteroporphyrins, II:152
coordination compounds of, II:158–159

Benzocarbaporphyrins, crystal structure and
reactivity of, II:152, II:153, II:155

Benzocarbaporphyrins, II:107, II:151
Benzochlorins, IV:27–28, IV:32, IV:131–134,

IV:135, IV:136
Benzoporphycenes

Q and Soret bands’ bathochromic shifts of,
II:37

synthesis of di- and tetra-, II:36, II:41
Benzoporphyrin derivative monoacid

ring A (BPD-MA), IV:126, IV:143,
IV:166, IV:183, IV:185,
IV:363–364

See also Verteporfin
Benzoporphyrin derivatives (BPD)

antibody fragment conjugates, IV:343

monoclonal antibody conjugates, IV:159,
IV:165–166, IV:335–337, IV:338

structure, IV:329
synthesis, IV:30

Benzoporphyrins
benzothiadiazole porphyrins, 

III:337–339
Ruthenium-catalyzed C–C coupling

reactions and, III:352–353
solar cell use potential of polycyclic

aromatics-fused, II:53
Suzuki protocol and synthesis of mono-,

di-, and tri-, II:219–220
synthesis of, II:23–24
synthesis of sulfur and oxygen analogs of,

II:31, II:35, II:36
vicinal dibromoporphyrins in synthesis of

mono-, di-, or tri-, II:58, II:59
Benzosapphyrins, synthesis of mono-, di-, tri-,

and penta-, II:39, II:42, II:43
2,1,3-Benzoselenadiazole, porphyrin fused

with, II:51, II:53
Benzothiadiazole porphyrins, Suzuki-type

C–C coupling reactions and,
III:337–339

Benzotriazole (BOP), IV:133–134, IV:136,
IV:144–145, IV:174

2,1,3-benzoxadiazole, porphyrin fused with,
II:51, II:53

Benzylic hydroxylation catalyzed by [MnCl]
porphyrins, X:73

Benzylic hydroxylation catalyzed by [RuOl]
porphyrins, X:73–75

BePc/MgPc/CaPc/BaPc absorption spectra,
IX:21–24

Beryllium, unsubstituted Pcs (UV-vis
absorption data) and, IX:103

β-alkenyl-substituted porphyrins, metathesis in
synthesis of, II:234–235

β-alkyl NCPs, synthesis of, II:300, II:301
β-alkynylporphyrins, Sonogashira protocol in

synthesis of, II:228
β-amidation (C–N coupling), palladium-

catalyzed, III:398–401, III:398–401
β-amination (C–N coupling), palladium-

catalyzed, III:385–389
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β-aryl/alkyl-meso-tetraarylporphyrins,
synthesis of mono-, tetra- and octa-,
II:215

β-arylporphyrins, synthesis of zinc complex
of, II:223–224, II:225

β-azafulvenones, tetracarbaporphyrinoids and
tetramerization of, II:172

β-boryl-5,10,15-triarylporphyrins, Heck-type
protocol in reaction of acrylate with,
II:234

β-borylated porphyrins, as building blocks for
multiporphyrin systems, II:227

β-borylation (C–B coupling), palladium-
catalyzed, III:377–378

β-borylporphyrins
direct borylation in synthesis of, II:61,

II:63
porphyrin-containing molecules and, II:61

β-brominated porphyrins, transition metal
catalysts and, I:7

β-bromo-meso-tetraarylporphyrins,
modification of β-pyrrolic positions
and, II:206

β-carboranylated porphyrins
as agents for BNCT of tumors, II:220
as conducting or catalytic materials,

II:220
Suzuki reaction in synthesis of, II:220–221

β-D-lactose-chlorin e6 conjugate, “click
chemistry” synthesis of, II:277, II:279

β-etheration (C–O coupling), palladium-
catalyzed, III:413

β-extended porphyrins, Diels-Alder reaction in
synthesis of, II:81, II:83

β-formylated porphyrins, microwave-assisted
synthesis of, II:202

β-formylporphyrins, as a 1,3-dipole moiety
precursor, II:266–267, II:268

β-fused oligoporphyrin, synthesis of directly,
II:73

β-iminoporphyrins, as heterodienes in Diels-
Alder cycloadditions, II:256, II:259

β-Lactamase-enzyme-activated photosensitizer
(β-LEAP), IV:286, IV:287

β, meso-anthracene doubly fused porphyrins,
UV-visible spectrum of, II:60

β, meso, β-anthracene triply fused porphyrins,
UV-visible spectrum of, II:60

β-octabromo-meso-tetrakis(4-
carboxyphenyl)porphyrin, as potential
inhibitor of topoisomerase I, II:219

β-octacarboranyl-meso-tetraphenylporphyrin,
II:220, II:222

β-octaphenylporphyrins, II:217
β-octasubstituted cationic porphyrins,

II:217–218
β-octasubstituted porphyrins, Suzuki cross-

coupling and mixed antipodal,
II:216–217

β-perfluoroalkylated porphyrins, cyclization
and aromatization of, II:61–62

β-substituted meso-substituted arylporphyrins,
II:194

β-substituted meso-tetraarylporphyrins, Heck
protocol in synthesis of, II:232

β-substituted meso-tetraarylporphyrins,
palladium catalysis in synthesis of,
II:239

β-substituted Pcs. See α-and/or β-substituted
Pcs

β-substituted porphyrins, Sonogashira protocol
in coupling, II:227–228

β-substituted tetraphenylporphyrins, zinc
complexes of, II:232, II:233

β-sulfanylation/selenation (C–S/C–Se
coupling), palladium-catalyzed,
III:415–417

β-tetrabromo-meso-tetraphenylporphyrin,
synthesis of antipodal, II:208

β-tetrafluorobenzo-meso-
tetraphenylporphyrins, II:62, II:64

β-tetrasubstituted cationic porphyrins,
II:217

β-vinylporphyrins, as dienophiles in Diels-
Alder reactions, II:253

BF2-group (BODIPYs). See BODIPY
dyes/derivatives

Bi-/multi-enzymatic biosenors, V:270–273
Bi2Pc3 absorption spectra, IX:95–99
Biimidazol-2-yl-BF2 complexes as analogs,

BODIPYs and, VIII:141–142
Biladienes, synthesis of, II:208
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Bilanes, in microwave-assisted synthesis of
porphyrins, II:200

Bilayer heterojunctions fabricated using two
different processing techniques and
OPV by vapor deposition, X:149–150

Bilayer lipid membranes, as biomimetic
membrane, V:230

Bile pigments. See Dipyrrin-based receptors
Bilindione, verdoheme formation by,

VIII:301, VIII:304
Bilirubin

coordination chemistry of open-chain
oligopyrroles and, VIII:406–410

and preparation of open-chain oligopyrrole
systems, VIII:361–362

Biliverdin
coordination chemistry of open-chain

oligopyrroles and, VIII:406–410
dimeric complexes (metal complexes) and,

VIII:310–312, VIII:318–321
free ligand (metal complexes) and,

VIII:307–310
iron complexes (metal complexes) and,

VIII:321–328
and metal complexes of formylbiliverdin,

VIII:328–334
monomeric complexes (metal complexes)

and, VIII:312–318
and preparation of open-chain oligopyrrole

systems, VIII:361–362
Binaphthyl bridge and chiral basket handle

porphyrins, X:41–43
Binaphthyl-linked porphyrins,

structures/spectra of, VII:199–200
Binding sites, and heme-propionate side

chains, V:44–48
Bingel reaction, of meso–meso-linked

oligoporphyrin bis-malonates with C60,
I:89–90

Biocatalysts, nanobiomaterials and,
V:48–49

Bioconjugates, and PDT, III:88. See also
Conjugates

Bioinspired catalysts with B12 enzyme
functions. See Catalysts with B12

enzyme functions

Bioinspired immobilized catalysts
B12 immobilized polymers and,

X:357–358
B12 modified electrodes and, X:350
covalently bound B12 modified electrodes

and, X:356–357
noncovalently bound B12 modified

electrodes and, X:350–352
polymer-coated B12 modified electrodes

and, X:352–355
Biological substrates

camphor as, X:87
CYP 450 as superfamily of cysteine

thiolate-ligated heme enzymes for,
X:85–86

cytochromes P450 as superfamily of
cysteine thiolate-ligated heme
enzymes for, X:85–86

Biomedical imaging, II:2
Biomimetic iron complexes

direct metalation of 2,2′-bidipyrrins in,
VIII:452–456

intermediates/products from ring-opening
reactions in, VIII:447–452

Biomimetic membranes and electrodes,
biosensors and, V:230–232

Biosensor. See also Electrochemical
biosensors (heme protein-based)

classification of, V:205
defined, V:296

Biosynthesis
and cleavage of C–C bonds by cytochrome

P450, V:191–192
cytochrome P450 enzymes and, V:166

Biotechnology probes and BODIPY,
VIII:80–86

Biotin-linked phthalocyanine assemblies, and
PDT, III:88–89

BiPc absorption spectra, IX:95–99
BiPc2 absorption spectra, IX:95–99
Bipyridylene-bridged dimers, I:112, I:115
Bis(arylimino)isoindoline complexes

coordination chemistry of open-chain
oligopyrroles and, VIII:389–404

[H(bai)] and preparation of open-chain
oligopyrrole systems, VIII:356–360
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Bis(arylimino)isoindolines in dendrimers,
supramolecular assemblies and,
VIII:478–482

Bis(oxazolinyl)pyrroles
coordination chemistry of open-

chain oligopyrroles and,
VIII:404–406

[H(bop)] and preparation of open-chain
oligopyrrole systems, VIII:359,
VIII:361

Bis(pinacolato)diborane, in synthesis of meso-
borylporphyrin, II:60

Bis-BODIPY systems, and aromatic
conjugation of BODIPY-analogs,
VIII:117–119

5,10-Bis(2,6-dibromophenyl)porphyrin,
palladium-mediated chiral porphyrins
from, II:240

Bismuth, unsubstituted Pcs (UV-vis absorption
data) and, IX:134

Bisnaphthohexaphyrin, II:248, II:249
Bisphthalonitriles, III:173
Bis-porphyrin classes, VII:234–235
Bisporphyrins

synthesis of, II:88–89, II:92
synthesis of β, meso-1,2,3-triazole-linked,

II:273, II:274
synthesis of meso–meso-1,2,3-triazole-

linked, II:273–274, II:275
Bis-zwitterions, guanidinocarbonyl-based

anion receptors and, VIII:171–172,
VIII:174

BODIPY dyes/derivatives
2-ketopyrrole complexes as analogs,

VIII:143–144
3,5-aryl-substituted from aryl-pyrroles,

VIII:48–52
analogs with extended aromatic

conjugation (benz[c,d]indole-based
dyes), VIII:112–114

analogs with extended aromatic
conjugation (bis-BODIPY systems),
VIII:117–119

analogs with extended aromatic
conjugation [di(iso)indomethene
dyes], VIII:112

analogs with extended aromatic
conjugation (phenanthrene-fused
systems), VIII:114–116

analogs with extended aromatic
conjugation (porphyrin-fused
systems), VIII:116

analogs with extended aromatic
conjugation (restricted systems),
VIII:104–112

azobenzene derivatives as analogs,
VIII:144–145

benz[c,d]indole-based (extended aza-
BODIPY dyes), VIII:130–131

biimidazol-2-yl-BF2 complexes as analogs,
VIII:141–142

BODIPY-based organoboron polymer,
VIII:89–90

boryl-substituted thienylthiazoles as
analogs, VIII:148–150

cyclized aza-BODIPY dyes, VIII:131–133
and fluorescence control via photoinduced

electron transfer, VIII:18–24
fluorescent boron derivatives

(oligoBODIPYs) and,
VIII:456–461

fundamental properties of, VIII:4–6
fused perylene tetracarboxylic diimides

and, VIII:138–140
future research of, VIII:153
general characteristics of, VIII:3
GFP-chromophore analogs and,

VIII:134–137
with heteroatom substituents from

electrophilic substitution reaction,
VIII:24–28

with heteroatom substituents from metal
mediated C–H functionalization,
VIII:32–36

with heteroatom substituents from
nucleophilic attack on halogenated
BODIPYs, VIII:28–32

with heteroatom substituents from
nucleophilic attack on meso-
position, VIII:36–39

Knoevenagel reactions with benzaldehyde
derivatives, VIII:52–61
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meso aryl-, alkenyl-, alkynyl-substituted,
VIII:42–48

miscellaneous metals (aza-BODIPY dyes),
VIII:133–134

and miscellaneous N,N-bidentate diphenyl
boron chelates as analogs,
VIII:145–148

and modifications to meso-aromatic
substituents on core, VIII:15–18

from palladium-catalyzed coupling
reactions at 3-/5-positions,
VIII:61–65

poly(aryleneethynylene)s (PAEs) co-
containing (2,6-positions) polymers,
VIII:86–89

pyridine-based systems as analogs,
VIII:142–143

restricted systems (extended aza-BODIPY
dyes), VIII:126–130

and substitution of fluoride atoms in BF2-
group with alkoxide groups,
VIII:98–100

and substitution of fluoride atoms in BF2-
group with alkyl groups, VIII:90

and substitution of fluoride atoms in BF2-
group with alkyne groups,
VIII:92–98

and substitution of fluoride atoms in BF2-
group with aryl groups, VIII:91–92

and substitution of fluoride atoms in BF2-
group with boronium/borenium
cations, VIII:100–101

syntheses from ketopyrroles
(unsymmetrical), VIII:12–13

syntheses from pyrrole-2-carbaldehyde
(symmetrical), VIII:12–15

syntheses from pyrroles/acid
chlorides/anhydrides (substituted),
VIII:7–8

syntheses from pyrroles/aldehydes
(unsubstituted), VIII:8–12

syntheses of unsubstituted, VIII:6–7
tetra-aryl systems (aza-BODIPY dyes),

VIII:119–126
and through-bond energy transfer cassettes,

VIII:70–86

and through-space energy transfer
cassettes, VIII:65–70

and use of metals other than boron,
VIII:102–104

water-soluble from coupling/substitution
reaction, VIII:40–42

water-soluble from electrophilic
substitution reaction, VIII:39–40

Bombesin, IV:144, IV:279–280
Bond length alternation (BLA), I:509
Bonding, metal ion/spin state effects

1H/13C NMR spectroscopy of high-/low-
spin ferriheme proteins and,
VI:190–251. See also Ferriheme
proteins

bis-ammine/amino ester/phosphine
complexes and, VI:159–160

bridged dimeric complexes (six-coordinate
monomeric iron(III) porphyrin
complexes) and, VI:125–128

chromium porphyrins, VI:298–299
cobalt porphyrins, VI:268–275
copper(II) and silver(II) porphyrins,

VI:294–297
cytochrome oxidase/NO reductase and,

VI:96–102
cytochrome P450/chloroperoxidase and,

VI:96
deoxyhemoglobin/deoxymyoglobin and,

VI:93–96
(dxz,dyz)

4(dxy)
1 ground state of low-spin

iron(III) porphyrins and,
VI:161–164

and effect of porphyrin substituents on
pattern of spin delocalization,
VI:147–150

five-coordinate diamagnetic iron(II)
porphyrins and, VI:85

five-coordinate high-spin iron(II)
porphyrins and, VI:93–106

and five-coordinate low-spin iron(III)
porphyrins/porphycene,
VI:179–182

five-coordinate monomeric iron(III)
porphyrin complexes and,
VI:107–112
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and g-values of low-spin iron(III)
porphyrins/ferriheme proteins,
VI:135–138

and Griffith’s three-orbital theory/data for
low-spin iron(III) porphyrins,
VI:134, VI:139–147

high-spin iron(III) π-cation radicals,
VI:251–252

high-spin iron(III) porphyrins and,
VI:107–128

hydroxide/fluoride complexes and, VI:103
imidazolate ligands and, VI:152
and imidazole plane orientation,

VI:152–159
intermediate-spin iron(II) porphyrins and,

VI:85, VI:88–93
intermediate-spin iron(III) porphyrins and,

VI:128–132
iron(II) porphyrin π-cation radicals and,

VI:106–107
iron(I) porphyrins and, VI:83–84
iron(III) complex of tetraphenyl-21-

oxaporphyrin (six-coordinate
monomeric iron(III) porphyrin
complexes) and, VI:123–124

iron(III) complexes of mono-meso-
octaethyloxaporphyrin/mono-meso-
octaethylazaporphyrin
(six-coordinate monomeric iron(III)
porphyrin complexes) and,
VI:124–125

iron(III) corrole π-radicals, VI:256–258
iron(III) dioxooctaethylisobacteriochlorin

complexes (six-coordinate
monomeric iron(III) porphyrin
complexes) and, VI:123

iron(III) monooxochlorin complex (six-
coordinate monomeric iron(III)
porphyrin complexes) and,
VI:122–123

iron(III) octaethyl-/tetraphenylchlorin (six-
coordinate monomeric iron(III)
porphyrin complexes) and,
VI:117–121

iron(III) π-cation radicals of oxophlorins,
VI:254–256

iron(III) sulfhemins (six-coordinate
monomeric iron(III) porphyrin
complexes) and, VI:117

iron(IV) porphryin π-radicals, VI:261–266
iron(IV) porphyrins, VI:258–261
and kinetics of axial ligand exchange,

VI:187–188
lanthanide porphyrins, VI:292–294
and low-spin FeIII complexes of

meso–meso-linked 5,5′-bis(10,15,20-
triphenylporphyrin), VI:178–179

and low-spin iron(III) complexes of N-
alkylporphyrins, VI:186

and low-spin iron(III) complexes of
reduced hemes, VI:182–185

low-spin iron(III)/low-spin iron(II)
porphyrin electron exchanges,
VI:188–190

low-spin iron(III) π-cation radicals, 
VI:254

low-spin iron(III) porphyrins. See Low-
spin iron(III) porphyrins

manganese porphyrins, VI:278–284
and mixed ground state behavior of bis-

cyanide complexes, VI:164–167
and mixed ground state behavior of bis-

(pyridine) complexes of low-spin
ferrihemes, VI:167–174

and mixed ground state behavior of bis-
(pyridine) complexes of
oxophlorins/meso-amino porphyrins,
VI:174–178

mixed-ligand complexes and,
VI:160–161

N-alkyl/aryl porphyrin complexes and,
VI:103–104

N-modified macrocycle complexes and,
VI:105–106

neutral imidazole ligands and, VI:150–152
nickel porphyrins, VI:284–292
and NMR studies of low-spin iron(III)

porphyrins with (dxy)
2(dxz,dyz)

3

ground state, VI:147–161
paramagnetic shift summary and,

VI:299–303
rhodium porphyrins, VI:275–278
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ruthenium/osmium porphyrins,
VI:266–268

six-coordinate diamagnetic iron(II)
porphyrins and, VI:84–87

six-coordinate monomeric iron(III)
porphyrin complexes and,
VI:112–116

spin-admixed/intermediate-spin iron(III)
π-cation radicals, VI:253–254

spin delocalization and, VI:39–41
and spin delocalization mechanism

summary, VI:299–303
and thermodynamics of axial ligation

of iron(III) porphyrins,
VI:186–187

two iron(III) octaethylisobacteriochlorin
isomers (six-coordinate monomeric
iron(III) porphyrin complexes) and,
VI:121–122

vanadium(IV) porphyrins, VI:297–298
verdoheme analogs (OEOP) and,

VI:104–105
Boric acid, synthesis of TBPs and Pcs and,

II:3
Boron chlorosubphthalocyanine derivative

(SubPcCl), as absorbing donor
material for C60-based solar cells,
X:148–149

Boron derivatives (oligoBODIPYs), open-
chain oligopyrrole systems and,
VIII:456–461

Boron neutron capture therapy (BNCT)
basis of BNCT, IV:192–194
boronated porphyrins, advantages,

IV:192–193
p-boronophenylalanine (BPA), IV:192
comparison of BNCT and PDT, IV:193
dual PDT and BNCT sensitizers, IV:146,

IV:192–193
high-linear energy transfer (high-LET)

alpha-particles, IV:192
history of porphyrin-mediated BNCT,

IV:194–198
PPIX derivatives, IV:146
sulfhydryl boron hydride (Na2B12H11SH or

BSH), IV:192

tetra-/octachloromethylphthalocyanine
precursors and, III:62

Boron units
and aryl-substituted anion receptors,

VIII:211–219
pyrrole-based π-conjugated acyclic anion

receptors and, VIII:225–227
synthesis/properties of boron complexes

of dipyrrolyldiketones,
VIII:205–211

Boron(III) complex of NFTPP, X-ray structure
of, II:347, II:349

Boronated chlorins
from boronated porphyrins, IV:231–232
from chlorophyll-a derivatives,

IV:233–236
dual PDT and BNCT sensitizers,

IV:192–193
from methyl pheophorbide-a, 

IV:233–236
from pyropheophorbide-a (Ppa), IV:236,

IV:237
See also Chlorins (2,3-dihydroporphyrins)

Boronated corroles, IV:198, IV:207–208
Boronated meso-tetraphenylporphyrin (TPP),

IV:193
Boronated phthalocyanines

boronated Zn(II) phthalocyanines,
IV:237–242

boron subphthalocyanine (subPc),
IV:59–60

dual PDT and BNCT sensitizers,
IV:192–193

synthesis, IV:193, IV:194, IV:200,
IV:236–242

See also Phthalocyanines (Pc)
Boronated porphyrin synthesis, IV:198–200

from carboranyl-aldehydes, IV:204–215
β-carboranylporphyrins, IV:226–230
from carboranylpyrroles, IV:216–220
cobaltacarboranylporphyrins, IV:220–224,

IV:225, IV:226, IV:227, IV:228
[2+2] condensations of

carboranylbenzaldehydes,
IV:210–213

CuTCPH, IV:196–197, IV:209–210
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dicarboranylbenzaldehyde condensation
with pyrrole, IV:213–215

from functionalization of preformed
porphyrins, IV:220–230

H2TBP, IV:206–207
H2TCP, IV:204–206
history, IV:194–198, IV:199
porphyrins of high boron content,

IV:213–215
porphyrins with up to four boron clusters,

IV:204–213
protoporphyrin-IX (PPIX), IV:194
tetracarboranylporphyrin, IV:197–198,

IV:210–212, IV:217, IV:226, IV:228
Boronated porphyrins, IV:191–192

BOPP, IV:194, IV:195, IV:222
CuTCPH, IV:194, IV:196–197,

IV:209–210, IV:215
H2DCP, IV:194, IV:196–197, IV:206
history, IV:194–198, IV:199
synthesis, IV:198–200
VCDP, IV:194–195

Boronated protoporphyrin-IX (PPIX),
IV:192–193, IV:194

Boronated TPP, heterodimer from reaction of
2-bromoTPP with, II:220, II:223

Boron-doped diamond (BDD) as electrode
substrate, V:222

Boronium/borenium cations, fluoride atom
substitution in BF2-group of BODIPYs
with, VIII:100–101

Borylation
β-borylation (C–B coupling), III:377–378
meso-borylation (C–B coupling),

III:374–377
Boryl-substituted thienylthiazoles as analogs,

BODIPYs and, VIII:148–150
Bovine serum albumin (BSA)

chlorin e6 conjugates, IV:142–143,
IV:152–154, IV:344

hematoporphyrin (Hp) conjugates, IV:150,
IV:156, IV:343–344

metallophthalocyanine conjugates,
IV:83–84, IV:343–344

noncovalent bioconjugates, IV:62, IV:78,
IV:125, IV:127–128, IV:343

B-perfluororalkylated porphyrins, Suzuki-type
C–C coupling reactions and, III:340

Bromide complex, and crystallographical
structures using pyrrole β-CH site,
VIII:184–185

Brominated naphthalocyanine, IV:90
Brominated porphyrins as radiosensitizers,

IV:98
5-Bromo-10,15,20-

triphenylporphyrinatonickel(II),
palladium-catalyzed reaction of
hydrazine with, II:240

Bromoiron(II) m-benziporphyrin, crystal
structure of, II:144

21-Bromo-N-fused tetraphenylporphyrin (21-
Br-NFTPP), II:337, II:339

Bromoporphyrins
allylation of, II:58–59
metal-catalyzed reactions of, II:58–65

2-BromoTPP, heterodimer from reaction of
boronated TPP with, II:220, II:223

B-subPc/AlPc/GaPc/InPc/TlPc absorption
spectra, IX:78–86

Buchwald–Hartwig cross-coupling,
III:385–386

Buchwald–Hartwig reaction
2-arylaminoporphyrins and, II:241
formation of C–C and C-heteroatom

through, II:194
Butadiene porphyrins, Stille C–C coupling

reactions and, III:346
1-Butyl-3-methylimidazolium tetrafluoroborate

[bmim][BF4], metalloporphyrin
formation using, II:197–198

C
C- and N-glycoconjugated pyrrolidine-fused

chlorins, II:260, II:261–262
C=C epoxidation by Cpd I of CYP 450,

X:127–129
Cadmium(II) complex of Z-dimer of 5,20-Ph2-

NCP, II:333, II:335
Cadmium, unsubstituted Pcs (UV-vis

absorption data) and, IX:130
Calcium binding sites and peroxidases

heme pocket maintenance and, VI:398–399
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role of calcium, VI:400
Calculated density functional theory, I:314
Caldariomyces fumago

freeze-quench EPR experiments and
Compounds I/ES, V:308–310

generation/characterization of
chloroperoxidase Compound I in
state of, V:303–304, V:323

Calix[4]-2-methoxyazulene ((1,1,1,1)(1,3)-2-
methoxyazulenophane), II:174

Calix[4]azulenes ((1,1,1,1)(1,3)-
azulenophane), II:174

Calixarene platform arrangement, cofacial
porphyrin dimers and, I:56, I:60

Cambridge Crystallographic Database, I:235,
I:241

Cancer therapy. See also Photodynamic
therapy of cancer (PDT)

1,8(11),15(18),22(25)-
tetraphenylthiophthalocyanines and,
III:176

alkylation and terminal functional groups,
III:169

and phthalocyanine sulfoacids and
derivatives, III:83, III:88–89

theraphthal and, III:105–106
and water-soluble carboxyphthalocyanine

derivatives, III:106–107,
III:106–107

Candida albicans, IV:74, IV:392–393
CaPc absorption spectra, IX:21–24
Capping molecules, Glaser–Hay coupling

reaction and, I:11
9-Capronyloxytetrakis (methoxyethyl)

porphycene (CPO), IV:408–409,IV:410
Carbachlorins, II:162
Carba-hemiporphyrazines, II:162, II:163
Carbahexaphyrins, II:179
Carbaporphyrinoids

aromaticity and NMR chemical shifts of
inner vs. perimeter hydrogens of,
II:108–109

as heteroporphyrin with CNNN for a
XNNN cavity, II:106

macrocyclic and local aromaticity of
benzene in, II:110

magnetic properties as criteria for
aromaticity of, II:108–109

nomenclature and numbering system of,
II:107

organometallic compounds and, II:106
Carbaporphyrins. See carbaporphyrinoids
Carbasapphyrins, synthesis, properties and

reactivities of, II:176, II:177
Carbazates, meso-amination and, III:382–383
Carbocyclic CNNN-core porphyrins, II:137
Carbohydrate recognition domain (CRD),

IV:267–268
Carbohydrate–photosensitizer conjugates. See

Sugar–photosensitizer conjugates
Carbon insertion of chiral strapped porphyrins,

X:76–77
Carbon monoxide (CO), axial ligand bands

and M(II) porphyrins, VII:446–448
Carbon nanohorns (CNH), I:422
Carbon nanotubes (CNT)

importance of (in nanometer scale
structures), I:134

noncovalent functionalization of, I:401
solubilization of, I:400–401
using surface to integrate

porphyrins/phthalocyanines as
chromophores, I:186–190

Carbon nanotubes, biosensors and, V:246–249
Carbon nanotubes/surfaces functionalization

covalent amide linkage with oxidized CNT,
X:280

covalent C–C linkage between
CNT/macrocycle, X:281–285

covalent ester linkage with oxidized CNT,
X:280–281

covalent pyrrolidine linkage between
CNT/spacer unit, X:285–289

and graphene functionalization via amide
linkage, X:289–292

noncovalent diamond functionalization via
C–C linkage/amide coupling,
X:293–294

noncovalent linkage between
CNT/macrocycle: π–π interaction,
X:289–292

overview, X:278–280
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Carbon nanotubes-nanoconjugates
applying Suzuki coupling reactions,

I:191–192
functionalized with PAMAM dendrimers,

I:194–195
and grafting to form SWNT-PVP/ZnP

nanohybrids, I:193–194
placing pyridyl isoxazolino functionalities

along sidewalls of, I:190
RuP functionalization and, I:190–191
using surface to integrate

porphyrins/phthalocyanines as
chromophores, I:186–190

Carbon paste electrode (CPE), V:221
Carbon

14C-labeled phthalocyanines, IV:90–91
14C-labeled porphyrins, IV:90

Carbon–carbon bond cleavage, as catalyzed by
cytochromes P450, V:189

Carbon–hydrogen bond functionalization
and aliphatic C–H activation by Cpd I of

CYP 450, X:108–120
and amination of chiral picket fence

porphyrins, X:75–76
and aromatic C–H activation by Cpd I of

CYP 450, X:125–127
and carbon insertion of chiral strapped

porphyrins, X:76–77
and catalytic cycle of CYP 450, X:87–93
and hydroxylation of chiral basket handle

porphyrins, X:76–77
and hydroxylation of chiral picket fence

porphyrins, X:73–74
and hydroxylation of chiral strapped

porphyrins, X:76
and sulfoxidation by Cpd I of CYP 450,

X:129–131
and sulfoxidation of chiral basket handle

porphyrins, X:77–78
and sulfoxidation of chiral picket fence

porphyrins, X:74
Carboplatin, IV:437
Carborane functionalized porphyrins, Suzuki-

type C–C coupling reactions and,
III:336–337

Carboranes, IV:146

meta-carborane structure, IV:193
nido-carborane structure, IV:193
ortho-carborane structure, IV:193
β-carboranylporphyrins, IV:226–230
cobaltacarboranylporphyrins, IV:220–224,

IV:225, IV:226, IV:227, IV:228
common carboranes attached to porphyrins,

IV:193, IV:200
closo-dodecaborane structure, IV:193
protoporphyrin-IX (PPIX) conjugate

formation, IV:146
synthesis, IV:200–203
tetracarboranylporphyrin, IV:197–198,

IV:210–212, IV:217, IV:226,
IV:228

Carboranyl TBP
as sensitizer for BNCT for tumors, II:14
as a sensitizer for PDT, II:14
synthesis of, II:12–13

Carboranyl TPP, II:14
Carboranylpyrroles, IV:216–220
Carboxylated derivatives and aggregation

behavior in water soluble Pcs,
VII:280

Carboxylated derivatives
Φ∆ and, VII:319
ΦF and MPc(SO3)mix, VII:313
(ΦT)/(τT) and, VII:316–317

Carboxylated porphyrins, Sonogashira
protocol for the synthesis of, II:232

Carboxylic acids and derivatives, as electron-
withdrawing groups of phthalocyanines,
III:95–111

Carboxylic acids, and electrophilic substitution
reactions of BODIPYs with heteroatom
substituents, VIII:28

Carboxyphthalocyanine derivatives and cancer
treatment, III:106–107

Cardanol, cashew industry byproduct, II:237
Cardanol-based porphyrins, Ruthenium-

catalyzed C–C coupling reactions and,
III:354–355

Carotenoids (Cars), amino acid binding and,
I:225–226

Caspase-3, IV:281, IV:405–406, IV:407,
IV:414
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Cassettes
through-bond BODIPY energy transfer

cassettes, VIII:70–86
through-space BODIPY energy transfer

cassettes, VIII:65–70
Catalase and biosensor fabrication, V:269
Catalase, IV:413
Catalase-peroxidases (KatGs)

as classification, VI:372
and multifrequency EPR

spectroscopy/reactivity of catalytic
intermediates, VI:427

from Mycobacterium tuberculosis,
VI:394–396

structural diagrams of KatGs, VI:386–390
from Synechocystis, VI:390–394

Catalysts of pincer-like palladium complexes,
open-chain oligopyrrole systems and,
VIII:443, VIII:445–447

Catalysts with B12 enzyme functions
artificial enzyme construction,

X:317–319
B12 model complexes, X:315, X:317
bioinspired 1,2-migration reactions and,

X:319–334. See also Migration
reactions

bioinspired asymmetric reactions and,
X:358–361

bioinspired dehalogenation reactions and,
X:338–350. See also
Dehalogenation reactions

and bioinspired immobilized catalysts,
X:350–358. See also Bioinspired
immobilized catalysts

bioinspired methyl transfer reactions and,
X:334–338. See also Methyl transfer
reactions

enzymic reactions, X:315–316
and other bioinspired reactions and,

X:361–364
Catalysts

oxidative coupling via palladium/copper,
I:31–32

and porphyrin array synthesis, I:5
rhodium and metalloporphyrins, I:97, I:99,

I:102

and template-directed method of
macrocyclization, I:26

Catalytic 1,2-migration of functional groups
(electrochemical), X:324–325

Catalytic ammonolysis, trialkylsilyl-
substituted phthalocyanines and, III:45

Catalytic cycle of CYP 450, X:87–93
Catalytic cycle of cytochromes P450

ferric resting state/substrate binding in,
V:168–172

first electron transfer/ferric-ferrous
reduction in, V:173–174

general information/processes/pathways
for, V:167–168

O–O scission in, V:179
oxygen binding/autoxidation in,

V:174–178
peroxide dissociation in, V:179
properties/reactivity of Compound I,

V:180
second electron transfer/protonation in,

V:178–179
second protonation in, V:179
steady-state kinetics/uncoupling in,

V:181–182
Catalytic intermediates of peroxidases

reactions of, VI:410–412
resonance raman (RR) characterization of

catalytic intermediates, VI:416–422
X-ray structures of catalytic intermediates,

VI:412–414
Catalytic simulation of methylmalonyl-CoA

mutase, electrochemical 1,2-migration
of functional groups and, X:321–324

Catechol, and hydroxy-/alkoxy-/aryloxy-
substituted phthalocyanines, III:170

Catenanes
non-covalently linked hybrids and,

I:178–179
self-assembly via rotaxanes and, I:350–351
solar energy and, I:178–179

Cation radicals (oxoiron IV), VII:130–134
Cation radicals, porphyrin π-cation radicals,

VII:451–452
Cation, for formation of pure intermediate-

spin complexes, VII:60–61
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Cationic species of pincer-like palladium
complexes, open-chain oligopyrrole
systems and, VIII:437–441

Cations (boronium/borenium), and fluoride
atom substitution in BF2-group with,
VIII:100–101

Cavitand-porphyrins, construction of, II:90,
II:93, II:94

C–B coupling. See Palladium-catalyzed C-B
coupling

C–C coupling reactions. See Organometallic 
C–C coupling reactions (porphyrins)

C–C coupling, as catalyzed by cytochromes
P450, V:189

C–C linkage between CNT/macrocycle, and
covalent linkage of carbon nanotubes,
X:281–285

CCAAT/enhancer-binding protein (C/EBP),
IV:430

Cd2Pc3 absorption spectra, IX:74–78
CdPc absorption spectra, IX:74–78
CdPc complexes, quantum yields for,

VII:335–337
Celecoxib, IV:431–432
Cell organelle targeting, IV:329, IV:331,

IV:385–386
Candida albicans cell membrane targeting,

IV:393
photosensitizer localization sites, IV:408,

IV:409, IV:410, IV:411
See also Cellular targeting; Photodynamic

therapy (PDT); specific organelles
Cell penetrating peptide (CPP), IV:144–145,

IV:147, IV:220, IV:278
Cellobiose dehydrogenase (CDH) and

biosensor fabrication, V:270
Cellular targeting, IV:329–331

lipoproteins as carrier systems, IV:330
liposomes as carrier systems, IV:124,

IV:329
macrophages as PDT targets, IV:73,

IV:153, IV:343
micelles as carrier systems, IV:329
See also Active targeting; Passive

targeting; Photodynamic therapy
(PDT)

Central metal, of unsubstituted Pcs (UV-vis
absorption data), IX:102–136

Central metals, oxidative coupling and, II:67
Ceramic superconductors, III:487
CGP55847, IV:256, IV:262
Chaetomium, and fungal NO reductase,V:143
Chain-fluorinated substituted compounds,

halogen-substituted phthalocyanines
and, III:72–76

Charge separation reactions (long-range),
ferrocene-porphyrin-fullerene
composites and, I:11–12

Charge separation versus charge
recombination, I:138–139

and ideal electron transfer scenario,I:148
Charge separation. See Chlorophyll analogs
Charge transfer (CT) complexes, and binding

affinities of dipyrromethanes, VIII:184
Charge transfer (CT) transitions, IX:6
Charge transfer (porphyrin/phthalocyanines

and carbon nanostructures). See also
Covalently linked conjugates,
fullerenes; Non-covalently linked
hybrids, fullerenes

cocrystallates, I:137–138
covalently linked nanoconjugates —

carbon nanotubes, I:186–195
nanometer scale structures and, I:133
non-covalently linked nanoconjugates —

carbon nanotubes, I:196–206
and parabolic dependence of electron

transfer reactions, I:138–139
Chemical bonds, spin delocalization and,

VI:55–57
Chemical exchange line broadening,

linewidths and, VI:33
Chemical shift perturbation mapping, 1H-15N

NMR spectra and, VI:356–357
Chemically modified electrodes (CMEs)

defined, V:296
PFV and, V:214–215

CHENO, coadsorbents and, X:168–169
Chicken embryo chorioallantoic membrane

(CAM), IV:384
Chimeric monoclonal antibody (cMAb),

IV:160, IV:164, IV:333, IV:338
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Chiral basket handle porphyrins, X:40–43
hydroxylation of, X:76–77
structural example of, X:3
sulfoxidation of, X:77–78

Chiral diporphyrins, III:411
Chiral fortress, X:46–47
Chiral picket fence porphyrins

amination of, X:75–76
and atropisomers of glycoconjugated

porphyrins, X:19–20
aziridination and, X:69–72
and binaphthyl group for catalytic stability,

X:8–9
chiroporphyrin development, X:21–22
and D4-symmetric Halterman porphyrin,

X:15–18
and D4-symmetric porphyrin, X:10
and electron-withdrawing trifluoromethyl

group, X:14–15
hydroxylation of, X:73–74
and iron/manganese glycosylated

porphyrins, X:18–19
and molybdenum complex with TBHP, X:15
and ortho-aryl position attachment of ether

groups, X:24
and Oxone® (KHSO5) and cis β-

methylstyrene, X:11
and peptide chain attachment to meso-

positions, X:25
and porphyrin on ortho-position of meso-

aryl groups, X:7–8
reactions of 1,2-dihydronaphthalene,

X:22–23
reactions of aromatic alkenes catalyzed by

[MnCl] complexes, X:10–12
reactions of aromatic alkenes catalyzed by

[RuCO] complexes, X:12–13
reactions of aromatic olefins catalyzed by

[MnCl] complexes, X:8–9, X:20–21
reactions of olefins catalyzed by [FeBr]

complexes, X:18–19
reactions of olefins catalyzed by [MnCl]

complexes, X:15, X:17
reactions of olefins catalyzed by [RuCO]

complexes, X:15–16
reactions of olefins catalyzed by [RuCl2]

complexes, X:14

[Ru(O)2]5 and, X:11
structural example of, X:3
styrene reactions with PhIO and, X:25–26
sulfoxidation of, X:74

Chiral porphyrins, palladium-catalyzed C–C
reactions and, III:368, III:373

Chiral porphyrins, synthesis of, II:240
Chiral strapped porphyrins

and 1,2-dihydronaphthalene reactions
catalyzed by [MnCl] complexes,
X:35–36

2-nitrostyrene and, X:27–28
and binaphthyl-derived catalysts, X:30–31
carbon insertion of, X:76
and catalytic oxidation with PhIO, X:30–32
cyclopropanation and, X:64–68
development of, X:26–27
and homochiral-strapped porphyrin with

chiral cyclohexane auxiliaries,
X:36–37

and homochiral threitol-strapped
porphyrins, X:33–34

hydroxylation of, X:76
and olefins catalyzed by [FeCl] complexes,

X:38, X:40
and picket fence/basket handle porphyrins

with amino acids, X:40
and proline-derived ligands, X:38–39
and reactions of aromatic olefins catalyzed

by [FeCl] complexes, X:27–31,
X:33

and reactions of aromatic olefins catalyzed by
iron/ruthenium complexes, X:34–35

and reactions of aromatic olefins catalyzed
by [Ru(O)2] complexes, X:35

and reactions of olefins catalyzed by
[MnCl] complexes, X:38–39

and reactions of olefins catalyzed by
[Ru(O)2] complexes, X:37–38

structural example of, X:3
and styrenes with PhIO, X:27–28
and threitol-strapped porphyrins, X:37–38

Chiral wall, X:8–9, X:45–46
Chiraphos, III:373
Chiroporphyrins, defined, X:21–22
Chiroptical sensing, of asymmetric

hydrocarbons, I:24
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Chlorin derivatives, metalloporphyrin 
structure/electron configurations and,
VI:14–16

Chlorin e6

alkyl esters and derivatives, IV:36–37
bacteriophage–chlorin e6 conjugates,

IV:388–389
bovine serum albumin (BSA) conjugates,

IV:142–143, IV:152–154,IV:344
chlorin e6 (Ce6), alkyl esters and

derivatives, IV:36–37
epidermal growth factor conjugates,

IV:347–348
estrogen conjugates, IV:353–354
ethylene diamine-appended tin(IV) chlorin

e6 (SnCe6(ED)), IV:348
immunoglobulin G–tin(IV) chlorin e6

conjugate (IgG–SnCe6), IV:388
L19 fragment conjugate with chlorin e6,

IV:342
low density lipoprotein (LDL) conjugates,

IV:345
mesochlorin e6–MAb–linker conjugate,

IV:339–340
mono-L-aspartyl chlorin e6 (NPe6), IV:386,

IV:410
monoclonal antibody–linker conjugates,

IV:166–169, IV:337–339
monoclonal antibody (MAb) conjugates,

IV:159, IV:160, IV:330, IV:335
peptide conjugates, IV:141–143,

IV:151–155, IV:280–281
Photolon (chlorin e6–polyvinylpyrrolidone),

IV:37–38, IV:387
polystyrene microsphere conjugates with

chlorin e6, IV:366–367
protein conjugates, IV:151–155,

IV:280–281, IV:346
structure, IV:33, IV:329
transferrin conjugates, IV:346
See also Chlorins (2,3-dihydroporphyrins)

Chlorin systems. See
Chlorophyll/bacteriochlorophyll/chlorin/
bacteriochlorin systems

Chlorin, incorporation with porphyrin analogs,
V:28–30

Chlorinated copper phthalocyanine
preparation, halogen-substituted
phthalocyanines and, III:69–70

Chlorin-diene derivatives, as building blocks
in cycloadditions, II:235

Chlorins (2,3-dihydroporphyrins), 
IV:30–44

absorption spectra, IV:4–5
benzochlorins, IV:27–28, IV:32,

IV:131–134, IV:135, IV:136
carbohydrate conjugates, IV:32–33,

IV:129, IV:267–269, IV:352
5-[4-carboxyphenyl]-10,15,20-triphenyl-

2,3-dihydroxychlorin (TPC), 
IV:41

cycloimide derivatives of chlorin p6

(CICD), IV:38–39
3-devinyl-3-formylchlorin p6 (FCp6),

IV:37
dihydroxychlorins, IV:41
fluorinated chlorin conjugated to four β-

cyclodextrins (CDFC), IV:43
folic acid-chlorin conjugates, 

IV:173–174
metallochlorins, IV:43–44
PEGylated chlorin e6, IV:37
pyrazole analogs, IV:34–35
in stable anionic liposomes, IV:34
structure, IV:30–31
synthesis, IV:5, IV:30–31
m-tetrahydroxyphenylchlorin (Foscan,

Temoporfin), IV:40–42, IV:147,
IV:160, IV:254

tetraphenylchlorin (TPC), IV:145, IV:146,
IV:148, IV:372–373

meso-tetraphenylporphyrin (TPP) analogs,
IV:40–41

Visudyne, IV:30, IV:254
See also Bacteriochlorins; Boronated

chlorins; Chlorin e6 (Ce6);
Pheophorbides; Tetra(meta-
hydroxyphenyl)chlorin (m-THPC)

Chlorins, I:256, II:194. See also
Bacteriochlorophylls (BChl)

chemical reduction of pyrrole ring and
symmetry of, VI:47
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cycloaddition of meso-tetraarylporphyrin in
synthesis of, II:243–247

frontier molecular orbitals of, VI:48
fully synthetic self-assembling BChl mimic,

I:276–279
metalloporphyrin structure/electron

configurations and, VI:10–11
semisynthetic BChl mimics, I:280–285,

I:295–298
Chlorobaculum tepidum, I:226
Chlorobiaceae, I:223–224, I:245
Chlorobium tepidum, and spectra of BChl c,

VII:184–186
Chloroflexaceae, I:223, I:245
Chloroflexus aurantiacus, and diastereomeric

ligation of BChls, I:231–232
Chloroheme, V:3
Chloromaleonitrile, Diels-Alder reaction and,

III:70
Chloromethylation of phthalocyanine core,

preparation of phthalocyanines with
substituents connected to core via,
III:45, III:61

Chloronickel(II) dimethoxy-m-benziporphyrin,
crystal structure of, II:143

Chloronickel(II) p-benziporphyrin, crystal
structure of, II:147

Chloropalladium(II) vacataporphyrin, crystal
structure of, II:150

Chloroperoxidase. See Compound I
chlorophins, synthesis and UV-vis spectrum

of, II:208–209
Chlorophyll a, IV:33, IV:35, IV:233–236
Chlorophyll analogs

absorption spectra of, X:197–198,
X:202

chlorin pigment and, X:196
oxidation potentials and, X:196–197

Chlorophyll b, IV:33
Chlorophyll derivatives, incorporation with

porphyrin analogs, V:30
Chlorophyll hetero-dyads

CD spectra/absorption of, VII:196–197
structures of, VII:196–197

Chlorophyll/bacteriochlorophyll/chlorin/
bacteriochlorin systems

comparison of experimental/calculated
anisotropy factors, VII:182

Kirkwood model and, VII:180
and natural BChl c, d, e and g,

VII:184–185
and natural chlorophyll a/

bacteriochlorophyll a and
derivatives, VII:173–184

and natural light harvesting complex 2
(LH2), VII:185–191

optical activity/absorption spectra and
ether, VII:179–180

rotational strengths/absorption and ether,
VII:181

and synthetic chlorins/bacteriochlorins and
dimeric/aggregated systems,
VII:191–196

Chlorophylls (Chls), amino acid binding and,
I:225–226

Chlorophyll-type pigments, use of 20-
brominated methyl pheophorbide and
Sonogashira reaction, I:22

Chlorosomal bacteriochlorophylls (BChl)
diastereomeric ligation of BChls,

I:231–238
early models for supramolecular interaction

of, I:229–231
properties of, I:228–229

Chlorosome
defined, I:223
role in photosynthesis, I:223–228

Choroidal neovascularization (CNV),
IV:143

Chromium, unsubstituted Pcs (UV-vis
absorption data) and, IX:114–115

Chromium-substituted hemoproteins,
V:27

Chromophores, circular dichroism (CD) and,
VII:149–150

Chronoamperometry (CA), V:252–254
CID

supramolecular aggregation of, I:109
X-ray diffraction analysis of isomers of,

I:108–109
Cinnamaldehyde, and

tetraaminophthalocyanines, III:119
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Circular dichroism (CD)
chromophore fundamentals and,

VII:149–150
Cotton effects and, VII:152–153
defined, VII:148
and determination of absolute

configurations of natural products,
VII:232–239, VII:232–239

and determination of helicity of
polyisocyanides, VII:230–232

diastereomeric ligation of BChls,
I:232–234

exciton coupling fundamentals and,
VII:150–153

and natural BChl c, d, e and g,
VII:184–185

and natural chlorophyll a/
bacteriochlorophyll a and
derivatives, VII:173–184

natural heme systems, VII:153–165
and natural light harvesting complex 2

(LH2), VII:185–191
phenomenological/theoretical fundamentals

of, VII:148–149
and semisynthetic BChl mimics, 

I:289–290
and synthetic chlorins/bacteriochlorins and

dimeric/aggregated systems,
VII:191–196

and synthetic dimeric porphyrins without
optically active substituents,
VII:208–219

synthetic heme systems, VII:165–173
synthetic monomer systems, VII:196–205
and synthetic naphthalene units linked with

bis-porphyrins, VII:205–208
synthetic oligomeric porphyrin systems,

VII:219–230
cis-(doubly N-confused porphyrin) (cis-N2CP),

synthesis and X-ray structure of
copper(III) complex of, II:349, 
II:351

Cis-trans tautomerism. See also Tautomerism
Cis-trans tautomerism

polarized spectroscopy and,
VII:417–418

and relative changes of fluorescence
quantum yield with temperature,
VII:404–405

structure, VII:373–380, VII:397
triplet state studies and, VII:409

Classical plant peroxidases (class III), as
classification, VI:372

“Click chemistry” reaction, II:270,
II:272–273

meso-4-(prop-2-yn-1-yloxy)
phenylporphyrin and microwave-
assisted, II:203, II:281

synthesis of an aminoporphyrin via
microwave-assisted, II:279,
II:281

“Click chemistry” synthesis of,
β-D-lactose-chlorin e6 conjugate, II:277,

II:279
fullerene-porphyrin conjugate, II:275–276,

II:278
tetrakis(quinolone-1,2,3-triazole)porphyrin,

II:278, II:280
triazole bisporphyrin, II:274, II:276
Zanamivir-porphyrin conjugate, II:279

Click coupling, X:265–267
Clostridium botulinum, and bacterial NO-

binding hemoprotein structures, V:154
C–N coupling. See Palladium-catalyzed C–N

coupling
C–O coupling. See Palladium-catalyzed C–O

coupling
Co(II) porphyrin, self-assembling

metalloporphyrins and, I:93, I:96–97
Coadsorbents, dye-sensitized solar cells and,

X:167–169
Co-adsorption for anchoring

porphyrin/phthalocyanine on gold,
X:251

Cobalt C–C coupling reactions, III:358–359
Cobalt complexes, as catalyst for oxidative

C=P bond formation, III:7
Cobalt diphenylporphyrin, III:444–445
Cobalt hemoproteins, reconstituted

hemoproteins and, V:24–25
Cobalt, unsubstituted Pcs (UV-vis absorption

data) and, IX:119–120

Cumulative Index to Volumes 1–10 411

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 411



Cocrystallates, charge transfer
(porphyrin/phthalocyanines and carbon
nanostructures) and, I:137–138

Cofacial bis[porphyrinato]zinc(II) compounds,
Sonogashira protocol in synthesis of,
II:232, II:233

Cofacial porphyrin dimers/fullerene,
tetrapyrrole-nanocarbon hybrids,
I:389–391

Cofacial porphyrin dimers
calixarene platform arrangement, I:56, I:60
diporphyrins/triporphyrins, I:57–58
fullerene and, I:49–50, I:52, I:55
intramolecular energy studies/electron

transfer reactions and, I:54
metal-bridged porphyrin arrays and,

I:117–118
Cofacial porphyrin ferrocene dyad,

III:439–440
Combinatorial chemistry of porphyrins

and Adler-type reactions, III:493–498
corrole libraries of, III:517–519
and dynamic libraries based on H-bonds,

III:498–502
equilibrium reactions and, III:508–509
hexaphyrin libraries of, III:519
and importance of mixed reactant

approaches, III:489–491
large solution phase libraries of,

III:506–508
mixed pyrroles and, III:491–493
and modification of porphyrin macrocycle,

III:509–513
overview of, III:486–488
peptide libraries, III:519–523
phthalocyanine libraries of, III:516–517
porphyrin synthesis and, III:488–489
six-member libraries using two different

aldehydes, III:525–529
and small libraries for therapeutic

discovery, III:502–506
solid phase library synthesis, III:513–515

Combinatorial olefin metathesis, covalently
linked porphyrin arrays and, I:47–50

Complementary base-paired hydrogen
bonding, I:329–335

Compound ES
freeze-quench EPR experiments and,

V:308–310
generation/Soret band of, V:302
rapid-mixing/freeze-quench methodologies

and, V:311
rapid-scanning stopped-flow studies of

Cyp119 Compound I, V:313–314
rapid-scanning stopped-flow studies of

P450BM3 and, V:322–323
rapid-scanning stopped-flow studies of

P450cam and, V:314–322, V:325
Compound I

abbreviations, V:300
commonality of mechanism due to

reactions catalyzed by, V:189
freeze-quench EPR experiments and,

V:308–310
generation/characterization of

Caldariomyces fumago
chloroperoxidase, V:303–304

properties/reactivity in catalytic cycle of,
V:180

rapid-mixing/freeze-quench methodologies
and, V:311, V:313

rapid-scanning stopped-flow studies of
Cyp119 Compound I, V:313–314

rapid-scanning stopped-flow studies of
P450BM3 and, V:322–323

rapid-scanning stopped-flow studies of
P450cam and, V:314–322, V:325

reaction of ferric P450cam with peracids,
V:301, V:305

Compound O, and second electron
transfer/protonation in catalytic cycle,
V:178–179

Compounds I/II. See Catalytic intermediates of
peroxidases

Concanavalin A (Con A), IV:153–154
Conductivity, nickel/copper complexes and,

III:70–71
Conductors/semiconductors for hybrid

electronics
abbreviations for, X:247–248
covalent amide linkage with oxidized CNT

(CNT functionalization), X:280
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covalent C–C linkage between
CNT/macrocycle (CNT
functionalization), X:281–285

covalent ester linkage with oxidized CNT
(CNT functionalization), X:280–281

covalent pyrrolidine linkage between
CNT/spacer unit (CNT
functionalization), X:285–289

direct immobilization of macrocycle
(complex porphyrin system
immobilization) and, X:260–263

direct immobilization of macrocycle
(modulation of surface/macrocycle
linker) and, X:256–259

direct immobilization of macrocycle
(multi-linkage of
surface/macrocycle) and, X:259–260

direct immobilization of macrocycle (TPP
derivatives) and, X:253–256

hybrid CMOS transistor memory as
innovative technology, X:302

hybrid nanowire transistor memory as
innovative technology, X:302–303

molecular break-junction device as
innovative technology, X:303–304

molecular capacitor memory cell as
innovative technology, X:300–302

need for innovative technologies/concepts,
X:299–300

need for porphyrin/phthalocyanines for
anchoring, X:248–249

noncovalent diamond functionalization via
C–C linkage/amide coupling (CNT
functionalization), X:293–294

noncovalent linkage between
CNT/macrocycle: π–π interaction
(CNT functionalization), X:289–292

overview (CNT functionalization),
X:278–280

overview (oxide surfaces
functionalization), X:294–295

phosphonate linkage (oxide surfaces
functionalization) and, X:297–298

sequential grafting and, X:276–278
sequential immobilization of macrocycle

(click coupling), X:265–267

sequential immobilization of macrocycle
(coordination bond coupling),
X:264–265

and Si–C bonding of macrocycle,
X:274–276

and Si–O bonding of macrocycle,
X:272–274

silanization (oxide surfaces
functionalization) and, X:295–297

and surface functionalization of gold
(overview), X:249–253

Confocal laser scanning microscopy (CLSM),
IV:342, IV:379, IV:386

Conformational analysis
bis-porphyrin classes and, VII:234–235
and determination of absolute

configurations of natural products,
VII:232–239

and determination of helicity of
polyisocyanides, VII:230–232

Conformational heterogeneity, arrays, I:458
Conformational heterogeneity. See Dihedral

angle control
Conformational solvatochromism, I:25
Confused pyrrole, structural difference

between pyrrole and, II:296–297
Conjugated acyclic anion receptors. See

Pyrrole-based π-conjugated acyclic
anion receptors

Conjugated polymers (macromolecules), C–C
coupling reactions and, III:348–352

Conjugates formed by noncovalent
interactions, IV:124–128, IV:343

isothiocyanate-porphyrin and -chlorin
derivatives, IV:155–156

phthalocyanines (Pc) and bovine serum
albumin (BSA), IV:62, IV:78,
IV:83–84, IV:127–128

polymeric micelles, IV:366, IV:380–382,
IV:384

porphyrins and bovine serum albumin
(BSA), IV:125

porphyrins and low density lipoprotein
(LDL), IV:125–127, IV:343

zinc phthalocyanine (ZnPc) and serum
components, IV:126–127
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Conjugates
activatable photosensitizer conjugates,

IV:281–284
covalent conjugation interactions,

overview, IV:128
estradiol conjugation with photosensitizers,

IV:174, IV:176
estrogen–photosensitizer conjugates,

IV:353–354
folic acid conjugation with

photosensitizers, IV:171–174
for fluorescence imaging and PDT,

IV:289–293
hormones, nucleic acids, and cellular

signaling species, IV:171–175,
IV:186

HPPH conjugates for MRI and PDT,
IV:294–297

for magnetic resonance (MR) imaging and
PDT, IV:294–297

for nuclear imaging and PDT, IV:297–302
in photodynamic therapy, overview,

IV:124, IV:175–176
photosensitizer conjugates for active

targeting, overview, IV:355–362
retinoic acid conjugation with

photosensitizers, IV:174–175,
IV:176

See also Antibody conjugation with
photosensitizers; Linkers in
conjugates; peptide–photosensitizer
conjugates; protein–photosensitizer
conjugates; sugar–photosensitizer
conjugates

Constants
amidopyrrole-based receptors and,

VIII:178, VIII:180, VIII:183,
VIII:186, VIII:192, VIII:194–195

anion-binding, VIII:218–219
Contact shifts, VI:20–23

effect of axial ligand plane orientation on,
VI:50–55

Continuous wave EPR for experiments, 
VI:8

Coordination chemistry of open-chain
oligopyrroles

bilirubin/biliverdin behavior toward metal
ions and, VIII:406–410

bis(arylimino)isoindoline complexes and,
VIII:389–404

bis(oxazolinyl)pyrroles and, VIII:404–406
dinuclear tetrapyrrole L2M2 complexes and,

VIII:428–432
interaction of prodigiosenes with metal

ions, VIII:377–378
mononuclear tetrapyrrole L1M1

complexes/associates and,
VIII:410–428

oligonuclear noble metal species and,
VIII:432–437, VIII:432–437

tripyrrinone/tripyrrin metal chelates and,
VIII:378–389

Coordination chemistry of verdohemes. See
Verdohemes

Coordination complexes
available sites for, III:430–431
early uses of, III:430

Coordination coupling, X:252, X:264–265,
X:289–290

Coordination numbers, metalloporphyrin
structure/electron configurations and,
VI:18

Coordination, dihedral angle control and,
I:463–464

CoPc/RhPc/IrPc absorption spectra, 
IX:65–68

Copper complexes, halogen-substituted
phthalocyanines and, III:69–71

Copper protoporphyrin,
myoglobin/hemoglobin/HRP and, 
V:28

Copper(I) 22-pyridiniumyl-
dicarbahemiporphyrazine, crystal
structure of, II:165

Copper(II) 21-diphenylphosphoryl-
carbaporpholactone, crystal structure of
paramagnetic, II:125–126

Copper(II) 21-hydroxyazuliporphyrin, crystal
structure of, II:159

Copper(II) carbaporphyrins, EPR spectra and
parameters of, II:125

Copper(II) N-confused calix[4]phyrin,
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crystal structure of, II:126
stabilization of copper(II) in, II:124–125

Copper, nitrogen cycle and, V:129
Copper, unsubstituted Pcs (UV-vis absorption

data) and, IX:120–121
Copper/nickel/cobalt/rhodium C-C coupling

reactions, III:354–360
Coprinus cinereus peroxidase (CIP), plant

peroxidases and, VI:373
Coprinus macrorhizus peroxidase (CMP),

plant peroxidases and, VI:373
Core-modified porphyrins, IV:51–55

absorption spectra, IV:51, IV:56
chalcogen heteroatoms, IV:51
structure, IV:52, IV:53, IV:54, IV:55

Correlation spectroscopy for experiments,
VI:8

Corrin moiety, VII:361
Corrins, macrocyclization reactions to give,

VIII:467–470
Corrole combinatorial libraries,

III:517–519
Corrole derivatives, metalloporphyrin

structure/electron configurations and,
VI:14–16

Corrole, peroxidase function regulation and,
V:35

Corrole–C60 dyad structures, X:202–203
Corroles, IV:56–59

boronated corroles, IV:198, IV:207–208
cycloaddition reactions of, II:251, 

II:252
macrocyclization reactions with direct

pyrrole–pyrrole bond to give,
VIII:463–467

metalloporphyrin structure/electron
configurations and, VI:10–11

optimum synthetic conditions for
preparation of, II:111

structure, IV:56–57, IV:58
tetrabenzotriazacorrole (TBC), IV:80,

IV:81
tris(pentafluorophenyl)corrole, IV:57

Corrphycene, as skeletal isomer of porphyrin,
II:296–297

cis/trans tautomeric forms of, VII:376

electronic absorption data of, VII:383
electronic absorption spectra of,

VII:390–392
formulas of most stable tautomeric form of,

VII:362
myoglobin function regulation and, 

V:33
Cosensitization strategy, dye-sensitized solar

cells and, X:169–173
Cotton effects

circular dichroism (CD) and, VII:156
and determination of absolute

configurations of natural products,
VII:232–233

exciton coupling and, VII:152–153
and spectra of synthetic

bacteriochlorins/dimeric systems,
VII:203

Coulomb complexes, non-covalently linked
hybrids and, I:172–175

Coulometric biosensors, V:255–256
Coupled oxidation. See also Verdohemes

verdohemes and, VIII:296
Coupling (stepwise) of pyrrolic precursors

(tetrapyrroles), and preparation of open-
chain oligopyrrole systems,
VIII:376–377

Coupling methods
“click” coupling, X:252, X:265–267
coordination bond coupling, X:252,

X:265–267, X:289–290
crown ether-cation, X:290–292
electrostatic, X:290–291

Coupling of dipyrrolic building blocks
(tetrapyrroles), and preparation of open-
chain oligopyrrole systems,
VIII:365–373

Coupling reaction pathways. See also
Organometallic C-C coupling reactions
(porphyrins); Palladium-catalyzed
carbon-heteroatom C-C reactions

palladium-catalyzed alkenyl/alkynyl
phthalocyanine substituents and,
III:35, III:41

trialkylsilyl-substituted phthalocyanines
and, III:45
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Coupling reaction
palladium-catalyzed at 3-/5-positions,

VIII:61–65
water-soluble BODIPYs from, VIII:40–42

Coupling two pyrrole units with dipyrrole
(tetrapyrroles), and preparation of open-
chain oligopyrrole systems, VIII:371,
VIII:373–376

Covalent bonds, semisynthetic chlorosomal
mimics and, I:295–298

Covalent linkage of carbon nanotubes
amide linkage with oxidized CNT, X:280
C–C linkage between CNT/macrocycle,

X:281–285
ester linkage with oxidized CNT,

X:280–281
pyrrolidine linkage between CNT/spacer

unit, X:285–289
Covalent links/heme structure, peroxidases

(animal superfamily) and, VI:430–431
Covalent/noncovalent metalloporphyrin arrays,

I:4
Covalently linked conjugates, fullerenes,

I:149–150
comparing ZnP-C60 or H2P-C60, I:148–150
face-to-edge/face-to-face arrangements

and, I:146
and ideal electron transfer scenario, 

I:148
photoexcited ZnP and, I:141–143
p-phenylenebutadiynylenes/p-

phenylenevinylene and, I:154–157
and relay concept using redox building

blocks, I:151–154
and synthesis of C60-based donor-acceptor

ensembles, I:141–143
and three-dimensional compared with two-

dimensional acceptors of electron
transfer, I:144–145

(ZnP)3-ZnP system and, I:163–166
ZnP-thiophene-C60 system and, I:158

Covalently linked dimers, and boron
substitution by vicinal hydroxyl groups
(acyclic anion receptors), VIII:226–227

Covalently linked nanoconjugates — carbon
nanotubes

applying Suzuki coupling reactions,
I:191–192

functionalized with PAMAM dendrimers,
I:194–195

and grafting to form SWNT-PVP/ZnP
nanohybrids, I:193–194

placing pyridyl isoxazolino functionalities
along sidewalls of, I:190

RuP functionalization and, I:190–191
using surface to integrate

porphyrins/phthalocyanines as
chromophores, I:186–190

Covalently linked porphyrin arrays
benzene-centered porphyrin hexamers and,

I:41, I:43–44
cyclic multi-porphyrin arrays and, I:25
oxacalixarene-bridged porphyrin dimer,

I:45, I:47, I:49
perylene-bisimide-centered porphyrin

tetramer and, I:44, I:47
porphyrin oligomers and, I:44–45,I:48
using dynamic combinatorial olefin

metathesis, I:47–50
C–P coupling. See Palladium-catalyzed C–P

coupling
CPP. See Cell penetrating peptide (CPP)
Cross peaks

EXSY, VI:33
HMQC spectra and, VI:59–62

Cross-correlated relaxation-enhanced
polarization transfer (CRINEPT), and
HasA–HasR interaction, VI:355

Crown ether-alkly ammonium dipole-ion
bonding motif, I:351–352

Crown ether-alkyl ammonium interactions,
tetrapyrrole-nanocarbon hybrids and,
I:417–419

Crown ether-cation coupling, X:290–292
Crown-ether units of Pc derivatives, UV-vis

absorption data, IX:449–479
CrPc/MoPc/WPc absorption spectra,

IX:45–49
Cryoelectron microscopy, chlorosomes and,

I:224
Cryo-transmission electron microscopy

(TEM), BChls and, I:244–245
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Crystal structure of
bromoiron(II) m-benziporphyrin, II:144
chlorocadmium(II) complex of S-confused

thiacarbaporphyrin, II:128
chloronickel(II) complex of dimethoxy-m-

benziporphyrin, II:143
chloronickel(II) complex of p-

benziporphyrin, II:147
chloropalladium(II) vacataporphyrin,

II:143
copper(II) 21-diphenylphosphoryl-

carbaporpholactone, II:125–126
copper(II) 21-hydroxyazuliporphyrin,

II:159
copper(II) N-confused calix[4]phyrin,

II:126
copper(I) 22-pyridiumyl-

dicarbahemiporphyrazine, II:165
dioxadiazuli-porphyrin and -

porphyrinogen, II:170, II:171
di-p-benzilhexaphyrin, II:180
21-diphenylphophoryl-carbapropholactone,

II:125–126
dithiadiazuli-porphyrin and -

porphyrinogen, II:170, II:171
iron(III) complex of p-N-confused

pyriporphyrin, II:132
lithium(I) monobenziphthalocyanine,

II:165
N-confused sapphyrins, II:178
nickel(II) azuliporphyrin, II:159
nickel(II) monobenziphthalocyanine,

II:165
palladium(II) expanded porphyrins,II:183
p-benziporphyrin, II:141–142
P-confused porphyrinoid, II:132–133
phosphorus(V) N-fused phlorin, II:152
rhenium(I) and (II) complexes of

tribenzotriphyrin, II:34–35, II:41
silver(III) benzocarboporphyrin, II:159
silver(III) complex of tropoporphyrin,

II:161, II:162
silver(III)pyrrole appended O-confused

oxaporphyrin, II:121–122
tetracarbatetraazuliporphyrin tetracation,

II:174, II:175

22-thiaazuliporphyrin, II:152, II:154
vacataporphyrin, II:142
See also X-ray structures of

Crystallography
BChl mimics and, I:262–265, I:267–271
photosynthetic RCs of cyanobacterial

photosystems, I:2–3
C–S/C–Se coupling. See Palladium-catalyzed

C–S/C–Se coupling
64Cu and 61Cu-labeled phthalocyanines,

IV:94–95
Cu(II) benzoiminium derivatives, IV:28
Cultured cells and solution phase libraries,

III:524
Cumene autoxidation reaction, copper

2,9(10),16(17),23(24)-
tetrabromophthalocyanine and, III:71

CuPc/AgPc/AuPc absorption spectra,
IX:72–74

Cup-stacked carbon nanotubes (CSCNTs),
porphyrin–nanocarbon composites and,
X:224–226

Curie plots, and electronic ground states in
low-spin complexes

temperature range of measurement,
VI:79–80

Curvature in Curie plot over temperature range
of measurement

and nonzero intercepts of the Curie plot,
VI:79–80

zero-field splitting contributions to
pseudocontact shift, VI:79

Cyanide (CN−), axial ligand bands and M(II)
porphyrins, VII:448

Cyanobacterial photosystems, I:2
1-Cyano-4-dimethylaminopyridinium

tetrafluoroborate (CDAP), IV:153,
IV:154

Cyanoporphyrins, non-Stille C–C coupling
reactions and, III:347–348

2-Cyano-tetraphenylporphyrin(2-cyanoTPP),
from 2-bromoTPP, II:210

Cyclic AMP response element 2 (CRE-2),
IV:430

Cyclic arrays and porphyrin boxes
and EET process, I:495–499
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and excitation energy hopping, I:474–475
and excitation energy migration, I:475–476
and exciton coupling, I:472–474,

I:479–480, I:492–495
and SMFS, I:476–479, I:485–491
and supramolecular self-assembled

porphyrin boxes, I:491–492
Cyclic multi-porphyrin arrays

self-assembling metalloporphyrins and,
I:93–94

shape/geometries of, I:32–34
synthesis of oligophenyleneacetylenes,

I:29–30
template-directed method of

macrocyclization, I:25–26,
I:29–31

Cyclic porphyrin arrays, excitation energy
transfer (EET) and, I:3

Cyclic voltammetry (CV), metallotetrapyrrole-
fullerene dyads and, I:316–318

Cyclic voltammetry (CV), V:252–254
Cyclized aza-BODIPY dyes, VIII:131–133
Cyclo[n]pyrroles, IV:50–51
Cycloaddition reactions,

chlorin using, II:251
functionalization of porphyrins through,

II:242
microwave irradiation and improvement of,

II:251
porphyrin derivatives using, II:195
with tetraazaporphyrins, corroles and

sapphyrins as dienophiles,
II:251–253

Cyclobutane-fused porphyrins, II:22, II:23
Cyclohexene, porphyrin fused with, II:9
Cycloimide derivatives of chlorin p6 (CICD),

IV:38–39
Cyclooligopyrrole anion receptors,

VIII:167–168
Cyclooxygenase-1 (COX-1), IV:427, IV:428
Cyclooxygenase-2 (COX-2) inhibitors,

IV:427–432
celecoxib, IV:428, IV:431–432
N-(2-cyclohexyloxy-4-nitrophenyl)-

methane sulfonamide (NS-398),
IV:428–429

Cyclooxygenase-2 (COX-2), IV:427,
IV:428–429

Cyclopentadiene ring, properties of
carbaporphyrinoids containing,
II:161–162

Cyclopentadiene-fused porphyrins, II:64, II:66
Cyclopentadienyl (Cp) ligands, N-fused

porphyrinato ligands and, II:347, II:348
Cyclopentene-fused porphyrins, use of

nitrochlorin in synthesis of, II:74–75
Cyclopropanation

of aromatic olefins catalyzed by [FeCl] 
chiral picket fence porphyrins, 
X:51

and binaphthyl-strapped porphyrins, X:66
and chiral cobalt porphyrin complexes

(chiral picket fence porphyrins),
X:57–58

chiral picket fence porphyrins and,
X:45–64. See also Chiral picket
fence porphyrins

chiral strapped porphyrins and, X:64–68
cobalt-catalyzed, X:58–60
and D2-symmetric chiral porphyrins (chiral

picket fence porphyrins), X:57,
X:59–60

and diazo substrate (chiral picket fence
porphyrins), X:54–55

diisopropyl diazomethylphosphonate
(DAMP) and, X:54–55

and Fe(II)-catalyzed asymmetric
cyclopropanation of styrene with
EDA, X:66–68

Halterman porphyrins and, X:45
and intramolecular rhodium/ruthenium

complexes, X:50
and metal-mediated decomposition of diazo

reagents, X:43, X:45
of olefins catalyzed by [Rh] chiral picket

fence porphyrins, X:46–47
of olefins catalyzed by [Ru(CO)]

complexes, X:48, X:64, X:66
of olefins catalyzed by [Ru(O)2] chiral

picket fence porphyrins, X:47
of olefins catalyzed by [Ru(CPh2)] chiral

picket fence porphyrins, X:48–49
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of olefins with α-nitrodiazoacetate catalyzed
by [Co] complexes, X:63, X:65

of olefins with succinimidyl diazoacetate
catalyzed by [Co] chiral picket fence
porphyrins, X:60, X:64

and rhodium metal/ruthenium exchange in
chiral picket fence porphyrin for,
X:49–50

of styrene catalyzed by [FeL] chiral
picket fence porphyrins, X:51–52

of styrene catalyzed by [Ru(CO)]
complexes chiral picket fence
porphyrins, X:51–52

of styrene with DAMP catalyzed by
[Ru(CO)] chiral picket fence
porphyrins, X:54–55

of styrene with DAMP/EDA catalyzed by
[Ru(CO)] chiral picket fence
porphyrins, X:55–56

of styrene with EDA chiral picket fence
porphyrins, X:53

of styrene with ENDA, X:64–65
and trifluorodiazoethane chiral picket fence

porphyrins, X:53–54
use of metalloporphyrin-based ligand

designs for, X:45
Cyclopropane-fused porphyrins, II:22, II:23
Cyclopropyl carboxamide derivatives,

cyclopropyl succinimidyl esters as
intermediates for, X:60–61

Cyclotetramerization
and hydroxy-/alkoxy-/aryloxy-substituted

phthalocyanines, III:121, III:169,
III:172–173

and phthalocyanine functionalized with
phosphoric acid derivatives, III:111,
III:113

phthalonitriles as precursors in, III:70
preparation of phthalocyanines with

substituents connected to core via,
III:45, III:61

and preparation of
trimethylsilylphthalonitrile, III:42,
III:44

of pyromellitic anhydride/imide, III:95,
III:104–106

symmetrical phthalocyanines and, III:190,
III:196

transition-metal 1,8(11),15(18),22(25)
tetrabromophthalocyanines and,
III:70–71

Cylindrocarpon, and fungal NO reductase,
V:143–144

CYP nomenclature, V:167
and ferric resting state/substrate binding,

V:170–172
O–O scission in, V:179
and oxygen binding/autoxidation,

V:174–178
peroxide dissociation in, V:179
properties/reactivity of Compound I, V:180
second electron transfer/protonation in,

V:178–179
second protonation in, V:179

CYP proteins and biosensor fabrication,
V:269–270

Cysteine thiolate, as ligand in fungal NOR,
V:145

Cytochrome bc1 complex, and respiratory
chain enzyme studies, VII:472–474

Cytochrome c and biosensor fabrication,
V:257–260

Cytochrome c oxidase (CcO) and biosensor
fabrication, V:270

Cytochrome c oxidase active site, SAM and,
X:266–268

Cytochrome c oxidase protonation sites, and
respiratory chain enzyme studies,
VII:468–472

Cytochrome c peroxidase (CCP)
changes upon reaction with hydrogen

peroxide, VI:412
as classification, VI:372
electronic absorption maxima of Fe(III)

resting state/intermediate compounds
of, VI:418

heme pocket and, VI:373–374
and multifrequency EPR

spectroscopy/reactivity of catalytic
intermediates, VI:424–428

structure of heme cavity with key residues
of resting state HRP/CCP, VI:413
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Cytochrome c, IV:385, IV:405–406,
IV:408–410, IV:416, IV:419

Cytochrome cbb3. See FixN-type
cytochrome oxidase (FixN
complex)

Cytochrome cd1-type, as Cu-containing
enzyme, V:129

Cytochrome oxidases. See also Bacterial
nitric oxide reductase (NOR)

molecular phylogenesis of NOR and,
V:142

Cytochrome P450 enzymes. See also
Enzymatic activities

chemical transformation catalyzed by,
V:189–192

CYP nomenclature and, V:167
ferric resting state/substrate binding in

catalytic cycle, V:168–172
first electron transfer/ferric-ferrous

reduction in catalytic cycle,
V:173–174

general information, V:165–166,
V:300–303

heme conformers comparison of
membrane-bound/soluble
cytochrome, V:185

impact of deficiency, V:192
O–O scission in catalytic cycle, V:179
oxygen binding/autoxidation in catalytic

cycle, V:174–178
P450cam reaction cycle, V:301
peroxide dissociation in catalytic cycle,

V:179
properties/reactivity of Compound I in

catalytic cycle, V:180
reaction pathways for, V:324–325
second electron transfer/protonation in

catalytic cycle, V:178–179
second protonation in catalytic cycle,

V:179
steady-state kinetics/uncoupling in

catalytic cycle, V:181–182
structure comparison of membrane-

bound/soluble cytochrome,
V:184–185

structures of, V:182–189

Cytochrome P450
and aliphatic C–H activation by Cpd I of,

X:106–107
and aliphatic hydroxylation mechanisms

with byproduct formation,
X:120–124

and aromatic C–H activation by Cpd I of,
X:125–127

and C=C epoxidation by Cpd I of,
X:127–129

catalytic cycle of, X:87–93
catalytic mechanism of, VII:3–4
chiral basket handle porphyrins and, 

X:40
and modeling of properties/reactivities of

compound I (Cpd I), X:98–106
and modeling of properties/reactivities of

two-state reactivity, X:106–107
oxidation reactions of, X:86–87
porphyrinoids and, III:486
redox properties of, VII:361
and sulfoxidation by Cpd I of, X:129–131
as superfamily of cysteine thiolate-ligated

heme enzymes for, X:85–86
Cytochrome P450cam, hydrogen-bonding

networks of, V:16–17
Cytoplasmic enzymes, V:128
Cytoplasmic Translocation Sequence (CTS),

IV:141, IV:142

D
D2h-symmetrical TBP, synthesis of, 

II:5,II:6
Davydov splitting, exciton coupling and,

VII:151, VII:153
DCFDA, IV:412–413
Deamination, as catalyzed by cytochromes

P450, V:189
Dechlorination of organic halides by other

cobalt complexes, X:349–350
Deformation of porphyrin ring

domed deformation, VII:7, VII:11
and formation of pure intermediate-spin

complexes (ruffled), VII:61–67
and formation of pure intermediate-spin

complexes (saddles), VII:67–70
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ruffled deformation, VII:11, VII:39–45
saddled deformation, VII:11, VII:45–47

Degree of aggregation, impact on
metalloporphyrin structures of, VI:18

Dehalogenation reactions
dechlorination of organic halides by other

cobalt complexes, X:349–350
electrocatalytic reduction of organic 

halides by B12 derivatives,
X:344–346

photocatalytic reduction of organic 
halides by B12 derivatives,
X:346–349

reduction of organic halides by B12

derivatives, X:339–344
Dehydration of bilindione, verdoheme

formation by, VIII:301, VIII:304
Dehydroquatyrin, II:173
Delocalization of π-electron systems, I:136
Demethylation reaction, and hydroxy-/alkoxy-

/aryloxy-substituted phthalocyanines,
III:172

Demethylation, as catalyzed by cytochromes
P450, V:189

Dendrimers, IV:369–374
dendrimer phthalocyanine (DPc), IV:381
dendrimer porphyrin (DP), IV:371–372,

IV:380–381
dendritic [60]fullerene pyropheophorbide a

conjugates, IV:374, IV:375
dendritic 5-aminolevulinic acid (ALA),

IV:369–371
dendritic aryl ether porphyrins,

IV:371–372
1,4-diaminobutane (DAB) dendrimers with

pheophorbide a, IV:373–374
in fullerene-based modular carrying

system, IV:340–342
as multiplying units in MAb conjugates,

IV:335, IV:340–342
polyion complex micelles (PICM),

IV:371–372, IV:380–382
tetraphenylchlorin-based dendritic system,

IV:372–373
See also Linkers in conjugates; Passive

targeting

Dendrimers/conjugated polymers
(macromolecules), C–C coupling
reactions and, III:348–352

Dendritic light harvesting system, VIII:65–66
Dendritic porphyrin arrays

cone-shaped systems of, I:35–37
convergent growth approach of, I:34–35,

I:38–41
Coulomb complexes and electron-

donor–acceptor topology, I:172–174
energy transfer efficiency and, I:35
fullerene and, I:43–44
hexaarylbenzene-centered ester-bridged,

I:37–38
metal-bridged porphyrin arrays and,

I:112–113
poly(propylene imine) dendrimers and,

I:37, I:39
Dendritic porphyrins

and linear polymer backbones,
III:350–352

poly(phenylene ethynylene) synthesis and,
III:350–352

snowflake-shaped, III:349–351
Sonogashira C–C coupling reactions and,

III:348–350
Denitrification

and bacterium with cNOR, V:133
nitrogen cycle and, V:127–130

Density functional theory (DFT), and catalytic
cycle of CYP 450, X:87–93

Density functional theory
and active site of bacterial NOR, V:137
for dioxygenase reaction, V:117–118

Deprotection reaction, and hydroxy-/alkoxy-
/aryloxy-substituted phthalocyanines,
III:172

Deprotonation,
in 2-Me-NCP, II:3-oxo-NCP, and 21-oxo-

NCP, II:305
in NCP ligands, II:304

Desaturation, cytochrome P450 enzymes and,
V:191

Desilylation reaction, and hydroxy-/alkoxy-/
aryloxy-substituted phthalocyanines,
III:172
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Deuteration, 2H NMR spectra methods of
assignment and, VI:58–59

Dextran, IV:153–155, IV:166–167
DFT calculations, IX:10–11
DFT-calculated reaction mechanism of trans-

2-phenylmethylcyclopropane activation,
X:120–121

2D Hyperfine Sublevel CORrElation
spectroscopy for experiments, VI:9

Di(iso)indomethene dyes (extended systems),
and aromatic conjugation of BODIPY-
analogs, VIII:112

Di-acroleinylporphyrins, synthesis of, II:220
Dialkynylporphyrinic enediynes

Bergman cyclization of derivative of,
II:215

preparation of, II:211–212
5,15-Diaryl metal porphyrins, oxidative

coupling and synthesis of porphyrin
arrays, II:65

1,4-Diaminobutane (DAB) dendrimers with
pheophorbide a, IV:373–374

Diamond functionalization via C–C
linkage/amide coupling, and
noncovalent linkage of carbon
nanotubes, X:293–294

Dianions, of porphyrins, VII:8–9
5,15-Diarylporphyrins

direct borylation of β-pyrrolic positions of,
II:227

synthesis and selective functionalization of,
II:55

2,3-Diaryl-5,10,15,20-tetraphenylporphyrins,
II:216

Diastereomeric ligation of BChls,
I:231–238

Diazabicyclooctane (DABCO)
catenanes linked systems and,

I:360–361
self-assembling metalloporphyrins and,

I:93–94, I:96–98, I:101
upon photoexcitation in non-covalently

linked hybrids, I:181
Diazaporphyrin analogs. See TAPs and mono-/

di-/triaza porphyrin analogs, UV-vis
absorption data

Diazotization reaction
and hydroxy-/alkoxy-/aryloxy-substituted

phthalocyanines, III:172
and solubility of halogenated

phthalocyanines, III:71–72
Diazulidiheteroporphyrinoids, dicationic

derivatives and aromaticity of,
II:169–170

2H-Dibenz[e,g]isoindole, synthesis of TBP or
TNP using, II:44–45, II:47

Dibenzofurane porphryrins, Suzuki-type
C-C coupling reactions and, III:337–338

Dibenzoporphyrin dimer, synthesis of β–β,
meso–meso, β–β triply linked, II:68,
II:71

5,15-Dibromo-10,20-diarylporphyrins,
palladium-mediated chiral porphyrins
from, II:240

2,3-Dibromo-tetraphenylporphyrin(2,3-
dibromo-TPP), preparation of, II:207

Dicarbahemiporphyrazine, II:162
properties of coordinated complexes of,

II:163–164
Dicarbaporphyrinoids, II:166

as tetraanionic ligands, II:169
Dications, iron(III) porphyrin, VII:134
Dichroism. See Circular dichroism
1,3-Dicyclohexylcarbodiimide (DCC),

IV:141–142, IV:143
Dielectric Continuum Model, I:317
Diels-Alder reaction

β-aminoporphyrins as heterodienes in,
II:256, II:259

β-vinylporphyrins as dienophiles in,II:253
chloromaleonitrile and, III:70
and cyclic multi-porphyrin arrays, I:26–27
and hydroxy-/alkoxy-/aryloxy-substituted

phthalocyanines, III:121, III:171
participation of porphyrins in, II:81
protoporphyrin-IX dimethyl ester as diene

in, II:253, II:254
of pyrrolo[3,4-b]porphyrins with

acetylenedicarboxylates, II:255–256,
II:258

in synthesis of anthraquinone-fused
porphyrins, II:84
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in synthesis of β-extended porphyrins,
II:81, II:83

in synthesis of monobenzoporphyrin, II:85,
II:86

in synthesis of π-extended porphyrins,
II:81–86

and synthesis of porphyrin-fullerene dyad,
III:354

in synthesis of quinoxaline-fused
porphyrins, II:81, II:83

in synthesis of tetrabenzoporphyrins,
II:84–85

in synthesis of tetraquinonoporphyrin,
II:86, II:89

trialkylsilyl-substituted phthalocyanines
and, III:45

Differential pulse voltammetry (DPV),
metallotetrapyrrole-fullerene dyads and,
I:316–318

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene.
See BODIPY dyes/derivatives

Dihedral angle control
doubly linked arrays and, I:467–469
and nonlinear optical properties of

porphyrin tapes, I:466–467
and resonance Raman spectra of strapped

diporphyrins, I:461–463
and resonance Raman spectra of triply

linked arrays, I:469–472
strapped porphyrin dimers and, 

I:459–461
via coordination, I:463–464
via host-guest interactions, I:464–466

Diheteroporphyrins, II:166
Dihydroethidium (DHE), IV:412–413
Diisopropyl diazomethylphosphonate 

(DAMP)
chiral strapped porphyrins and, 

X:64–65
cyclopropanation and, X:54–56

Diluent post-immobilization for anchoring
porphyrin/phthalocyanine on gold,
X:251

Dimeric biliverdin complexes
{MnIII(µ-OEB)}2, VIII:310–312
{Pd2(µ-OEB)}2, VIII:318–321

Dimeric porphyrins without optically active
substituents, VII:208–219

Dimers, and spectra of natural chlorophyll
a/bacteriochlorophyll a and derivatives,
VII:182–184

Dimers/oligomers of Pcs, UV-vis absorption
data, IX:538–578

Dimers
of BChl, I:238–245
bipyridylene-bridged, I:112, I:115
chlorophyll dimer preparation, I:11
cofacial porphyrin dimers, I:49–57
coordination complexes linked by metal

ions, III:451–463
covalently linked, I:4
cross coupling reaction of αα’-

diethynylbithiophene/meso-ethynyl
OEP, I:16

dihedral angle control of strapped
porphyrin, I:459–461

dioxoisobacteriochlorin dimers,
I:80–82

and electrochemically switchable 
linkage after synthetic route,
I:17

excited states of butadiyne-linked, I:7
hydrogen bonding and, I:243–244
interconversion between open/closed,

I:239–240
linked by metal ions, III:472–477
meso-phosphanylporphyrin, I:117–118
metal-bridged porphyrin arrays and,

I:110–112
metallocenes linked by metal ions,

III:447–451
Ni(II) porphyrin bridged by platinum-

diacetylene unit, I:112
oxacalixarene-bridged porphyrin dimer,

I:45, I:47, I:49
parallel or anti-parallel and chlorosomal

aggregates, I:242
perylene-bisimide-centered porphyrin

tetramer forming, I:44, I:47
photophysical properties/intracellular

behaviors of, I:18–19
planar conformation and, I:22–23
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porphyrin-chlorin dimer and azomethine
ylide, I:49

self-assembling metalloporphyrins and,
I:93–97

strapped porphyrin dimers (dihedral angle
control) and, I:459–461

synthesis of bis(dipyrrinato)metal bridged,
I:114, I:117

synthesis of Pt(II)-bridged, I:110–111
X-ray diffraction analysis of, I:85–87
Zn methyl bacteriopheophorbide d dimer,

I:242
Zn-pheoporphyrin dimer, I:242–243

Dimethoxybenziporphyrins, reactivity and
properties of, II:139

9,10-Dimethylanthracene (DMA), IV:365
Dinuclear complexes of open-chain

tetrapyrrole ligands, VIII:332–334
Dinuclear tetrapyrrole L2M2 complexes,

coordination chemistry of open-chain
oligopyrroles and, VIII:428–432

Dioxadiazuliporphyrin, crystal structure of,
II:170, II:171

Dioxadiazuliporphyrinogen, crystal structure
of, II:170, II:171

Dioxane and crystal modification of BChls,
I:265, I:267

21,23-Dioxaporphyrins, a
dicarbaporphyrinoid, II:166

Dioxo doubly N-confused hexaphyrin (dioxo-
N2CH),

bis-copper(II) complex of, II:359,
II:361

synthesis of, II:359, II:360, II:361
Dioxoisobacteriochlorin derivatives,

metalloporphyrin structure/electron
configurations and, VI:14–16

Dioxoisobacteriochlorin dimers, I:80–82
Dioxoisobacteriochlorins, metalloporphyrin

structure/electron configurations and,
VI:10–11

Dioxygen (O2), axial ligand bands and M(II)
porphyrins, VII:444–445

Dioxygenase. See Heme dioxygenases
Di-p-benzilhexaphyrins, crystal structure of,

II:180

Diphenylphosphine oxide, synthesis of
porphyrins with meso-substituted,
II:240

Diphenylphosphoryl azide (DPPA),
aziridination and, X:71

21-Diphenylphosphoryl-carbaporpholactone,
synthesis and crystal structure of,
II:125–126

Diphenylporphyrin (DPP), III:371
2,3-Diphenyl-5,10,15,21-tetra(p-tolyl)-

carbacorrole (iso-carbacorrole),
synthesis and metal complexes of,
II:133–134

Diphos, III:373
Dipolar shifts. See Pseudocontact dipolar

shifts
Dipole strength, HOMO/LUMO MCD spectra

and, VII:395–396
Diporphyrins, III:409–413

nanotube isomers and, I:90
transition-metal-meditated cycloaddition

reaction for, I:57–58
Diprotonated cyclo[n]pyrroles, IV:50–51
Dipyrrinato complexes

abbreviations for, VIII:236
bis(dipyrrin) numbering scheme,

VIII:255–256
boron and synthesis of, VIII:251–252
chemical manipulations and synthesis of,

VIII:268–275
complexation geometries and synthesis of,

VIII:248–250
demetalation of homoleptic complexes and

synthesis of, VIII:255
discrete helical complexes and synthesis of,

VIII:256–258
electrochemical studies of, VIII:281–283
and formation of homoleptic complexes 

via heteroleptic intermediate,
VIII:278

heteroleptic complexes and synthesis of,
VIII:251–255

importance of ligand in synthesis of,
VIII:247

metal ions and synthesis (homoleptic) of,
VIII:250–251
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metal-organic frameworks (MOFs) and
synthesis of, VIII:259–268

properties/reactions of fluorescent
complexes, VIII:279–281

stereochemistry and synthesis of,
VIII:275–278

supramolecular complexes and synthesis
of, VIII:255–268

Dipyrrin-based receptors, pyrrole-based π-
conjugated acyclic anion receptors and,
VIII:181–186

Dipyrrins
abbreviations for, VIII:236
direct metalation of 2,2′-bidipyrrins

(biomimetic iron complexes),
VIII:452–456

historical aspects of, VIII:237–238
nomenclature of, VIII:237
properties of, VIII:244–247
reactions of, VIII:244–247
structural numbering scheme of, VIII:237
and synthesis as dependent on symmetry

of, VIII:238
and synthesis by condensation of pyrroles,

VIII:239–242
and synthesis by oxidation of

dipyrromethanes, VIII:242–244
Dipyrrolylpyrazoles derived from

dipyrrolyldiketones, pyrrole-based π-
conjugated acyclic anion receptors,
VIII:203–205

Dipyrrolylquinoxalines (DPQs) (bridged),
pyrrole-based π-conjugated acyclic
anion receptors and, VIII:190–200

Dipyrromethane, BODIPY core and, VIII:4
Dipyrromethane-based receptors, pyrrole-

based π-conjugated acyclic anion
receptors and, VIII:186–189

Dipyrromethanes, in microwave-assisted
synthesis of porphyrins, II:200

Dipyrromethenes, BODIPY core and, VIII:4
Direct immobilization of macrocycle

complex porphyrin system immobilization,
X:260–263

modulation of surface/macrocycle linker,
X:256–259

multi-linkage of surface/macrocycle,
X:259–260

TPP derivatives and, X:253–256
Directly linked porphyrin arrays

meso–meso-linked coupling reactions and,
I:62–63

m-phenylene-linked porphyrin wheels and,
I:70–77

porphyrin rings and, I:65, I:68–70
synthesis of, I:57–59, I:61–62
three-dimensionally arranged arrays and,

I:63–68
5,15-Disubstituted tetrabenzoporphyrins

(TBPs)
synthesis of, II:24–28, II:30, II:33
synthetic yields of, II:31

Dithiadiazuliporphyrin dication, UV-vis
spectrum of, II:170

Dithiadiazuliporphyrin, crystal structure of,
II:170, II:171

Dithiadiazuliporphyrinogen, crystal structure
of, II:170, II:171

Dithiaethynoporphyrin, II:156, II:157
Dithia-N-confused porphyrin, II:135
Dithiaporphyrin core of pentamer, I:49,

I:54
DMSO

amidopyrrole-based receptors and,
VIII:179

guanidinocarbonyl-based anion receptors
and, VIII:171, VIII:173–174

DNA cleaving agents
anionic porphyrins, IV:25, IV:26
cation porphyrin–anthraquinone

(porphyrin–AQ) hybrids, IV:23,
IV:24

cation porphyrin-modified amino acids,
IV:20, IV:22, IV:23–25, IV:26

metallophthalocyanines (MPc), IV:63,
IV:80–82

metalloporphyrins, IV:16–22
sapphyrins, IV:50
sulfonated dihydroxyphosphorus(V)

tetrabenzotriazacorrole (TBC),
IV:80, IV:81

telomerase inhibitors, IV:19
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tetra-N-methylpyridiniumporphyrin
(TMPyP4), IV:19–20

texaphyrins, IV:47
DNA sequencing, and through-space BODIPY

energy transfer cassettes, VIII:65
Dodeca-alkyl- or aryl-substituted compounds,

of phthalocyanines, III:31
Dodecafluorosubphthalocyanine as electron

acceptor unit, X:201
Dodecaphyrins, II:181–182
Dodecasubstituted compounds, and hydroxy-

/alkoxy-/aryloxy-substituted
phthalocyanines, III:121

Doming, of five-coordinate iron porphyrin
complexes, VII:7, VII:11

Domino-fused sapphyrin Re(I) complex, X-ray
structure of, II:354, II:355

Donor. See Electron donors/acceptors
Double decker Pc derivatives. See UV-vis

absorption data of sandwich-type Pcs
Double-bond formation (desaturation),

cytochrome P450 enzymes and, 
V:191

Doubly fused porphyrin dimer, oxidation in
synthesis of meso-β, II:67, II:69

Doubly linked arrays, dihedral angle control
and, I:467–469

Doubly N-confused hexaphyrins (N2CHs),
II:179, II:358–359, II:360

Doubly N-confused pentaphyrin, X-ray
structure of Rh(I) complex of, II:357,
II:358

Doubly N-confused porphyrins (N2CPs), cis-
and trans-, II:349, II:350, II:351

Doubly N-confused sapphyrin, II:178
X-ray structure of a derivative of, II:356

Doubly N-fused porphyrin (N2FP), X-ray
structure of, II:350, II:352

Drosophila melanogaster, V:218
(dxy)

2(dxz,dyz)
3 ground state of low-spin

iron(III) porphyrins
bis-ammine/amino ester/phosphine

complexes and, VI:159–160
effect of porphyrin substituents on pattern

of spin delocalization, VI:147–150
imidazolate ligands and, VI:152

and imidazole plane orientation,
VI:152–159

mixed-ligand complexes and, 
VI:160–161

neutral imidazole ligands and, VI:150–152
Dyad, synthesis of TPP-BODIPY, II:74–75
Dye applications, and bridging ethyne in

ground/excited states, I:9–10
Dyes, IX:3
Dye-sensitized solar cells (DSSCs)

basic concepts of, X:157, X:159
CHENO and, X:168–169
coadsorbents and, X:167–169
cosensitization strategy and, X:169–173
interfacial electron transfer dynamics and,

X:166–167
JK2/IPCE structures versus wavelength of

TT-1/JK-2 molecule, X:169–171
optimization via peripheral

modification/preparation of new
derivatives, X:163–164

optimization via TT-1 derivatives with π-
conjugated/non-conjugated links,
X:164–165

photovoltaic data comparisons, X:164–165
RuPcs and, X:160–162, X:166
and silicon naphthalocyanine dyes, X:162
and structural optimization of Pcs,

X:159–166
tetracarboxy-ZnPcs tested in, X:160
and tetra-tert-butyl-substituted TiPs/RuPcs

with carboxy groups at axial ligand,
X:161–162

and unsymmetrically substituted carboxy-
Zn(II)Pcs, X:162–163

Dynamic combinatorial libraries, III:487
Dysprosium, unsubstituted Pcs (UV-vis

absorption data) and, IX:136

E
E- and Z-dimers, [MII(NCP2-)]2 complexes and

formation of, II:331–332
Eglinton reaction, ethynyl-conjugated

porphyrin arrays and, I:6–7
Eigen values, I:314
Electrical conductance, arrays, I:449–452
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Electrocatalytic organic halide reduction by
B12 derivatives, X:344–346

Electrochemical 1,2-migration of functional
groups

catalytic 1,2-migration of functional
groups, X:324–325

catalytic simulation of methylmalonyl-CoA
mutase and, X:321–324

ring-expansion reactions and, X:326
Electrochemical biosensors (heme protein-

based)
abbreviations, V:292–296
amperometric, V:252–254
analytical applications of, V:205–210
bi-/multi-enzymatic, V:270–273
biomimetic membranes and electrode

modification, V:230–232
carbon nanotubes and electrode

modification, V:246–249
catalase and fabrication of, V:269
cellobiose dehydrogenase (CDH) and

fabrication of, V:270
concept/classification/application of,

V:204–205
CYP proteins and fabrication of,

V:269–270
cytochrome c and fabrication of,

V:257–260
cytochrome c oxidase (CcO) and

fabrication of, V:270
defined, V:296
electrode substrate design of, V:221–222
generations of, V:210–214
glossary, V:296–298
hemoglobin and fabrication of, V:266–269
horseradish peroxidase and fabrication of,

V:260–264
impedance, V:255–256
importance of, V:204, V:273
layer-by-layer (LbL) assembly and

electrode modification, V:226–229,
V:297

metal nanoparticles and electrode
modification, V:237–240

metallic chalcogenide nanoparticles and
electrode modification, V:240–246

molecular self-assembly and electrode
modification, V:223–226

myoglobin and fabrication of, V:264–266
nanocomposite materials and electrode

modification, V:249–251
nanomaterial application and electrode

modification, V:236–237
organic solvents and electrode

modification, V:235–236
other heme proteins and fabrication of,

V:270
potentiometric, V:254
and protein engineering application,

V:215–220
protein-film voltammetry (PFV),

V:214–217
sol-gel technology and electrode

modification, V:232–235
Electrochemical HOMO-LUMO gaps 

Eeg, linear multi-porphyrin arrays and,
I:8

Electrochemical impedance spectroscopy
(EIS), V:255–256

Electrochemical sensors, ferrocene-linked
porphyrins and, III:438

Electrochemically induced FTIR difference
spectroscopy

surface-enhanced IR and, VII:464–466
thin layer electrochemistry and,

VII:463–464
Electrodes of biosensors

biomimetic membranes and, V:230–232
carbon nanotubes and, V:246–249
layer-by-layer (LbL) assembly and,

V:226–229, V:297
metal nanoparticles and, V:237–240
metallic chalcogenide nanoparticles and,

V:240–246
molecular self-assembly and, V:223–226
nanocomposite materials and,

V:249–251
nanomaterial application and, V:236–237
organic solvents and, V:235–236
sol-gel technology and, V:232–235
substrate design, V:221–222
substrate design of, V:221–222
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Electron donors/acceptors. See also
Porphyrin/phthalocyanine-fullerene
donor-acceptor hybrids

Bingel reaction of meso-meso-linked
oligoporphyrin bis-malonates with
C60, I:89–90

β-substituted ZnP-p-phenyleneethynylene-
C60 system and, I:157

coupling (V) and, I:139
covalent bridge and, I:149–151, I:154–155
multiwall wall carbon nanotubes (MNT)

as, I:135
nanometer scale structures and, I:134–135
and photosynthetic RCs of cyanobacterial

photosystems, I:2
porphyrins/phthalocyanines as, I:310–311
p-phenylenebutadiynylenes/p-

phenylenevinylene and, I:154–157
regulatory forces of nanometer scale

structures, I:134–135
relay concept using redox building blocks,

I:151–154
and synthesis of C60-based donor-acceptor

ensembles, I:141–143
use of Gaussian program for, I:314
(ZnP)3-ZnP system and, I:163–166
ZnP-thiophene-C60 system and, I:158

Electron paramagnetic resonance (EPR)
spectroscopy, and charge/spin mobility
in conjugated structures, I:9. See also
Spectroscopy

freeze-quench EPR experiments and
Compounds I/ES, V:308–310

NO properties and, V:124
overview of, VI:7
and oxidized/isolated form of NOR, V:134,

V:136
peroxidases and, VI:370–372
peroxidases (plant/fungal/bacterial

superfamily) and, VI:422–429
soluble guanylate cyclase and, V:152

Electron Spin Echo Envelope Modulation for
experiments, VI:9

Electron spin relaxation times (T1e or τs), VI:34
Electron transfer (eT), photosynthetic reaction

centers (RCs) and, I:225

Electron transfer dynamics, interfacial, dye-
sensitized solar cells and, X:166–167

Electron transfer processes (ETPs)
in catalytic cycle of cytochromes P450,

V:173–174
and elimination of nonessential amino

acids for efficiency, V:219
and heme-propionate side chains, 

V:35–41
HRP and, V:10–11, V:218–219, V:260–264
from NAD(P)H to heme with fungal NOR,

V:146–147
between P450 and fungal NOR, 

V:143–144
and uncoupling in catalytic cycle,

V:181–182
zinc hemoproteins and, V:26–27

Electron transfer reactions. See also Charge
transfer (porphyrin/phthalocyanines and
carbon nanostructures); Non-covalently
linked hybrids, fullerenes

basic tenets of, I:309–310
cofacial porphyrin dimers and, I:54
geometrical arrangements of, I:146
ideal, I:148
and parabolic dependence, I:138–139
photoinducted from metallotetrapyrrole-

fullerene, I:313
and replacing zinc metal with titanium in

non-covalent hybrids, I:178
singlet–singlet and non-covalently linked

hybrids, I:175–176
three-dimensional compared with two-

dimensional acceptors, I:144–145
(ZnP)3-ZnP system and, I:163–166

Electron transfer systems, energy changes 
(-GT), I:139–140

Electron transfer, and modifications to meso-
aromatic substituents on BODIPY core,
VIII:18–24

and diffusion rate constant k12, X:188–189
dodecafluorosubphthalocyanine as electron

acceptor unit, X:201
and driving force dependence of log ket,

X:186, X:188, X:194–196,
X:198–199, X:206–208
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Marcus theory of, X:184–186
and monomer vs. dimer porphyrins in

artificial photosynthetic systems,
X:190–196

multistep photoinduced, X:203–212. See
also Multistep photoinduced electron
transfer

observed second-order rate constant of,
X:187–188

photoinduced in supramolecular
complexes, X:212, X:214

and planar vs. nonplanar porphyrins in
artificial photosynthetic systems,
X:186–190

Electron tunneling, long-distance charge
separation reactions and, I:12

Electron-donating groups of phthalocyanines
alkylthio-/arylthio-substituted, III:173,

III:176–190
amino-substituted, III:114–121
with electron-withdrawing groups in

isoindole fragments, III:288
with electron-withdrawing substituents in

same benzene ring, III:190–198
hydroxy-/alkoxy-/aryloxy-substituted,

III:121–176. See also Hydroxy-
/alkoxy-/aryloxy-substituted
phthalocyanines and derivatives

Q-band and, III:286
and Q-band of chlorinated phthalocyanines,

III:288–289
Electron-donor–acceptor hybrids, I:167. See

also Non-covalently linked hybrids,
fullerenes

Coulomb complexes and, I:172–175
H2P/SWNT composites and, I:196–197
orders of magnitude and, I:174–175
pyridine functionalized fullerene ligand,

I:174–175
replacing zinc metal with titanium, I:178
and reversal of ZnP/C60, I:180–181
selective complexation and resulting

topological control of, I:181
Electronic absorption data

isoporphycene derivatives and, VII:383
Electronic absorption spectra

corrphycenes and, VII:390–392
free-base porphycenes (general

information) and, VII:380–390
hemiporphycenes and, VII:390–392
isoporphycene derivatives and, VII:390–392

Electronic/magnetic structures
13C NMR spectroscopy to determine,

VII:15–20
1H NMR spectroscopy to determine,

VII:12–15
and axial ligands effect on ground states,

VII:26–31
and axial ligands for formation of pure

intermediate-spin complexes,
VII:58–61

effect of peripheral substitution on,
VII:31–39

and electronic ground state in intermediate-
spin complexes, VII:70–75

and electronic ground states in
intermediate-spin complexes,
VII:70–75

EPR spectroscopy to determine, VII:20–22
[Fe(MAzP)L2]

± and [Fe(OEP)L2]
±,

VII:82–87
and [Fe(OETPP)L2]

+ spin crossovers
between S = 3/2 and S = 1/2,
VII:76–80

and [Fe(OMTPP)L2]
+ and Fe(TBTXPL)L2

spin crossovers, VII:80–82
formation of pure intermediate-spin

complexes, VII:58–70
general considerations, VII:57–58
and iron(IV) porphyrins with FeIV=O bond,

VII:124–127
and iron(IV) porphyrins without FeIV=O

bond, VII:127–129
low-spin iron(III) porphyrin complexes

(general considerations),
VII:22–26

one-electron-oxidized products, iron(III)
with (dxz, dyz)

4(dxy)
1 electrons and,

VII:117–124
one-electron-oxidized products of iron(III)

porphyrins (general information)
and, VII:108–109
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one-electron-oxidized products of iron(III)
porphyrins (high-spin cation
radicals) and, VII:109–113

one-electron-oxidized products of iron(III)
porphyrins, iron(III) with (dxy)

2(dxz,
dyz)

3 electrons and, VII:116–117
one-electron-oxidized products of iron(III)

porphyrins (low-spin cation radicals)
and, VII:115–124

one-electron-oxidized products of iron(III)
porphyrins (mixed high-
spin/intermediate-spin cation
radicals) and, VII:114–115

orbital interactions to determine,
VII:7–11

and porphyrin ring deformation for
formation of pure intermediate-spin
complexes, VII:61–70

ruffled porphyrin ring deformation and,
VII:39–45

saddled deformation and, VII:45–47
and solvent effects on ground states,

VII:47–53
spin crossover (general considerations),

VII:75–76
spin crossover structural consequences and,

VII:87–91
and spin crossovers between S = 3/2 and

S = 5/2 (monoaqua complexes),
VII:94–95

and spin crossovers between S = 3/2 and
S = 5/2 (monoaqua complexes of
saddled porphyrins), VII:91–94

and spin crossovers in monoimidazole
complexes, [Fe(OETPP)L]+,
VII:101–108

and spin crossovers in monoimidazole
complexes, [Fe(TMP)L]+ and
[Fe(TMTMP)L]+, VII:96–101

and spin crossovers in monoimidazole
complexes (general information),
VII:95–96

two-electron-oxidized products, iron(III)
N-oxides, VII:134

two-electron-oxidized products, iron(III)
porphyrin dications, VII:134

two-electron-oxidized products, iron(V)
porphyrins, VII:134

two-electron-oxidized products of iron(III)
porphyrins (general considerations),
VII:129

two-electron-oxidized products,
oxoiron(IV) cation radicals,
VII:130–134

Electrons, illuminating heme in NMR
spectroscopy, VI:9

Electron-withdrawing groups of
phthalocyanines

alkyl-/arylsulfonyl and sulfinyl-substituted,
III:92–95

with electron-donating groups in isoindole
fragments, III:288

with electron-donating substituents in same
benzene ring, III:190–198

functionalized with carboxylic acids and
derivatives, III:95–111

functionalized with phosphoric acid
derivatives, III:111–114

halogen-substituted, III:62–79
nitro-substituted, III:79–83
phthalocyanine sulfoacids and derivatives,

III:83–92
Q-band and, III:286

Electrophilic substitution reaction, and water-
soluble BODIPYs, VIII:39–40

Electrophilic substitution reactions, BODIPYs
with heteroatom substituents,
VIII:24–39

Electrostatic coupling, X:290–291
Electrostatic ion-pairing interactions,

I:338–339
EMAP-II, IV:434
Empirical methods of spectral analysis,

VI:80–82
Enaminoketones, III:456–457,

III:461–462
Enantioselectivity

and chiroporphyrin development, X:22
and D4-symmetric Halterman porphyrin,

X:15–18
and D4-symmetric porphyrin (chiral picket

fence porphyrins), X:10
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effect of temperature on chiral picket fence
porphyrins, X:24

ENDA and styrene cyclopropanation,
X:62–63

and iron/manganese glycosylated
porphyrins (chiral picket fence
porphyrins), X:18–19

and molybdenum complex with TBHP,
X:15

and rhodium metal/ruthenium exchange in
chiral picket fence porphyrin
cyclopropanation, X:49–50

[Ru(O)2]5 chiral picket fence porphyrins,
X:11–12

and sulfoxidation of chiral picket fence
porphyrins, X:74

Endogenous reducing system, for IDO/TDO,
V:76–77

Endonucleosomes, IV:405–406, IV:407
Endoplasmic reticulum (ER)

Bcl-2 localization, IV:408, IV:411
9-capronyloxytetrakis (methoxyethyl)

porphycene (CPO), IV:408–409,
IV:410

PEGylated porphyrin localization,
IV:368

porphyrin localization, IV:278–279
Endosomes, IV:278, IV:343, IV:406,

IV:418–419
Endothelium-derived relaxing factor (EDRF),

biosensors and, V:207
Energy transfer

cofacial porphyrin dimers and, I:54
energy transfer efficiency in dendritic

arrays, I:35
excitation energy transfer (EET), 

I:3
future outlook of charge transfers and,

I:206–208
metallotetrapyrrole-fullerene dyads and,

I:316–318, I:318–322
NADPH and, I:225
singlet energy transfer, I:11, I:18–19
supramolecular assemblies of

metalloporphyrins, I:97, 
I:100–101

Enhanced permeability and retention (EPR),
IV:314, IV:330–331, IV:340, IV:354,
IV:376–377

Enyne metathesis, III:354, III:356
Enyne metathesis, in synthesis of chlorin-

diene system, II:235
Enzymatic activities. See also Nitric oxide

(NO) chemistry by heme-enzymes
assimilatory nitrate reductase (Nas),V:128
and biochemical pathway of anammox,

V:131
copper and nitrogen cycle, V:129
cytochrome cd1-type, V:129
eukaryotic nitrate reductase, V:128
hemoproteins and, V:4–5
and IDO/TDO nonrequirement of

proton/base/electron reductants,
V:114–115

molybdenum and nitrogen cycle,
V:128–129

nitrogenase and, V:131
periplasmic nitrate reductase (Nap),V:128
qCuANOR, V:133, V:139
respiratory nitrate reductase (Nar), V:128
site-directed mutagenesis and, V:218

Enzymatic reactions
and bc1 complex from respiratory chain,

VII:472–474
heme proteins and, VII:3–4
importance of IR spectroscopy in studying,

VII:441
and protonation sites in cytochrome c

oxidase, VII:468–472
Enzyme activation of photosensitizer

conjugates, IV:281–284
Enzyme functions (B12). See Catalysts with B12

enzyme functions
Enzyme-labeling amplification biosensors,

HRP and, V:262–264
Enzyme-labeling immunosorbent assay

(ELISA), V:262
Enzyme-linked field effect transistors

(ENFETs), V:254
Enzyme-linked immunosorbent assay

(ELISA), IV:166, IV:269, IV:429,
IV:434, IV:436, IV:440
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Enzymes, heme catabolism and, VIII:295–296
Eosin, IV:3
Eosinophil peroxidase (EPO)

as component of superfamily of animal
peroxidase, VI:430

resonance raman (RR) frequencies and,
VI:435

Epidermal growth factor (EGF), IV:347–348
chlorin e6 conjugates, IV:153–155,

IV:280–281
phthalocyanine conjugates, IV:347
polyvinyl alcohol (PVA) conjugates,

IV:153–155, IV:281
Sn(IV) chlorin e6 conjugates, IV:347–348

Epidermal growth factor receptor (EGFR),
IV:159, IV:335, IV:338

Epoxidation, as catalyzed by cytochromes
P450, V:189

Epoxidation
of 1,2-dihydronaphthalene catalyzed by

[MnCl] chiral picket fence
porphyrins, X:22–23, X:35–36

of 2-nitrostyrene using chiral strapped
porphyrins, X:27–28

of aromatic alkenes catalyzed by [MnCl]
chiral picket fence porphyrins,
X:10–12

of aromatic alkenes catalyzed by [RuCO]
chiral picket fence porphyrins,
X:12–13

of aromatic olefins catalyzed by [FeCl]
chiral strapped porphyrins, 
X:27–31, X:33

of aromatic olefins catalyzed by
iron/ruthenium complexes (chiral
strapped porphyrins), X:34–35

of aromatic olefins catalyzed by [MnCl]
chiral picket fence porphyrins,
X:8–9, X:20–21

of aromatic olefins catalyzed by [Ru(O)2]
chiral strapped porphyrins, X:35

and atropisomers of glycoconjugated
porphyrins (chiral picket fence
porphyrins), X:19–20

and binaphthyl-derived catalysts (chiral
strapped porphyrins), X:30–31

and binaphthyl group for catalytic stability
(chiral picket fence porphyrins),
X:8–9

C=C epoxidation by Cpd I of CYP 450,
X:127–129

chiral basket handle porphyrins (chiral
strapped porphyrins), X:40–43

chiroporphyrin development, X:21–22
and D4-symmetric Halterman porphyrin,

X:15–18
and D4-symmetric porphyrin (chiral picket

fence porphyrins), X:10
and development of chiral strapped

porphyrins, X:26–27
and electron-withdrawing trifluoromethyl

group (chiral picket fence
porphyrins), X:14–15

and chiral picket fence porphyrins,
X:5–7

historical aspects, X:3–5
and homochiral-strapped porphyrin with

chiral cyclohexane auxiliaries,
X:36–37

and homochiral threitol-strapped
porphyrins, X:33–34

and iron/manganese glycosylated
porphyrins (chiral picket fence
porphyrins), X:18–19

and molybdenum complex with TBHP,
X:15

and Mosher’s chiral amide (chiral picket
fence porphyrins), X:25

of olefins catalyzed by [FeBr] chiral 
picket fence porphyrins,
X:18–19

of olefins catalyzed by [FeCl] chiral
strapped porphyrins, X:38, X:40

of olefins catalyzed by [MnCl] chiral
picket fence porphyrins, X:15, 
X:17, X:38–39

of olefins catalyzed by [Ru(O)2] chiral
strapped porphyrins, X:37–38

of olefins catalyzed by [RuCO] chiral
picket fence porphyrins, X:15–16

of olefins catalyzed by [RuCl2] chiral
picket fence porphyrins, X:14
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and ortho-aryl position attachment of ether
groups (chiral picket fence
porphyrins), X:24

and Oxone® (KHSO5) and cis β-
methylstyrene (chiral picket fence
porphyrins), X:11

and peptide chain attachment to meso-
positions (chiral picket fence
porphyrins), X:25

and picket fence/basket handle porphyrins
with amino acids, X:40

and porphyrin on ortho-position of meso-
aryl groups (chiral picket fence
porphyrins), X:7–8

and proline-derived ligands (chiral strapped
porphyrins), X:38–39

styrene reactions with PhIO (chiral 
picket fence porphyrins) and,
X:25–26

of styrenes with PhIO, X:27–28
and threitol-strapped porphyrins, X:37–38

EPR spectroscopy, to determine electronic
structures (iron porphyrin complexes),
VII:20–22

Epstein-Barr virus (EBV), IV:342
Equilibrium reactions of combinatorial

chemistry, III:508–509
Error-prone polymerase chain reaction

(epPCR), V:217–218
Escherichia coli, IV:47, IV:60, IV:82–83,

IV:387
and active site of bacterial NOR, V:138
and bacterial NOR, V:132
heme substitution and, V:7
and TDO/IDO identification/

characterization, V:81
ESI mass spectroscopy, and mixed reactant

approaches to solution phase
combinatorial porphyrin libraries,
III:489–490

Ester linkage with oxidized CNT, and covalent
linkage of carbon nanotubes,
X:280–281

Esters, of carboxyphthalocyanine derivatives,
III:106–108

Estradiol, IV:173–174, IV:176, IV:353

Estrogen receptor (ER), IV:353
Estrogen–photosensitizer conjugates,

IV:353–354
Etheno-bridged N-confused porphyrin (NCP),

X-ray structure of, II:343–344
Etheration, Meso-etheration/hydroxylation (C-

O coupling), III:404–413
Ethyl α-nitrodiazoacetate (ENDA), and

styrene cyclopropanation, X:62, X:65
Ethyl-(3,4-dicyanophenyl)phenylphosphinate,

and phthalocyanine functionalized with
phosphoric acid derivatives,
III:113–114

Ethyn-bridged linkage, for dye applications,
I:9–10

Ethynyl-conjugated porphyrin arrays
cyclic architectures, I:25–34
Englinton reaction and, I:6–7
linear architectures, I:8–25

Etioporphycene, metalloporphyrin
structure/electron configurations and,
VI:16–17

Europium, unsubstituted Pcs (UV-vis
absorption data) and, IX:135

Exchange spectroscopy (EXSY cross peaks),
linewidths and, VI:33

Excitation energy transfer (EET)
in cyclic arrays/porphyrin boxes,

I:480–485, I:495–499
photosynthetic antennae and, I:225
self-sorting systems from meso-meso-

linked diporphyrins and,
I:106–107

and synthesis of cyclic porphyrin arrays,
I:3

Excited state deactivation in alkylated
porphycenes (photophysics), porphyrin
isomers, VII:404–407

Excited states
bridging ethyne in, I:9–10
hexapyrrolic expanded porphyrins,

I:517–518
pentapyrrolic expanded porphyrins, I:512
solvatochromic responses and, I:25

Exciton chirality, and diastereomeric ligation
of BChls, I:232, I:234
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Exciton coupling
circular dichroism (CD) and, VII:150–153
and determination of absolute

configurations of natural products,
VII:237–239

Exciton-blocking layers (EBLs) and Pc
incorporation into OPV by vapor
deposition, X:146–147

Expanded carbaporphyrinoids, II:176
organometallic complexes and larger-sized,

II:182–183
with p-phenylene and substituents 

in meso and β-positions, 
II:180–181

Expanded porphyrins, IV:44–51
defined, I:508
diprotonated cyclo[n]pyrroles,IV:50–51
hexaphyrin, IV:45
heptapyrrolic (Hückel aromaticity),

I:535–542
heptapyrrolic (Möbius aromaticity),

I:542–544
heptapyrrolic (overview), I:535
hexapyrrolic (excited state dynamics),

I:517–518
hexapyrrolic (Hückel antiaromaticity),

I:529–534
hexapyrrolic (Möbius aromaticity),

I:519–528. See also Hexapyrrolic
expanded porphyrins

hexapyrrolic (overview), I:515
hexapyrrolic (spectroscopic

properties/aromaticity), I:518–519
hexapyrrolic (steady state spectroscopy),

I:515–517
lutetium metal complex (Lutex),

IV:263–264
Motexafin (Xcytrin), IV:47, IV:49
octapyrrolic (Möbius aromaticity),

I:544–546
pentapyrrolic (excited state dynamics),

I:512
pentapyrrolic (N-fused

pentaphyrins/metalation), I:514–515
pentapyrrolic (nonlinear optical properties),

I:513–514

pentapyrrolic (overview), I:510–511
pentapyrrolic (quantum mechanics),

I:513–514
pentapyrrolic (steady state spectroscopy),

I:511–512
in photodynamic therapy (PDT),

IV:263–264
porphocyanines, IV:44–45
properties, IV:44
protonation of [38]nonaphyrin, I:546–551
sapphyrins, IV:49–50, IV:54, IV:95
texaphyrins, IV:46–49, IV:98, IV:251–252,

IV:263–264
uses for, I:508

Extracellular matrix metalloproteinase inducer
(EMMPRI), IV:436

Extracellular signal-regulated kinase
(ERK1/2), IV:430

F
Face-to-edge arrangements, I:146
Face-to-face arrangements, I:146
Face-to-face exciton coupling, VII:150–151
Far-infrared (FIR) absorbance spectra,

VII:451–452
metal-ligand vibrations and, VII:454–456
and modes of collective nature,

VII:453–454
Fatty acid hydroxylase, V:322–323
Fe porphyrins and pressure dependence of IR

spectroscopy, VII:458–459
FePc/RuPc/OsPc absorption spectra, 

IX:54–64
Ferric resting state/substrate binding, in

catalytic cycle of cytochromes P450,
V:168–172

Ferric-ferrous reduction, in catalytic cycle of
cytochromes P450, V:173–174

Ferriheme proteins
dimerization of NP4 and, VI:222–223
effect of axial ligand plane orientation on

low-spin, VI:50–55
and g-values of low-spin iron(III),

VI:135–138
heme ruffling of nitrophorins/comparison

to other hemes, VI:217–221
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measurement of magnetic susceptibility
anisotropies of, VI:26–29

and mixed ground state behavior of bis-
(pyridine) complexes of low-spin,
VI:167–174

nitrite reductase activity of nitrophorin 7
and, VI:221–222

NMR investigations of high-spin forms of
nitrophorins from Rhodnius prolixus,
VI:196–204

NMR investigations of low-spin forms of
nitrophorins from Rhodnius prolixus,
VI:207–217

NMR spectroscopy of apo-nitrophorin 2,
VI:223–224

NMR spectroscopy of miscellaneous other
heme proteins, VI:249–251

NMR spectroscopy of nitrophorins,
VI:190–196

NMR studies of bacterial heme
oxygenases, VI:230–243

NMR studies of dynamic reactvity
relationships, VI:243–249

NMR study of high-/low-spin mammalian
heme oxygenases, VI:227–230

pH titration of high-spin forms of
nitrophorins from Rhodnius prolixus,
VI:204–207

Ferrocene linkage, metal-bridged porphyrin
arrays and, I:112, I:114

Ferrocene-linked porphyrins
corrole-ferrocene compounds, III:476–477
and peripherally metalated derivatives,

III:432–438
Ferrocene-porphyrin-fullerene composites, as

long-distance charge separation
reactions, I:11–12

Ferrocenyl porphyrins, Sonogashira C–C
coupling reactions and, III:341–342

Ferrous state of heme. See also Compound
ES; Compound I; Compound I; CYP
nomenclature

and chemical transformations catalyzed by
cytochromes P450, V:189–192

dioxygenase reaction and, V:114–116
metal-NO complexes and, V:126

and P450cam Compound I, V:307
and soluble guanylate cyclase in NO

signaling, V:149–154
and unique properties of cytochrome P450,

V:301
18F-fluorodeoxyglucose (FDG), IV:297,

IV:299, IV:301, IV:314
Fiber-optic humidity sensor, II:302
First-generation biosensors, V:210–213, V:296
Five-coordinate complexes

carbon monoxide of M(II) porphyrins
(axial ligand bands), VII:446–448

cyanide of M(II) porphyrins (axial ligand
bands), VII:448

dioxygen of M(II) porphyrins (axial ligand
bands), VII:444–445

and formation of pure intermediate-spin
complexes (ruffled), VII:62–65

and formation of pure intermediate-spin
complexes (saddled), VII:67–69

imidazoles of M(II) porphyrins (axial
ligand bands), VII:444

nitric oxide of M(II) porphyrins (axial
ligand bands), VII:448–450

Fixation (of nitrogen), V:127–128
FixN-type cytochrome oxidase (FixN

complex), and amino acids of cNOR,
V:141–142

18F-labeled porphyrins, IV:94, IV:95
Flash photolysis time-resolved microwave

conductivity (FP-TRMC),
porphyrin–nanocarbon composites and,
X:230

Fluconazole-substituted zinc phthalocyanine,
IV:74

Fluoranthene-fused TBPs, bathochromic-
shifted Soret band of, II:53

Fluorescence decay time. See Lifetimes (τT)
Fluorescence imaging

advantages, IV:289–290
clinical applications of photosensitizers,

IV:288–289
comparison to NIR optical tomography,

IV:289
conjugates for fluorescence imaging and

PDT, IV:289–293
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fluorochrome and fluorophore
characteristics, IV:289

HPPH–cyanine dye (CD) for fluorescence
imaging and PDT, IV:290–293

See also Tumor imaging
Fluorescence quantum yields (ΦF)

basic photophysical parameters of,
VII:399–402

MPc parameters and, VII:275
Fluorescence spectra. See also Single

molecule fluorescence spectroscopy
(SMFS)

BChls and, I:232–234
of butadiyne-linked porphyrin dimer, I:4,

I:7
chlorosomes and, I:224–225
conjugated porphyrin arrays and, I:4
electron donor/acceptor dyads and, I:90
ethyne-bridged polymersomes and,

I:10
hydrophilic conjugated porphyrin dimers

and, I:18
ionic pyrene derivatives and SWNT,

I:201–202
non-covalently linked hybrids (MP/C60

β-systems) and, I:184
non-covalently linked hybrids (ZnP

functions) and, I:179, I:185–186
and SWNT functionalized with PAMAM

dendrimers, I:195
Fluorescence spectra/quantum yields (ΦF)

absorption/excitation/emission spectra of,
VII:281–282

carboxylated derivatives and, VII:313
MPc complexes (quaternized derivatives),

VII:313–314
MPc(SO3)mix complexes (sulfonated

derivatives), VII:292
MPc(SO3)n complexes (sulfonated

derivatives), VII:292, VII:313
porphyrazine complexes (quaternized

derivatives), VII:313
properties of non-water soluble Pcs,

VII:293–312
yield values/behavior of water soluble Pcs,

VII:283–291

Fluorescence
nitro groups/heavy atom substituents and,

VIII:23–24
quenching through pyrene-attached,

VIII:196–197
and through-bond BODIPY energy transfer

cassettes, VIII:70–86
and through-space BODIPY energy transfer

cassettes, VIII:65–70
Fluorescent boron derivatives

(oligoBODIPYs), open-chain
oligopyrrole systems and,
VIII:456–461

Fluorescent pH probes, from phenolic
benzaldehydes, VIII:11

Fluorescent systems. See BODIPY
dyes/derivatives

Fluoride atom substitution in BF2-group
(BODIPYs)

with alkoxide groups, VIII:98–100
with alkyl groups, VIII:90
with alkyne groups, VIII:92–98
with aryl groups, VIII:91–92
with boronium/borenium cations,

VIII:100–101
Fluorinated extended porphyrins, synthesis of,

II:61–62
Fluorinated peripheral substituents,

reconstituted hemoproteins and, V:19
Fluorinated TBPs, 4,5,6,7-tetrafluoroisoindole

in synthesis of, II:7
Fluoroalkoxy-substituted complexes,

III:77–78
Fluoroalkyl complexes, halogen-substituted

phthalocyanines and, III:72,
III:76–78

Fluorocharbon chain on substituted
phthalocyanines, III:73–76

Fluoro-containing substituents of
phthalocyanines spectra, III:225–226

Folic acid (FA)–porphyrin conjugates, IV:16,
IV:35, IV:41–42, IV:171–174

Folic acid receptors (FAR, FR), IV:16, IV:35,
IV:41, IV:171–172

Formylbiliverdin, metal complexes of,
VIII:328–334

436 Cumulative Index to Volumes 1–10

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 436



Formylporphyrins
exo ring-fused porphyrin derivatives from,

II:80, II:81, II:82
use of Vilsmeier reaction in synthesis of,

II:78, II:79
Formyl-substituted receptor molecules, and

UV spectral changes of acyclic anion
receptors, VIII:222–223

Foscan (tetra(meta-hydroxyphenyl)chlorin, m-
THPC), IV:40–42, IV:147, IV:160,
IV:254

Four-coordinate iron(III) porphyrin cation, for
formation of pure intermediate-spin
complexes, VII:60–61

Fourier-transformed infrared (FTIR). See FTIR
difference spectroscopy

Franck-Condon-mediated nonradiative decay,
linear multi-porphyrin arrays and, I:9

Free ligand biliverdin, VIII:307–310
Free-base porphycenes

basic photophysical parameters of,
VII:399–402

cis-trans tautomerism structure and,
VII:373–380

common abbreviations for, VII:360
derivatives of, VII:364
electronic absorption data of,

VII:382–383
electronic absorption spectra

(corrphycenes), VII:390–392
electronic absorption spectra (general

information), VII:380–384
electronic absorption spectra

(hemiporphycenes), VII:390–392
electronic absorption spectra

(isoporphycene derivatives),
VII:390–392

electronic absorption spectra
(porphycenes), VII:384–390

excited state deactivation in alkylated
porphycenes (photophysics),
VII:404–407

formulas of most stable tautomeric form of,
VII:362

general information (photophysics),
VII:399–403

and influence of substituents on geometry
of internal cavity, VII:369–373

low-temperature spectroscopy of,
VII:397–399

perimeter model for absorption elucidation,
VII:392–397

perimeter model for magnetic circular
dichroism spectra, VII:392–397

relaxation from higher excited states
(photophysics), VII:407

spectroscopy of, VII:380–399
structure of, VII:365–380
symmetry/planarity of, VII:365–369
tautomerism in porphycenes (coherent

double hydrogen tunneling in
isolated molecules), VII:411–416

tautomerism in porphycenes (molecules in
condensed phases), VII:416–424

tautomerism in porphyrins, VII:409–410
tautomerism (single molecule studies),

VII:424–426
triplet state studies (photophysics),

VII:407–409
Free-electron lasers (FELs), FIR and,

VII:453–454
Freeze-quench EPR experiments, Compounds

I/ES and, V:308–310
Freeze-quench Mössbauer experiments,

Compounds I/ES and, V:310–313
FTIR difference spectroscopy, perfusion-

induced, VII:481–482
FTIR difference spectroscopy, reaction-

induced
and accessible time domains, VII:474–475
electrochemically induced (surface-

enhanced), VII:464–466
electrochemically induced (thin layer

electrochemistry), VII:463–464
ligand rebinding in cytochrome c oxidase

(light-induced) and, VII:476–479
ligand rebinding (light-induced) and,

VII:475–476
motivation and, VII:462–463
perfusion-induced approaches (stopped-

flow/rapid mixing) and,
VII:481–482
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redox-induced FTIR difference spectra (bc1

complex from respiratory chain),
VII:472–474

redox-induced FTIR difference spectra
(porphyrins/small hemoproteins),
VII:466–468, VII:466–468

redox-induced FTIR difference spectra
(protonation sites in cytochrome c
oxidase), VII:468–472

time-resolved THz spectroscopy and,
VII:479

two-dimensional IR spectroscopy and,
VII:479–481

FTIR difference spectroscopy, redox-induced
bc1 complex from respiratory chain,

VII:472–474
porphyrins/small hemoproteins,

VII:466–468, VII:466–468
protonation sites in cytochrome c oxidase,

VII:468–472
Fullerene, porphyrin-fullerene dyad and

electronic transfer between porphyrin
and, II:228–231. See also Covalently
linked conjugates, fullerenes;
Nanometer scale structures; Non-
covalently linked hybrids, fullerenes;
Porphyrin/phthalocyanine-fullerene
donor-acceptor hybrids

antenna-reaction center mimicry and,
I:391–397

and Bingel reaction of meso–meso-linked
oligoporphyrin bis-malonates with
C60, I:89–90

cocrystallates and, I:137–138
cofacial porphyrin dimers and, I:49–50,

I:52, I:55
electron transfer systems and, I:139–140,

I:310
metallotetrapyrrole-fullerene dyads,

I:311–322
nanometer scale structures and, 

I:134–135
porphyrin oligomers and, I:44–45, I:48
porphyrin trimers and, I:41, I:43–44
synthesis of porphyrin-fullerene dyad,

III:354, III:357

Fullerene-porphyrin conjugate, “click
chemistry” synthesis of, II:275–276,
II:278

Fullerenes, IV:36, IV:340–342, IV:374,
IV:375

Fully synthetic self-assembling BChl mimic
chart of, I:255–256
and crystal modification of BChls,

I:262–271
crystal structures and, I:247–249
electrostatic interaction and, I:262
and film on cuvette walls, I:259–262
first unsuccessful strategies for, I:245–246
metalation with zinc and, I:246–247
reagents/conditions/transformations for,

I:250–255
and reduction of acetyl group to

hydroxymethyl group in presence of
formyl group, I:254

reduction of carboxymethyl groups for,
I:245–246

Zn-coordinating ligand replacement of
meso-, I:268–269

Zn porphyrins and, I:269–271
Function relationship of reconstituted

hemoproteins. See Structure-function
relationship of reconstituted
hemoproteins

Functionalization of hemoproteins
modification of heme-propionate side

chains, V:35–48
modulation of activity with artificial

porphyrinoids, V:32–35
and new nanobiomaterials, V:48–57

21-Functionalized NFPs, Suzuki cross-
coupling reactions of 21-Br-NFP and,
II:341, II:342

Fungal nitric oxide (NO) reductases
and fungi for denitrification, V:142
reaction mechanism of, V:147–149
structural characteristics of, V:144–147
unique properties of, V:143–144

Fungal peroxidases. See Peroxidases
(plant/fungal/bacterial superfamily)

Fusarium oxysporum, and fungal NO
reductase, V:143–144
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Fusarium solani, and fungal NO reductase,
V:143

Fused 2-oxybenziporphyrin, II:141
Fused m-benziphorin, II:145
Fused perylene tetracarboxylic diimides

(PDIs), BODIPYs and, VIII:138–140
Fused porphyrin arrays, I:78–79, I:81–82

G
Gadolinium (Gd)

Gd compounds as radiosensitizers,
IV:47–48, IV:98

Gd(III)-based conjugates for MRI and
PDT, IV:294–297

Gd(III)-based MRI contrast agents, IV:294,
IV:295–297

texaphyrin derivatives (Gd-Tex) as
anticancer agents, IV:47–48

Gadolinium, unsubstituted Pcs (UV-vis
absorption data) and, IX:135–136

67Ga-labeled phthalocyanines, IV:93–94
Galectins, IV:32, IV:265–270, IV:351
Gallium, unsubstituted Pcs (UV-vis absorption

data) and, IX:122
GaPc absorption spectra, IX:78–86
Gastrin-releasing peptide receptor (GRPR),

IV:279
Gauge-Including Atomic Orbital (GIAO),

I:510
Gel permeation chromatography (GPC), 

and cyclic porphyrin oligomers, 
I:30

GePc absorption spectra, IX:86–95
Germanium, unsubstituted Pcs (UV-vis

absorption data) and, IX:122
Glaser homocoupling side reaction, Cu-free

Sonogashira reaction conditions and,
II:228

Glaser-Hay coupling reaction
making butadiyne-linked porphyrin

oligomers, I:11
and template-directed method of

macrocyclization, I:25–26
Glassy carbon electrode (GCE), V:221
Glucose oxidase (GOx), biosensors and,

V:204

Glutamate mutase-like reactions, apoenzyme
model/B12 model complexes and,
X:331–333

Glycoporphyrins, use of ‘second generation’
Grubbs catalyst in synthesis of,
II:238–239

Gold nanoparticles, IV:84–85, IV:312–314,
IV:376–378

Gold(III) complex of NCTPP, II:329, II:330
Gold, X:303–304. See also Surface

functionalization of gold for electronics
Gold-promoted transformations, fused

porphyrin dimers and, II:67
Gonadotropin-releasing hormone (GnRH)

agonist and antagonist conjugates,
IV:350–351

Gouterman’s four-orbital model, IX:8–11
absorption features of Pcs, IX:5

Graphene functionalization via amide linkage,
X:292–293

Green fluorescent protein (GFP)-chromophore
analogs, BODIPYs and, VIII:134–137

“Green hemes”, metalloporphyrin
structure/electron configurations and,
VI:16

Grignard reagents, and fluoride atom
substitution in BF2-group with aryl
groups, VIII:91–92

Ground states
axial ligand effect on, VII:26–31
bridging ethyne in, I:9–10
in intermediate-spin complexes, 

VII:70–75
peripheral substituents’ effect on,

VII:31–39
solvatochromic responses and, I:25

Group 1/group 2 Pc complexes (unmetalated),
VII:321–323

Group 12 Pc complexes (ZnPc complexes),
VII:330–335

Group 13 Pc complexes, VII:337–339
Group 14/group 15 Pc complexes,

VII:339–341
Group 4 to 11 Pc complexes, VII:330
Grubbs catalysts, Ruthenium-catalyzed C–C

coupling reactions and, III:353–354
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G-tensor anisotropy and spectral analysis,
VI:83

Guanidinocarbonyl-based anion receptors,
VIII:169–174

Gymnocins, and determination of absolute
configurations of natural products,
VII:233–234

H
H bonding network, and KatG from

Mycobacterium tuberculosis,
VI:396–397

H2DPP, X:216–220, X:227–229
H2Pc/HPc absorption spectra, IX:12–17
H83A variant, heme-loaded HasA and,

VI:350–353
HA14-1, IV:409
Haemophilus influenza, and bacterial

acquisition of iron, VI:341
Hafnium, unsubstituted Pcs (UV-vis

absorption data) and, IX:131–134
Halogenation, and electrophilic substitution

reactions of BODIPYs with heteroatom
substituents, VIII:26–28

Halogen-substituted phthalocyanines
and 3-fluorophthalonitrile as precursor,

III:68
chain-fluorinated substituted compounds

and, III:72–76
chlorinated copper phthalocyanine

preparation and, III:69–70
direct C(aryl)-F bonds (examples),

III:64–68
halogen-substituted phthalocyanines

spectra, III:220–224
octafluorophthalocyanines and, III:68–69
reaction of 3,4,5,6-tetrafluorophthalonitrile

and perfluoropropene with cesium
fluoride, III:76–77

trifluorosulfanyl-/trifluorosulfanyl-
substituted phthalocyanines and,
III:76–77

Halomonas halodenitrificans, and bacterial
NOR, V:132

Haloporphyrins, oxidative addition of Pd with,
III:370–373

porphyrin synthesis and metal-cross
coupling reactions of, II:55–56

Halterman porphyrins. See also Epoxidation
aromatic alkenes catalyzed by [RuCO]

chiral picket fence porphyrins,
X:12–13

aziridination of olefins by manganese
complexes of, X:69–72

cyclopropanation and, X:45, X:48–49
and D4-symmetric Halterman porphyrin,

X:15–18
and D4-symmetric porphyrin (chiral picket

fence porphyrins), X:10
and electron-withdrawing trifluoromethyl

group (chiral picket fence
porphyrins), X:14–15

porphyrin 8 and derivatives, X:15
sol-gel and ruthenium porphyrin complex

in, X:13–14
Hamilton-receptors, non-covalently linked

hybrids and, I:169–170
Hampster lung fibroblast cells (V79), 

II:14
“Hangman” porphyrins, III:377
Harmonic Oscillator Model of Aromaticity

(HOMA), I:509
HasA (heme-loaded)

13C-NMR and heteronuclear detection,
VI:346–349

15N-NMR and heteronuclear detection,
VI:349–350

1H NMR of iron(III) derivative,
VI:344–346

apo HasA and, VI:353–354
H83A variant and, VI:350–353
heteronuclear detection (general

information), VI:346
and NMR of gallium(III) derivative,

VI:344
and structure of Serratia marcescens,

VI:342–344
HasA–HasR interaction

1H-15N NMR spectra and, VI:353–358
and fate of the heme, VI:358–359

(1H-Benzotriazol-1-yloxy)
tripyrrolidinophosphonium
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hexafluorophosphate (PyBOP),
IV:147

Head-to-tail exciton coupling, VII:150–151
Heat shock protein (Hsp), IV:439–440
Heck and Stille C–C coupling reactions,

III:345–348
Heck reaction

formation of C–C and C-heteroatom
through, II:194

functionalization of porphyrinic
frameworks using, II:232

Helicity, of polyisocyanides via
conformational analysis,
VII:230–232

Heliobacterium chlorum, and spectra of BChl
g/g’, VII:184–186

Hematoporphyrin (HP)
absorption spectra, IV:4
conjugation with monoclonal antibodies

(MAb), IV:158–159, IV:170
conjugation with proteins, IV:125–126,

IV:150–151, IV:152,
IV:343–344

inactivation of Gram-negative bacteria,
IV:387

isolation from blood, IV:11
lipoprotein conjugates, IV:345
noncovalent conjugation with bovine

serum albumin, IV:124–125
photodynamic effect, IV:3
as radiosensitizer, IV:96
structure, IV:12, IV:125, IV:329

Hematoporphyrin derivatives (HPDs)
in Photofrin, IV:3, IV:12–13, IV:96
as photosensitizers, IV:404–405
preparation, IV:404
radiolabeled HPDs, IV:90, IV:96
as radiosensitizers, IV:96

Heme a, V:3
Heme acquisition (by hemophores)

1H-15N NMR spectra and, VI:353–358
abbreviations, VI:340
apo HasA and, VI:353–354
biological background of, VI:340–342
and fate of the heme, VI:358–359
H83A variant and, VI:350–353

heme-loaded HasA and, VI:342–350
hemoglobin interaction and, VI:359–360
holo-HasAp surface representation, VI:360

Heme b, V:3
Heme biosynthesis, IV:7
Heme c, V:3
Heme catabolism, and coordination chemistry

of verdohemes, VIII:295–296
Heme d, V:3
Heme d1, V:3
Heme dioxygenases

and allosteric interaction of TDO, V:90–92
bacterial TDO compared with IDO

structure, V:112–114
and biological/biochemical properties of

IDO/TDO, V:73–75
and catalytic properties of IDO/TDO,

V:75–76
and endogenous reducing system for

IDO/TDO, V:76–77
EPR study of rhTDO, V:92, V:94
EPR study of rlDO/rhlDO, V:92–93
and heme environment/binding mode of L-

Trp in xcTDP, V:111–113
heme environment of rhlDO, V:105–107
IDO/TDO and, V:73
IDO2 properties, V:75
importance of, V:73, V:80
mutagenesis study and rhlDO, V:107–108
overall structure of IDO and rhlDO,

V:103–106
and pathological roles of IDO/TDO,

V:77–78
and proposed mechanism of dioxygenase

reaction, V:114–118
relevant abbreviations, V:72–73
and resonance Raman spectra of rhlDO,

V:94–97
and resonance Raman spectra of rhTDO,

V:97–103
and spectra of rabbit IDO, V:82–83, V:85,

V:87
and spectra of recombinant human IDO,

V:82–83, V:87
and spectra of rhTDP human, V:87–90
spectroscopy (history), V:81
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and structures of related enzymes (bacterial
TDO), V:108–109

and structures of TDO from X. campestris,
V:109–112

Heme enzymes. See Cytochrome P450
enzymes; Nitric oxide (NO) chemistry
by heme-enzymes

Heme o, V:3
Heme oxidation

abbreviations for, VIII:294
coupled oxidation and, VIII:296
dimeric complexes (metal complexes) and

biliverdin, VIII:310–312,
VIII:318–321

formation by dehydration of bilindione,
VIII:301, VIII:304

formation by porphyrin oxidation,
VIII:296–302

free ligand (metal complexes) and
biliverdin, VIII:307–310

heme catabolism and, VIII:295–296
iron complexes (metal complexes) and

biliverdin, VIII:321–328
and metal complexes of formylbiliverdin,

VIII:328–334
miscellaneous complexes and open-chain

oligopyrrole systems, VIII:335–338
monomeric complexes (metal complexes)

and biliverdin, VIII:312–318
and open-chain tetrapyrroles from ring

opening of verdohemes,
VIII:301–307

and ring skeletal structures of tetrapyrrole
ligands, VIII:294–295

Heme peroxidases. See Peroxidases
Heme pocket

and extended network of H-bonds,
VI:380–381

Fe(III) resting state and, VI:374–380
and functions in biological systems, V:2
imidazolate ligands and, VI:384–386
interaction with heme resulting in

holoprotein, V:4
KatG from Mycobacterium tuberculosis,

VI:394–396
KatG from Synechocystis, VI:390–394

and modification of propionate side chains,
V:14

removal of heme from, V:6–7
and role of 2-/4-substituents in heme

framework, V:7–12
structural diagrams of KatGs,

VI:386–390
vinyl-protein interaction and, 

VI:381–384
Heme protein-based electrochemical

biosensors. See Electrochemical
biosensors (heme protein-based)

Heme proteins. See also Iron porphyrin
complexes

assignment of heme doming modes,
VII:459–460

and catalytic mechanism of cytochrome
P450, VII:3–4

defined, V:296
importance of, VII:3
natural heme systems, VII:153–165
synthetic heme systems, VII:165–173
third-generation biosensors and, 

V:214
Heme resonances

and 2D 13C natural abundance HMQC
spectra, VI:59–62

biosynthetic pathway for, VI:61–62
Heme-oxygenase-1 (HO-1), IV:383–384
Heme-propionate side chains

acid-alcohol pair sequential in cytochrome
P450, V:185–186

and construction of electron transfer
processes, V:35–41

and construction of interfaces on protein
surface, V:41, V:43–44

and construction of substrate binding sites,
V:44–48

for heme prosthetic group, V:5
propionate in cytochrome P450,

V:183–184
Hemes, artificially created. See also

Hemoproteins (reconstituted with
artificially created hemes)

heme P460, V:3
non-propionate substituted, V:21–22
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reconstituted hemoproteins and disorder of,
V:17–19

Hemin, IV:11, IV:12
and preparation of apo-/reconstituted

proteins, V:6
propionate side chains and, V:14

Hemins (synthetic), effect of axial ligand plane
orientation on, VI:50–55

Hemiporphycene
myoglobin function regulation and,

V:33–34
as skeletal isomer of porphyrin, II:296–297

Hemiporphycenes
cis/trans tautomeric forms of, 

VII:378–379
electronic absorption data of, VII:383
electronic absorption spectra of,

VII:390–392
formulas of most stable tautomeric form of,

VII:362
Hemoglobin and biosensor fabrication, V:262,

V:266–269
Hemoglobin, heme acquisition (by

hemophores) and, VI:359–360
circular dichroism (CD)/electronic

absorption spectra and, VII:154–156
iron porphyrins and, VII:360–361

Hemoproteins (reconstituted with artificially
created hemes)

apo-/reconstituted proteins and, V:6–7
azaporphyrins incorporation with, V:31–32
chlorin incorporation with, V:28–30
chlorophyll derivative incorporation with,

V:30
cobalt hemoproteins and, V:24–25
fluorinated peripheral substituents and,

V:19
functionalization by modification of heme-

propionate side chains, V:35–48. See
also Heme-propionate side chains

functionalization by modulation of activity
with artificial porphyrinoids,
V:32–35

and functions in biological systems, V:2
heme disorder and, V:17–19
and heme prosthetic groups, V:3

manganese hemoproteins and, V:25–26
mixed-metal hybrid hemoproteins and,

V:27
molecular design of, V:5
nanobiomaterials and, V:53–57
and new nanobiomaterials, V:48–57
non-propionate substituted hemes and,

V:21–22
other metal hemoproteins and, V:27–28
and other peripheral substituents, V:22–23
other porphyrin analog incorporation with,

V:32
phthalocyanine derivative incorporation

with, V:30–31
and propionate positions, V:19–21
redox-induced FTIR difference spectra and,

VII:466–468
and replacement of heme with other metal

(general information), V:24
and role of 2-/4-substituents in heme

framework, V:7–12
and role of 6-/7-propionate side chains in

heme framework, V:12–17
zinc hemoproteins and, V:26–27

Heptanitrated macrocycles, microwave-
assisted synthesis of, II:201

Heptaphyrins, II:183
Heptapyrrolic expanded porphyrins

heptapyrrolic (Hückel aromaticity),
I:535–542

heptapyrrolic (Möbius aromaticity),
I:542–544

octapyrrolic (Möbius aromaticity),
I:544–546

overview, I:535
protonation of [38]nonaphyrin,I:546–551

Herpes simplex virus (hsv), IV:137
Heteroatom substituents with BODIPY

from electrophilic substitution reaction,
VIII:24–28

from metal mediated C–H
functionalization, VIII:32–36

from nucleophilic attack on halogenated
BODIPYs, VIII:28–32

from nucleophilic attack on meso-position,
VIII:36–39
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from nucleophilic attacks on halogenated
BODIPYs, VIII:28–32

Heteroatoms inside aromatic skeleton of Pcs,
UV-vis absorption data, IX:415–448

Heteroatoms, and coordination of metal ions,
III:430

Heterobimetallic complexes, and hydroxy-
/alkoxy-/aryloxy-substituted
phthalocyanines, III:173

Heterocycle-fused porphyrins
β-nitroporphyrins in synthesis of, II:74
microwave-assisted synthesis of,

II:202–203
Heterodimers. See UV-vis absorption data of

sandwich-type Pcs
Hetero-diporphyrins, III:410–411
Heterogeneity, ethyne-bridged

polymersomes/amphiphilic diblock
copolymers and, I:10

HETeronuclear CORrelation spectroscopy for
experiments, VI:8

Heteronuclear correlation, HETCOR map of
dicyanoprotohemin IX, VI:65

Heteronuclear detection
13C-NMR and, VI:346–349
15N-NMR and, VI:349–350
general information, VI:346

Heteronuclear Multiple Bond Correlation
spectroscopy for experiments, VI:8

Heteroporphyrins, as porphyrins with XNNN
for a NNNN cavity, II:105

21-Heteroporphyrins
heteroatom as a donor and coordination

properties of, II:113
as a synthon for organometallic ligands,

II:113
2,3,7,8,12,13-HexabromoTPP, synthesis of,

II:207
Hexadecasubstituted compounds

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-
hexadecasubstituted compounds of
phthalocyanines, III:31–34

and hydroxy-/alkoxy-/aryloxy-substituted
phthalocyanines, III:121

Hexaphyrin combinatorial libraries, III:519
Hexaphyrin, IV:45

amidopyrrole-based receptors and,
VIII:189

[28]hexaphyrin, I:519–529
trans-vinylene bridged hexaphyrin,

I:529–534
Hexapyrrolic expanded porphyrins

excited state dynamics, I:517–518
excited state dynamics (Möbius),

I:523–526
hexapyrrolic (Möbius aromaticity). See

also Hexapyrrolic expanded
porphyrins

Hückel antiaromaticity, I:519,I:529–534
metalation (Möbius), I:528–529
Möbius aromaticity, I:519–528
NMR spectroscopy (Möbius), I:520
nonlinear optical properties (Möbius),

I:527–528
overview, I:515
spectroscopic properties/aromaticity,

I:518–519
steady state spectroscopy, I:515–517
steady state spectroscopy/2D correlation

absorption spectra (Möbius),
I:521–523

Hexvix (ALA-hexyl ester), IV:8
2-(1-Hexyloxyethyl)-2-devinyl

pyropheophorbide-a (HPPH,
Photochlor)

C60-fullerene derivatives, IV:36
HPPH conjugates for MRI and PDT,

IV:294–297
HPPH–cyanine dye (CD) for fluorescence

imaging and PDT, IV:290–293
HPPH nanocrystals, IV:307
In(III) complexes, IV:259–261
structure, IV:34, IV:254
sugar–HPPH conjugates, IV:270–272,

IV:273–274
synthesis, IV:33–34
tumor imaging and PS capacity of cyanine

conjugate, IV:36
See also Pheophorbides;

Pyropheophorbides
HfPc absorption spectra, IX:39–42
HgPc absorption spectra, IX:74–78
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HIF-1 responsive genes, IV:433
High density lipoprotein (HDL), IV:126,

IV:343, IV:345
Highest occupied molecular orbital (HOMO)

energy, dye-sensitized solar cells and,
X:157

Highest occupied orbital (HOMO)
HOMO-LUMO gaps Eeg and, I:8, I:78,

I:82–83, I:89
IR optical communication and, I:89
meso–meso bridge and, I:8
pentapyrrolic expanded porphyrins and,

I:517
supramolecular dyads and, I:314–315
and use as wire, I:78, I:82–83

Highest occupied π molecular orbitals
(HOMOs), MCD spectra and,
VII:392–397

Highly oriented pyrolytic graphite 
(HOPG), and polymerization of
zwitterionic guanidinocarbonylpyrrole,
VIII:174

High-spin/intermediate-spin porphyrin
complexes

and axial ligands for formation of pure
intermediate-spin complexes,
VII:58–61

and electronic ground states in
intermediate-spin complexes,
VII:70–75

formation of pure intermediate-spin
complexes, VII:58–70

general considerations, VII:57–58
and porphyrin ring deformation for

formation of pure intermediate-spin
complexes, VII:61–70

High-valent iron-oxo porphyrins in
oxygenation reactions

and aliphatic C–H activation by Cpd I of
CYP 450, X:108–120

and aliphatic hydroxylation mechanisms
with byproduct formation for CYP
450, X:120–124

and aromatic C–H activation by Cpd I of
CYP 450, X:125–127

and catalytic cycle of CYP 450, X:87–93

and C=C epoxidation by Cpd I of CYP
450, X:127–129

cytochromes P450 as superfamily of
cysteine thiolate-ligated heme
enzymes, X:85–86

and iron(IV)-oxo porphyrin π-cation
radical complexes, X:93–97

and modeling of CYP 450
properties/reactivities of compound I
(Cpd I), X:98–106

and modeling of CYP 450
properties/reactivities of two-state
reactivity, X:106–107

and sulfoxidation by Cpd I of CYP 450,
X:129–131

Hippuric acid, and GFP-chromophore analogs
of BODIPYs, VIII:135–136

HIV
cobaltacarborane porphyrin conjugation to

HIV-1 Tat, IV:220, IV:222–223
HIV-1 transactivator protein (HIV-1 Tat) in

targeted conjugates, IV:278,
IV:279

oxovanadium(IV)–TPP complex effect on
HIV-1b replication, IV:16

SiPc anti-HIV activity, IV:78
sulfonated naphthylporphyrin anti-HIV

activity, IV:14–15
TPP conjugation to HIV-1 transactivator

protein (HIV-1 Tat), IV:144–146
ZnPc conjugation to HIV-1 transactivator

protein (HIV-1 Tat), IV:145, 
IV:147

3H-labeled (tritiated) porphyrins, IV:90,
IV:165

HMQC experiment
2D 13C natural abundance HMQC spectra,

VI:64–69
2D NMR techniques and, VI:64–69

2H NMR spectra methods of assignment
2D 13C natural abundance HMQC spectra,

VI:59–62
2D NMR techniques and, VI:64–69
and complete 13C labeling of protohemin,

VI:59–62
deuteration of specific groups, VI:58–59
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NOE difference spectroscopy and,
VI:63–64

saturation transfer NMR experiments and,
VI:62–63

substitution of H by CH3/other substituents,
VI:57–58

HOMO (a1u), transitions among, II:2
HOMO/LUMO wavefunction symmetry,

IX:6–9
HOMO-1 (a2u), transitions among, II:2
Homochiral-strapped porphyrin with 

chiral cyclohexane auxiliaries, 
X:36–37

Homodimer, nitrous oxide reductase (N2OR)
as, V:130

Homo-diporphyrins, III:409
HOMO-LUMO gaps, mixed pyrroles and,

III:492
Homonuclear correlation spectroscopy

(COSY), 2D NMR techniques and,
VI:64–69

Hormone biosynthesis, cytochrome P450
enzymes and, V:166

Horseradish peroxidase (HRP), IV:412
and biosensor fabrication, V:260–264
as classification, VI:423
Fe(IV)–O determination and, VI:419
and protein engineering application,

V:218–219, V:232
resonance raman (RR) frequencies and,

VI:414, VI:417
and role of 2-/4-substituents in heme

framework, V:10–11
structure of heme cavity with key 

residues of resting state HRP/CCP,
VI:413

UV-vis, EPR spectra, VI:415
Horseradish peroxidase isoenzyme C 

(HRPC)
as classification, VI:372
electronic absorption maxima of Fe(III)

resting state/intermediate compounds
of, VI:418

Host-guest interactions, dihedral angle control
and, I:464–466

Hoveyda-Grubbs catalysts

and cardanol-based porphyrins, 
III:354

and synthesis of porphyrin-fullerene 
dyad, III:354

HPc absorption spectra, IX:12–17
HPPH. See 2-(1-Hexyloxyethyl)-2-devinyl

pyropheophorbide-a (HPPH,
Photochlor)

HSO4
−, dipyrrinone and, VIII:182

Hückel’s rule
hexapyrrolic expanded porphyrins and,

I:519, I:529–534
pentapyrrolic expanded porphyrins and,

I:513–515
Huisgen reaction, as “click chemistry”

reaction, II:270, II:272–273
Human globulin (HG), IV:126
Human hepatic cytochrome P450 CYP3A4,

V:183
Human immunodeficiency virus. See HIV
Human serum albumin (HSA)

nanoparticles, IV:384–385
protein–photosensitizer conjugates, IV:58,

IV:60, IV:126–128, IV:155,
IV:347

2H, unsubstituted Pcs (UV-vis absorption
data) and, IX:102–103

Hybrid CMOS transistor memory, hybrid
electronics and, X:302

Hybrid electronics. See
Conductors/semiconductors for hybrid
electronics

Hybrid nanowire transistor memory, hybrid
electronics and, X:302–303

Hybrid planar-mixed molecular
heterojunctions and OPV by vapor
deposition, X:146–147

Hydrogen bond (HB) geometry
porphycenes and, VII:364
THz spectroscopy and, VII:453–454

Hydrogen bond, subpyriporphyrin and N–HN,
II:128

Hydrogen bonding and BChl mimics,
I:248–249, I:262–263, I:265,
I:269–271, I:280–283, I:289

Hydrogen bonding and dimers, I:243–244
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Hydrogen bonding
complementary base-paired, 

I:329–335
importance of, I:309
ion paired, I:335–338
and organic capture of anions,

VIII:166–167
pyrrole NH site as donor for, 

VIII:167–168
self-assembled porphyrin-fullerene

conjugates via, I:329–338
Hydrogen bonds, combinatorial chemistry of

porphyrins and, III:495–502
Hydrogen peroxide (H2O2), IV:412–413,

IV:418
electrochemical biosensors and, 

V:206–207
Hydrolysis of isopropylidendioxy substituents

(with strong acid), and hydroxy-/
alkoxy-/aryloxy-substituted
phthalocyanines, III:172

Hydroperoxide dissociation, and uncoupling in
catalytic cycle, V:182

Hydroporphyrins, macrocyclization reactions
to give, VIII:467–470

organometallic C–C coupling reactions
and, III:332–334

Hydrosilylation of C–C triple bond,
X:269–270

Hydroxy-/alkoxy-/aryloxy-substituted
phthalocyanines and derivatives

examples of, III:122–168
spectra of, III:235–254, III:286

21-Hydroxyazuliporphyrin, keto-enol
equilibrium of, II:156

22-Hydroxybenziporphyrin
antiaromatic [20]annulenoid structure of

keto tautomer of, II:140
synthesis and keto-enol equilibrium of,

II:140–141
Hydroxyl radical (•OH), IV:6, IV:412–414
Hydroxylation of chiral basket handle

porphyrins, X:76–77
Hydroxylation of chiral picket fence

porphyrins, C–H bond functionalization
and, X:73–74

Hydroxylation of chiral strapped porphyrins,
X:76

Hydroxylation of ethylbenzene by Cpd I(Cl-),
X:125–127

Hydroxylation, as catalyzed by cytochromes
P450, V:189–190

22-Hydroxy-m-benziporphyrin, iron(II),
nickel(II), and palladium(II) complexes
of, II:145

5-(4-Hydroxyphenyl)-10,15,20-
tritolylporphyrin, lanthanide complex
microwave-assisted synthesis of, II:197

Hyperfine shifts, VI:10
Hypericin, IV:429–430
Hypoxia induced by PDT, IV:426,

IV:432–433, IV:441
Hypoxia-inducible factor (HIF-1α),

IV:432–433, IV:435, IV:440
Hypoxia-inducible factor (HIF-1β), IV:432

I
123I-based photosensitizers for PET and PDT,

IV:302, IV:303–304
123I, 124I, and 125I-labeled porphyrins, IV:91–92
124I-based photosensitizers for PET and PDT,

IV:299–303
124I and 125I-labeled phthalocyanines, IV:92
IDO. See Indoleamine 2,3-dioxygenase (IDO)
IM862, IV:434
Imidacene, VII:387–388
Imidazole, heme-imidazole model and NO

signaling, V:153–154
Imidazoles

axial ligand bands and M(II) porphyrins,
VII:444

bis-imidazole adopting (dXZ,dYZ)
4(dXY)

1

ground state, VII:53–54
Imidazolinone, and GFP-chromophore analogs

of BODIPYs, VIII:135–136
Immobilization of complex porphyrin systems,

and surface functionalization of gold,
X:260–263

Immobilization of macrocycle
“click” coupling and, X:265–267
complex porphyrin system immobilization

and, X:260–263
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coordination bond coupling and,
X:264–265

and modulation of surface/macrocycle
linker, X:256–259

multi-linkage of surface/macrocycle and,
X:259–260

TPP derivatives and, X:253–256
Immunoglobulin G (IgG), IV:158, IV:160,

IV:388
Immunotargeting. See Active targeting;

Monoclonal antibody
(MAb)–photosensitizer conjugates

Impedance biosensors, V:255–256
In vitro studies, transferability to living

systems of, VII:408–409
In vivo, meso groups and BODIPYs,

VIII:15–18
Incorporation of Pcs into organic photovoltaic

devices by solution processing,
X:153–157

Indium, unsubstituted Pcs (UV-vis absorption
data) and, IX:130

Indole moieties, acyclic anion receptors and,
VIII:169

Indoleamine 2,3-dioxygenase (IDO)
bacterial TDO compared with IDO

structure, V:112–114
biological/biochemical properties of,

V:73–75
biological functions of, V:73
catalytic properties of, V:75–76
endogenous reducing system for, V:76–77
EPR study of rlDO/rhlDO, V:92–93
heme environment of rhlDO, V:105–107
IDO2 properties, V:75
importance of, V:80
metabolic importance of, V:73
and metabolic pathway of L-tryptophan,

V:73–74, V:74–75
mutagenesis study and rhlDO,V:107–108
overall structure of IDO and rhlDO,

V:103–106
pathological roles of, V:78–80
physiological roles of, V:77–78
resonance Raman spectra of rhlDO,

V:94–97

and spectra of recombinant human IDO,
V:87

Indoles, V:114–116. See also Indoleamine 2,3-
dioxygenase (IDO)

Infectious disease treatment by
photosensitizers, IV:284–286

anionic and cationic pyropheophorbide-a
derivatives, IV:285, IV:286

burn infections, IV:285
Candida albicans, IV:74, IV:392–393
Escherichia coli, IV:47, IV:60, IV:82–83,

IV:387
β-lactamase-enzyme-activated

photosensitizer (β-LEAP), IV:286,
IV:287

leishmaniasis treatment by ALA or Metvix
(ALA methyl ester), IV:285

Mycobacterium tuberculosis, IV:284–285
meso-phenyl-tri(N-methyl-4-

pyridyl)porphyrin (PTMPP), IV:285
Staphylococcus aureus, IV:47, IV:285–286,

IV:388–389
Staphylococcus epidermidis, IV:391
See also Antimicrobial PDT; Photodynamic

therapy (PDT); Photosensitizers (PS)
Infrared (IR) absorptions. See also

Absorptions
BChls mimics and, I:272–273
conjugated porphyrin arrays and, I:4
and semisynthetic BChl mimics, I:282

Infrared spectroscopy/microscopy
abbreviations, VII:438–440
axial ligand bands (carbon monoxide),

VII:445–448
axial ligand bands (cyanide), VII:448
axial ligand bands (dioxygen),

VII:444–445
axial ligand bands (imidazoles), VII:444
axial ligand bands (nitric oxide),

VII:448–450
characteristics of, VII:441
defined, VII:441
electrochemically induced FTIR difference

spectroscopy, VII:463–466
far-infrared (FIR) and effect of temperature

(T-derivative), VII:456–458
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far-infrared (FIR) and free electron lasers
(FELs), VII:453–454

far-infrared (FIR) and metal-ligand
vibrations, VII:454–456

five-/six-coordinate M(II) porphyrins (axial
ligand bands), VII:444–450

infrared microscopy/imaging (space-
resolved techniques), VII:460–461

main spectral ranges (overview), VII:442
mid-infrared (MIR) (general information),

VII:442–443
mid-infrared (MIR) (metal-sensitive

bands), VII:443
M(II)/M(III) porphyrins (redox-/spin-state-

sensitive bands), VII:450–451
motivation and reaction-induced FTIR

difference spectroscopy,
VII:462–463

near-infrared (NIR) recent developments,
VII:452–453

NIR recent developments, VII:452–453
perfusion-induced approaches (stopped-

flow/rapid mixing), VII:481–482
porphyrin π-cation radicals, VII:451–452
pressure and heme doming modes,

VII:459–460
and pressure dependence of features,

VII:458–459
redox-induced FTIR difference spectra

(enzymes from respiratory chain),
VII:468–474

redox-induced FTIR difference spectra
(porphyrins/small hemoproteins),
VII:466–468

synchrotron light (space-resolved
techniques), VII:461

time-resolved techniques/photoinduced
reactions, VII:474–481

Inner-3H form of NCP, aromaticity of NCP2H
vs. that of, II:301–302

Inorganic arsenics methyl transfer, X:337–338
InPc absorption spectra, IX:78–86
Insecticides, cytochrome P450 enzymes and,

V:166
Integrin αvβ3, IV:276
Intensity. See Transition energy (intensity)

Intensity-dependent refractive index,
conjugated porphyrin arrays and, I:4

Interaction parameter (J), and multifrequency
EPR spectroscopy/reactivity of catalytic
intermediates, VI:422–424

Interfaces on protein surface, and heme-
propionate side chains, V:41, V:43–44

Interfacial electron transfer dynamics, dye-
sensitized solar cells and, X:166–167

Interleukin-1 beta (IL1β), IV:432, IV:435
Intermediates. See Catalytic intermediates of

peroxidases
Intermediate-spin/high-spin porphyrin

complexes
and axial ligands for formation of pure

intermediate-spin complexes,
VII:58–61

electronic ground states in, VII:70–75
formation of pure intermediate-spin

complexes, VII:58–70
general considerations, VII:57–58
and porphyrin ring deformation for

formation of pure intermediate-spin
complexes, VII:61–70

Internal N4 cavity
importance of, VII:368
influence of substituents on, VII:369–373
N–N distances of, VII:369

International Union of Pure and Applied
Chemistry (IUPAC), biosensors and,
V:205

Intracellular peroxidases of prokaryotic origin
(class I), as classification, VI:372

Intramolecular CH activation of pincer-like
palladium complexes, open-chain
oligopyrrole systems and,
VIII:441–444

Intramolecular energy, cofacial porphyrin
dimers and, I:54

Intramolecular π–π interaction, X:190–191,
X:210, X:212–213. See also Planar vs.
nonplanar porphyrins

porphyrin–nanocarbon composites and,
X:221–222

Iodine species and aziridination, importance
of, X:68
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Ion paired hydrogen bonding interactions,
I:335–338

Ionic liquids, microwave radiation absorbance
and, II:197

Ion-selective field effect transistors (ISFETs),
V:254

Iridium, unsubstituted Pcs (UV-vis absorption
data) and, IX:134

IRIS, Australian Synchrotron, VII:441
Iron biliverdin complexes. See also

Biomimetic iron complexes
and anions with 50% thermal ellipsoids,

VIII:323–324
{FeIII(µ-OEB)}2, VIII:322–323
isomers of {MIII(OEB)}2, VIII:323
oxidative formation of iron tripyrrole

complex, VIII:323–324
pyridine solutions and dioxygen exposure,

VIII:327–328
and ring opening reactions of

XFeII(OEOP), VIII:325–326
role in heme cleavage, VIII:321–322
and XFeII(OEOP) (high-spin, five-

coordinate), VIII:326–327
Iron oxypyriporphyrin complex, myoglobin

heme pocket and, V:32
Iron porphyrin complexes

13C NMR spectroscopy to determine
electronic structures, VII:15–20

1H NMR spectroscopy to determine
electronic structures, VII:12–15

and axial ligands effect on ground states,
VII:26–31

and axial ligands for formation of pure
intermediate-spin complexes,
VII:58–61

to determine electronic structures
(iron porphyrin complexes),
VII:20–22

effect of peripheral substituent on ground
states, VII:31–39

and electronic ground state in intermediate-
spin complexes, VII:70–75

and electronic ground states in
intermediate-spin complexes,
VII:70–75

[Fe(MAzP)L2]
± and [Fe(OEP)L2]

±,
VII:82–87

and [Fe(OETPP)L2]
+ spin crossovers

between S = 3/2 and S = 1/2,
VII:76–80

and [Fe(OMTPP)L2]
+ and Fe(TBTXPL)L2

+

spin crossovers, VII:80–82
formation of pure intermediate-spin

complexes, VII:58–70
general considerations, VII:57–58
and iron(IV) porphyrins with FeIV=O bond,

VII:124–127
and iron(IV) porphyrins without FeIV=O

bond, VII:127–129
low-spin iron(III) porphyrin complexes

(general considerations),
VII:22–26

one-electron-oxidized products, iron(III)
with (dxz, dyz)

4(dxy)
1 electrons and,

VII:117–124
one-electron-oxidized products of iron(III)

porphyrins (general information)
and, VII:108–109

one-electron-oxidized products of iron(III)
porphyrins (high-spin cation
radicals) and, VII:109–113

one-electron-oxidized products of iron(III)
porphyrins, iron(III) with (dxy)

2(dxz,
dyz)

3 electrons and, VII:116–117
one-electron-oxidized products of iron(III)

porphyrins (low-spin cation radicals)
and, VII:115–124

one-electron-oxidized products of iron(III)
porphyrins (mixed high-
spin/intermediate-spin cation
radicals) and, VII:114–115

orbital interactions to determine electronic
structures, VII:7–11

and porphyrin ring deformation for
formation of pure intermediate-spin
complexes, VII:61–70

ruffled porphyrin ring deformation in,
VII:39–45

saddled deformation in, VII:45–47
and solvent effects on electronic ground

states, VII:47–53
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spin crossover (general considerations),
VII:75–76

spin crossover structural consequences and,
VII:87–91

and spin crossovers between S = 3/2 and
S = 5/2 (monoaqua complexes),
VII:94–95

and spin crossovers between S = 3/2 and
S = 5/2 (monoaqua complexes of
saddled porphyrins), VII:91–94

and spin crossovers in monoimidazole
complexes, [Fe(OETPP)L]+,
VII:101–108

and spin crossovers in monoimidazole
complexes, [Fe(TMP)L]+ and
[Fe(TMTMP)L]+, VII:96–101

and spin crossovers in monoimidazole
complexes (general information),
VII:95–96

spin states of, VII:5–6
two-electron-oxidized products (general

considerations) of, VII:129
two-electron-oxidized products, iron(III)

N-oxides, VII:134
two-electron-oxidized products, iron(III)

porphyrin dications, VII:134
two-electron-oxidized products, iron(V)

porphyrins, VII:134
two-electron-oxidized products,

oxoiron(IV) cation radicals,
VII:130–134

Iron porphyrin. See Hemoproteins
(reconstituted with artificially created
hemes)

Iron porphyrins. See also Heme acquisition
(by hemophores)

1H/13C NMR spectroscopy of high-/low-
spin ferriheme proteins and,
VI:190–251. See also Ferriheme
proteins

bis-ammine/amino ester/phosphine
complexes and, VI:159–160

bridged dimeric complexes (six-
coordinate monomeric iron(III)
porphyrin complexes) and,
VI:125–128

cytochrome oxidase/NO reductase and,
VI:96–102

cytochrome P450/chloroperoxidase and,
VI:96

deoxyhemoglobin/deoxymyoglobin and,
VI:93–96

(dxz,dyz)
4(dxy)

1 ground state of low-spin
iron(III) porphyrins and,
VI:161–164

and effect of porphyrin substituents on
pattern of spin delocalization,
VI:147–150

five-coordinate diamagnetic iron(II)
porphyrins and, VI:85

five-coordinate high-spin iron(II)
porphyrins and, VI:93–106

and five-coordinate low-spin iron(III)
porphyrins/porphycene, VI:179–182

five-coordinate monomeric iron(III)
porphyrin complexes and,
VI:107–112

and g-values of low-spin iron(III)
porphyrins/ferriheme proteins,
VI:135–138

and Griffith’s three-orbital theory/data for
low-spin iron(III) porphyrins,
VI:134, VI:139–147

heme ruffling of nitrophorins/comparison
to other hemes, VI:217–221

high-spin iron(III) π-cation radicals,
VI:251–252

high-spin iron(III) porphyrins and,
VI:107–128

hydroxide/fluoride complexes and, VI:103
imidazolate ligands and, VI:152
and imidazole plane orientation,

VI:152–159
intermediate-spin iron(II) porphyrins and,

VI:85, VI:88–93
intermediate-spin iron(III) porphyrins and,

VI:128–132
iron(II) porphyrin π-cation radicals and,

VI:106–107
iron(I) porphyrins and, VI:83–84
iron(III) complex of tetraphenyl-21-

oxaporphyrin (six-coordinate
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monomeric iron(III) porphyrin
complexes) and, VI:123–124

iron(III) complexes of mono-meso-
octaethyloxaporphyrin/mono-meso-
octaethylazaporphyrin
(six-coordinate monomeric iron(III)
porphyrin complexes) and,
VI:124–125

iron(III) corrole π-radicals, VI:256–258
iron(III) dioxooctaethylisobacteriochlorin

complexes (six-coordinate
monomeric iron(III) porphyrin
complexes) and, VI:123

iron(III) monooxochlorin complex (six-
coordinate monomeric iron(III)
porphyrin complexes) and,
VI:122–123

iron(III) octaethyl-/tetraphenylchlorin (six-
coordinate monomeric iron(III)
porphyrin complexes) and,
VI:117–121

iron(III) π-cation radicals of oxophlorins,
VI:254–256

iron(III) sulfhemins (six-coordinate
monomeric iron(III) porphyrin
complexes) and, VI:117

iron(IV) porphryin π-radicals, VI:261–266
iron(IV) porphyrins, VI:258–261
and kinetics of axial ligand exchange,

VI:187–188
and low-spin FeIII complexes of meso-

meso-linked 5,5′-bis(10,15,20-
triphenylporphyrin), VI:178–179

and low-spin iron(III) complexes of N-
alkylporphyrins, VI:186

and low-spin iron(III) complexes of
reduced hemes, VI:182–185

low-spin iron(III)/low-spin iron(II)
porphyrin electron exchanges,
VI:188–190

low-spin iron(III) π-cation radicals, VI:254
and mixed ground state behavior of bis-

cyanide complexes, VI:164–167
and mixed ground state behavior of bis-

(pyridine) complexes of low-spin
ferrihemes, VI:167–174

and mixed ground state behavior of bis-
(pyridine) complexes of
oxophlorins/meso-aminoporphyrins,
VI:174–178

mixed-ligand complexes and, VI:160–161
N-alkyl/aryl porphyrin complexes and,

VI:103–104
N-modified macrocycle complexes and,

VI:105–106
neutral imidazole ligands and,

VI:150–152
nitrite reductase activity of nitrophorin 7

and, VI:221–222
NMR investigations of high-spin forms of

nitrophorins from Rhodnius prolixus,
VI:196–204

NMR investigations of low-spin forms of
nitrophorins from Rhodnius prolixus,
VI:207–217

NMR spectroscopy of apo-nitrophorin 2,
VI:223–224

NMR spectroscopy of miscellaneous other
heme proteins, VI:249–251

NMR spectroscopy of nitrophorins,
VI:190–196

NMR studies of bacterial heme
oxygenases, VI:230–243

NMR studies of dynamic reactvity
relationships, VI:243–249

and NMR studies of low-spin iron(III)
porphyrins with (dxy)

2(dxz,dyz)
3

ground state, VI:147–161
NMR study of high-/low-spin mammalian

heme oxygenases, VI:227–230
pH titration of high-spin forms of

nitrophorins from Rhodnius prolixus,
VI:204–207

six-coordinate diamagnetic iron(II)
porphyrins and, VI:84–87

six-coordinate monomeric iron(III)
porphyrin complexes and,
VI:112–116

spin-admixed/intermediate-spin iron(III) π-
cation radicals, VI:253–254

and thermodynamics of axial ligation of
iron(III) porphyrins, VI:186–187
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two iron(III) octaethylisobacteriochlorin
isomers (six-coordinate monomeric
iron(III) porphyrin complexes) and,
VI:121–122

verdoheme analogs (OEOP) and,
VI:104–105

Iron(II) p-N-confused pyriporphyrin,
Fe(II)–[C9220-H] interaction in,
II:131

Iron(II) porphyrin, synthesis of poly(ethylene
glycol)(PEG) immobilized, II:281,
II:283

Iron(II) porphyrinoid, coordination complex
of, II:156, II:157

Iron(III) 3-aza-22-hydroxy-m-benziporphyrin,
formation of, II:131

Iron(III) complexes of
NCTPP, II:313
21-oxo-NCTPP, II:312

Iron(III) N-oxides, VII:134
Iron(III) p-N-confused pyriporphyrin, crystal

structure of, II:132
Iron(III) porphyrin dications, VII:134
Iron(V) porphyrins, VII:134
Iron, unsubstituted Pcs (UV-vis absorption

data) and, IX:115–119
Iron-catalyzed cyclopropanation, X:45
Iron-oxo porphyrins in oxygenation reactions.

See High-valent iron-oxo porphyrins in
oxygenation reactions

IrPc absorption spectra, IX:65–68
Isobacteriochlorin derivatives,

metalloporphyrin structure/electron
configurations and, VI:14–16

Isobacteriochlorins, II:194, IV:5
frontier molecular orbitals of, VI:49
metalloporphyrin structure/electron

configurations and, VI:10–11
Isoenzymes, plant peroxidases and, 

VI:372
Isoindole precursors

TBPs and TNPs synthesis, oxidative
method and, II:8–19

TBPs and TNPs synthesis, retro-
Diels-Alder method and, 
II:19–44

TBPs and TNPs synthesis and use of
soluble, II:44–55

2H-Isoindole, synthesis of TBPs and, II:5–6
Isoindole units of Pcs, IX:3
Isomers of porphyrin. See Porphyrin isomers
Isomers

diporphyrins and, I:90
ethynyl-conjugated porphyrin arrays and,

I:7
face-to-edge/face-to-face arrangements of,

I:146
self-sorting systems from meso-meso-

linked diporphyrins and, I:108
Isomers

mixed pyrroles and, III:491–492
phthalocyanine libraries and,III:517–518

Isooxazolidine-fused chlorin, II:262–263
Isoporphycene derivatives

cis/trans tautomeric forms of, VII:376–378
electronic absorption data of, VII:383
electronic absorption spectra of,

VII:390–392
formulas of most stable tautomeric form of,

VII:362
Isoporphycene, as skeletal isomer of

porphyrin, II:296–297

J
Jablonski diagram, photophysical processes

after light absorption, VII:268
J-Aggregate, exciton coupling and,

VII:150–151
J-Type aggregates, and UV spectral changes of

acyclic anion receptors, VIII:225

K
K2Pc absorption spectra, IX:17–21
Karenia mikimotoi, and determination of

absolute configurations of natural
products, VII:233

Karlsruhe Synchroton (ANKA), I:263
KatG. See Catalase-peroxidases (KatGs)
Ketopyrrole complexes as analogs, BODIPYs

and, VIII:143–144
Ketopyrroles, and syntheses of unsymmetrical

BODIPYs, VIII:12
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Killer beacons, IV:394
Kinetic behavior

of ligand binding, V:9
and photooxidation of Compound II with

ferric enzyme, V:180
steady-state kinetics/uncoupling in catalytic

cycle, V:181–182
Kinetic isotope effect (KIE) ratio, 

X:122
Kirkwood model, and natural chlorophyll

a/bacteriochlorophyll a and derivatives,
VII:180

1,3,5,6-tetrastyryl-BODIPY dyes and,
VIII:59–61

3,5-styryl-BODIPY dyes and,
VIII:52–59

Kohn-Sham (DFT-KS) orbitals, I:314
Kynurenine (Kyn) metabolic pathway,

IDO/TDO and, V:73

L
Lactoferrin, and bacterial acquisition of iron,

VI:340–341
Lactoperoxidase (LPO)

as component of superfamily of animal
peroxidase, VI:430

resonance raman (RR) frequencies and,
VI:434–436

Langmuir-Blodgett layers, as biomimetic
membrane, V:230–231

Lanthanide elements absorption spectra,
IX:28–37

Layer-by-layer (LbL) assembly
defined, V:297
as molecular self-assembly, 

V:226–229
LC3-I protein lipidation, IV:416–418
Lead, unsubstituted Pcs (UV-vis absorption

data) and, IX:134
Lectins, IV:133, IV:265, IV:270

See also Galectins
Lewis acidity, and determination of absolute

configurations of natural products,
VII:238

supramolecular porphyrin complexes and,
X:215–216, X:220

Li2Pc/LiHPc/LiPc/Na2Pc/K2Pc absorption
spectra, IX:17–21

Library of compounds. See Combinatorial
chemistry of porphyrins

Lifetimes (τT)
basic photophysical parameters of,

VII:399–401
carboxylated derivatives and,

VII:316–317
MPc(SO3)mix complexes (sulfonated

derivatives) and, VII:315–316
MPc(SO3)n complexes (sulfonated

derivatives) and, VII:316
quaternized derivatives and, VII:317–318

Ligand binding, peroxidases
(plant/fungal/bacterial superfamily) and,
VI:403–410

Ligands from biliverdin/bilirubin
(tetrapyrroles), and preparation of open-
chain oligopyrrole systems,
VIII:361–362

Ligands, axial, UV-vis absorption data of sub-
/super-Pcs and, IX:101. See also
Dipyrrins

aryl-amination and, III:391–393
from biliverdin/bilirubin in preparation of

open-chain oligopyrroles,
VIII:361–362

and diesters of protoheme IX in
apomyoglobin, V:13

importance in synthesis of dipyrrinato
complexes, VIII:247

kinetic/thermodynamic behavior of, V:9
meso-amination and, III:380
metal-ligand vibrations and, VII:454–456
metallocenes and, III:446
N-heterocyclic carbenes as, III:451
nitrous oxide for manganese-substituted

hemoproteins, V:25
O2 binding and 2-/4-position vinyl groups,

V:8
palladium-catalyzed C-C reactions and,

III:369–370, III:372
palladium complexes of bidentate nitrogen

donor, III:372–373
porphyrazines and, III:468
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rebinding and light-induced FTIR
difference spectroscopy,
VII:475–476

rebinding in cytochrome c oxidase,
VII:476–479

ring skeletal structures of tetrapyrrole
ligands, VIII:294–295

tetradentate porphyrazine, III:471
zinc porphyrins and, III:454

Ligand-to-metal charge transfer (LMCT), and
open-shell substituted transition-metal
phthalocyanines, III:283

Ligation
(diastereomeric) of BChls, I:231–238
Front/back face, I:234

Light-harvesting complex 2 (LH2), and
spectra of natural chlorophyll
a/bacteriochlorophyll a and derivatives,
VII:185–191

Light-harvesting complexes. See also Self-
assembled porphyrin arrays

and basics of photosynthetic bacteria,
I:223–228

crystal structure of, I:2–4
importance of chlorosome for, I:299

LiHPc absorption spectra, IX:17–21
Lindsey method

synthesis of meso-arylsubstituted
[14]triphyrin(2.1.1) using modified,
II:34, II:40

synthesis of meso-tetraarylporphyrin using,
II:34

a ‘thermodynamic nightmare’, II:135
Linear multi-porphyrin arrays

and bridging ethyne in ground/excited
states, I:9–10

chiroptical sensing of asymmetric
hydrocarbons, I:24

Glaser-Hay coupling reaction making
butadiyne-linked porphyrin
oligomers, I:11

meso-to-meso ethyne-bridged linkage, I:8
one-dimension linear (ZN and TN arrays),

I:443–448
symmetrical tridecyl substituents and, I:16
TPA and, I:18–21

Linear one-dimensional porphyrin arrays,
I:458

Linewidths. See Nuclear relaxation/linewidths
Linkage between CNT/macrocycle: π–π

interaction, and noncovalent linkage of
carbon nanotubes, X:289–292

Linkage, covalently linked conjugates and,
I:146

21-21’-Linked NFTPP dimer, synthesis and
ring-opening reaction of, II:344,
II:345

Linkers in conjugates, IV:164–169
conjugation conditions, summary,

IV:182–185
dextran, IV:153–155, IV:166–167
multiplying units, IV:330–331, IV:335,

IV:342, IV:369, IV:374
polyglutamic acid (PGA), IV:169, IV:296,

IV:337–338
polylysine, IV:167–168, IV:170,

IV:338–339
polymeric linkers, overview, IV:164,

IV:335
polyvinyl alcohol (PVA), IV:153–155,

IV:164–166, IV:335–337
sulfo-m-maleimidobenzoyl-N-

hydroxysuccinimide ester (SMBS),
IV:165–166

See also Antibody conjugation with
photosensitizers; Conjugates;
Dendrimers

LiPc absorption spectra, IX:17–21
Liposomes, as biomimetic membrane, V:230,

IV:354, IV:363–366
chlorins in, IV:34
2,3-dihydro-5,15-di(3,5-

dihydroxyphenyl)porphyrin, IV:41
as drug carrier systems, IV:124, IV:329
naphthalocyanines (NPc) in, IV:87, IV:89
phosphatidylcholine and phosphatidic acid

(PC–PA) liposomes, IV:366
phosphatidylcholine and

phosphatidylglycerol (PC–PG)
liposomes, IV:366

phthalocyanines in, IV:73
polycationic liposomes (PCL), IV:363
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stratum corneum lipids liposomes (SCLL),
IV:364–365

structure and properties, IV:354, 
IV:363

See also Micelles; Passive targeting
Liquid crystalline mesophase, β-substitution in

porphyrins and, II:105
7Li (lithium-7), IV:192
Lithium(I) monobenziphthalocyanine, crystal

structure of, II:165
Lithium, unsubstituted Pcs (UV-vis absorption

data) and, IX:103
Long-distance charge separation reactions,

ferrocene-porphyrin-fullerene
composites and, I:11–12

Low density lipoprotein (LDL)
benzoporphyrin derivative monoacid ring A

(BPD-MA) complex, IV:126
chlorin e6 conjugates, IV:345
covalent conjugation with

photosensitizers, IV:151–152,
IV:156–157, IV:345

hematoporphyrin (HP) conjugates,
IV:345

noncovalent conjugation with
photosensitizers, IV:125–127,
IV:146, IV:344–345

very low density lipoprotein (VLDL),
IV:126

Lowest unoccupied molecular orbital (LUMO)
energy

dye-sensitized solar cells and, X:157,
X:161

pentapyrrolic expanded porphyrins and,
I:517

structural modification in Pcs and OPV
by vapor deposition and, 
X:148–149

supramolecular dyads and, I:314–315
Lowest unoccupied orbitals (LUMOs), MCD

spectra and, VII:392–397
Low-spin cation radicals, VII:115–124
Low-spin complexes with rare electronic

ground state
bis-imidazole adopting (dXZ,dYZ)

4(dXY)
1

ground state, VII:53–54

bis-tert-butylisocyanide adopting
(dXY)

2(dXZ,dYZ)
3 ground state,

VII:54–57
Low-spin ferriheme proteins, effect of 

axial ligand plane orientation on,
VI:50–55

Low-spin iron(III) porphyrin complexes
and axial ligands effect on ground states,

VII:26–31
effect of peripheral substituent on ground

states, VII:31–39
general considerations, VII:22–26
ruffled porphyrin ring deformation in,

VII:39–45
saddled deformation in, VII:45–47
and solvent effects on electronic ground

states, VII:47–53
Low-spin iron(III) porphyrins

bis-ammine/amino ester/phosphine
complexes and, VI:159–160

effect of porphyrin substituents on 
pattern of spin delocalization,
VI:147–150

and g-values of low-spin iron(III)
porphyrins/ferriheme proteins,
VI:135–138

and Griffith’s three-orbital theory/data for
low-spin iron(III) porphyrins,
VI:134, VI:139–147

imidazolate ligands and, VI:152
and imidazole plane orientation,

VI:152–159
mixed-ligand complexes and, 

VI:160–161
neutral imidazole ligands and, 

VI:150–152
Low-temperature spectroscopy, of porphyrin

isomers, VII:397–399
L-Tryptophan (Trp). See Tryptophan 2,3-

dioxygenase (TDO); Tryptophan
catabolism (heme dioxygenases)

Luminescent markers, II:2
Luminescent properties, of rhodamine-

phthalocyanine conjugates, III:90–91
LUMO (egx, egy) transitions among, II:2
LURE (France), VII:441
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Lutetium, unsubstituted Pcs (UV-vis
absorption data) and, IX:136

Lutex, IV:256, IV:263–264, IV:410–411
See also Texaphyrins

LY294002, IV:437–438
Lysosome targeting by photosensitizers,

IV:410–411
amino group-appended polystyrene

microspheres, IV:366
antibody fragment–photosensitizer

conjugates, IV:170
HPPH–carbohydrate conjugates, IV:36,

IV:271–272
mono-L-aspartyl chlorin e6, IV:386
nanoparticle–photosensitizer conjugates,

IV:36, IV:306, IV:386
PEG-porphyrins, IV:368
peptide–photosensitizer conjugates,

IV:278–279, IV:343, IV:386
phthalocyanines (Pc), IV:78, IV:83,

IV:145, IV:279–280
protoporphyrin-IX (PPIX), IV:371
SMA-ZnPpIX micelles, IV:383
tetravinyl-MPc(VS)4, IV:70
TPP conjugates, IV:144

M
M(II) porphyrins

axial ligand bands and carbon monoxide,
VII:446–448

axial ligand bands and dioxygen,
VII:444–445

axial ligand bands and imidazoles,
VII:444

axial ligand bands and nitric oxide,
VII:448–450

M(OEB), VIII:310–318
Macrocycle flexibility, Hückel and Möbius

molecular topology, meso substituted
hexaphyrins and, II:180

Macrocycle immobilization
“click” coupling and, X:265–267
complex porphyrin system immobilization

and, X:260–263
coordination bond coupling and,

X:264–265

and modulation of surface/macrocycle
linker, X:256–259

multi-linkage of surface/macrocycle and,
X:259–260

TPP derivatives and, X:253–256
Macrocycle of phthalocyanine, preparation of

phthalocyanines with substituents
connected to core via, III:45, III:61

Macrocyclic aromatization, oxidation of O-
and S-confused porphyrins and, II:119

Macrocyclic delocalization, pyridine moiety in
pyriporphyrins and, II:128–129

Macrocyclizations (templated), and
coordination interactions. See
Coordination chemistry of open-chain
oligopyrroles

Macromolecules, C–C coupling reactions and,
III:348–352

Macrophages as PDT targets, IV:73, IV:153,
IV:343

Magnesium
NiTAP/MgTAP absorption spectra

compared, IX:4–5
unsubstituted Pcs (UV-vis absorption data)

and, IX:103
Magnesium-substituted hemoproteins,

myoglobin/hemoglobin/HRP and, V:27
Magnetic circular dichroism (MCD) spectra,

HOMOs/LUMOs and, VII:392–397
Magnetic circular dichroism (MCD) spectra.

See also Spectroscopy
of cNOR/qNOR/qCuANOR, V:134–135

Magnetic circular dichroism (MCD), IX:5
Magnetic resonance imaging (MR imaging,

MRI)
conjugates for magnetic resonance imaging

and PDT, IV:294–297
contrast-enhancing agents, IV:294–295
fluorinated product use in 19F-MR imaging,

IV:31–32, IV:62
Gd(III)-based conjugates for MRI and

PDT, IV:294–297
Gd(III)-based contrast agents, IV:294,

IV:295–297
Gd(III)-based MRI contrast agents, IV:294,

IV:295–297

Cumulative Index to Volumes 1–10 457

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 457



HPPH conjugates for MRI and PDT,
IV:294–297

polyacrylamide (PAA)-based nanoparticles
for MRI and PDT, IV:310–312

Magnetic structures. See Electronic/magnetic
structures

Magnetic transition moment (mij), circular
dichroism (CD) and, VII:148–149

Magnetochemical series, for formation of pure
intermediate-spin complexes,
VII:58–60

MALDI. See also Spectroscopy
and mixed reactant approaches to solution

phase combinatorial porphyrin
libraries, III:489–490

and modification of porphyrin macrocycle,
III:511

Manganese hemoproteins, reconstituted
hemoproteins and, V:25–26

Manganese peroxidases (MNP), plant
peroxidases and, VI:373

Manganese protoporphyrin IX, heme
substitution and, V:7

Manganese(II) complex of
NCTPP, II:307
(NCTPP)Br and reversible conversion

between MnIII(NCTPP2-)Br,
II:306–307

(NCTPP)(NCTPPH2
)
, II:308

(NCTPP)(py), II:308
Manganese(III) complex of

(NCTPP)Br, II:306
(NCTPP)(py)2, II:308

Manganese, unsubstituted Pcs (UV-vis
absorption data) and, IX:115

Marcus parabola, charge-recombination in,
I:142–144, I:148–149

Marcus theory of electron transfer, X:184–186
Marcus theory of electron transfer,I:138–139
Masked isoindole, pyrrole fused with

bicyclo[2.2.2]octadiene(BCOD) as,
II:20–21

Material-wave interactions, microwave-
assisted reactions and, II:195

Matrix metalloproteinases (MMPs), IV:281,
IV:427, IV:435–437, IV:440, IV:441

MAXLab (Sweden), VII:441
M-benzi-24-oxaporphyrin, palladium(II)

complex and coordination cavity
hydrogens of, II:146

M-benziphthalocyanines, II:162
coordination modes of, II:164

M-benziporphyrins
as carbaporphyrinoid with m-benzene

subunit, II:106–107
internal reactivity of, II:145
properties of, II:137–138

Mediator, V:297
MEK1/2 inhibitor PD98059, IV:430, IV:431
Membrane trafficking and PDT,

IV:418–419
Membrane-bound enzymes

and bacterial NOR, V:132
electrometric measuring of, V:139–140
and respiratory nitrate reductase (Nar),

V:128
structure comparison with soluble

cytochrome, V:184–185
Membranes/electrodes immobilization of

hemoproteins, and nanobiomaterials,
V:49–53

Memory, hybrid electronics and, X:300–303
Mercaptoporphyrins. See

Sulfanylation/selenation (C–S/C–Se
coupling)

Mercuration of porphyrins, regioselectvity in,
II:234

Mercury(II) complex of
(2-Me-NCTPP)Ph, II:334, II:335
5,20-Ph2-NCP, II:334

Mercury, unsubstituted Pcs (UV-vis absorption
data) and, IX:134

Mercury-functioning porphyrins, and
peripherally metalated derivatives,
III:432–438

Merox process, III:90
Meso allyl porphyrins, Ruthenium-catalyzed

C-C coupling reactions and,
III:353–354

Meso-(1-anthryl)porphyrins, II:60, II:62
Meso-(2-iodophenyl)porphyrin, intramolecular

cyclization of, II:210
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Meso-(4-methylphenyl)prophyrin,
microwave-assisted synthesis of,
II:200

Meso-(9-anthryl)porphyrins, II:60, II:62
Meso-/β-brominated porphyrins, transition

metal catalysts and, I:7
Meso-/β-doubly linked Ni(II) porphyrins, as

fused porphyrin array, I:88–89
Meso-alkoxyphenylporphyrins, synthesis

using microwave irradiation, II:201
Meso-alkoxy-substituted TBP, synthesis of,

II:5
Meso-alkylidenyl sapphyrins, synthesis of

dithia analog of, II:177–178
Meso-amination (C–N coupling), palladium-

catalyzed, III:379–384
Meso-aromatic substituents on BODIPY

core
and fluorescence control via photoinduced

electron transfer, VIII:18–24
general characteristics of, VIII:15–18

Meso-aryl substituted [14]subporphyrin(1.1.1),
II:34

Meso-aryl substituted [14]triphyrin(2.1.1)
modified Lindsey method and synthesis of,

II:34, II:40
molecular shape of, II:34

Meso-arylporphyrins, II:194
Meso-borylation (C–B coupling), palladium-

catalyzed, III:374–377
Meso-borylporphyrins, II:60
Meso-etheration/hydroxylation (C–O

coupling), palladium-catalyzed,
III:404–413

Meso-ethynylated porphyrins, I:78
Meso-formylporphyrins, as precursors to 1,3-

dipole moiety, II:267, II:269
Mesoheme

heme substitution and, V:7
monopropionates’ O2 affinities/autoxidation

and, V:13–14
Meso–meso-linked diporphyrins. SeeMeso-

meso-linked porphyrin array
Meso–meso-linked oligoporphyrin bis-

malonates with C60, Bingel reaction of,
I:89–90

Meso–meso-linked porphyrin array. See also
Photophysical properties of porphyrin
arrays

linear Zn(II) and, I:441
self-sorting systems from meso-meso-

linked diporphyrins, I:101–110
synthesis of, I:5

Meso-nitrogen atoms, and transition-metal
alkoxy-substituted phthalocyanines,
III:169

Meso-octaaryl-bisporphyrins, chiral β-
pyrrolic-linked, II:222, II:224

Meso-pentafluorophenyl-extended porphyrins,
II:39, II:44

Meso-phenyl-tri(N-methyl-4-pyridyl)porphyrin
(PTMPP), IV:285

Meso-phosphoration (C-P coupling) ,
III:417–421

Meso-substituted benzoporphyrins, II:24,
II:28

Meso-substituted BODIPYs
Meso-substituted porphyrins, II:194
Meso-substituted synthetic porphyrin dianion

derivatives, metalloporphyrin
structure/electron configurations and,
VI:12, VI:16

Meso-sulfanylation/selenation, palladium-
catalyzed, III:413–415

Meso-tetra(4-pyridyl)porphyrin, microwave-
assisted synthesis of, II:200

Meso-tetra(4-sulfonatophenyl) porphyrin,
IV:14

Meso-tetraarylcarbaporphyrins, approaches for
synthesis of, II:111, II:112, II:113

Meso-tetraarylporphyrin, “click chemistry”
mediated cotton fabric grafted with,
II:281, II:283

Meso-tetraarylporphyrins
β-functionalization of, II:206
cycloadditions of azomethine ylide vs.

nitrones with, II:262
meso-tetrabromoporphyrin in alternative

synthesis of, II:57
microwave-assisted synthesis of, II:196
porphyrin synthesis and selective

functionalization of, II:55
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reaction of azomethine ylide with, II:259,
II:260

reviews on the synthesis of, II:194
standard Lindsey method for synthesis of,

II:34
studies in bromination of, II:206–207

Meso-tetraaryl-substituted porphyrin isomer,
VII:362, VII:369–370

Meso-tetraaryltetraphenanthroporphyrins, II:47
Meso-tetrakis(3,4,5-

trimethoxyphenyl)porphyrin,
microwave-assisted synthesis of, II:200

Meso-tetrakis(3-hydroxyphenyl)porphyrin,
microwave-assisted synthesis and
complexation of, II:197

Meso-tetrakis(3-nitrophenyl)porphyrin,
microwave-assisted synthesis of, II:200

Meso-tetrakis(4-azido-2,3,5,6-
tetafluorophenyl)porphyrin, “click
chemistry” reaction of dimethyl
acetylenedicarboxylate with, II:275,
II:277

Meso-tetrakis(4-chlorophenyl)porphyrin,
microwave-assisted synthesis and
complexation of, II:197

Meso-tetrakis(4-methoxyphenyl)porphyrin,
microwave-assisted synthesis of,
II:200

Meso-tetrakis(4-t-butylphenyl)porphyrin,
microwave-assisted synthesis of,
II:196–197

Meso-tetrakis(p-chlorophenyl)porphyrin,
cycloaddition of 2,6-
dichlorobenzonitrile to, II:264, II:266

Meso-tetrakis(pentafluorophenyl)porphyrin,
Diels-Alder cycloaddition of pentacene
to, II:203–205

Meso-tetrakis(pentafluorophenyl)porphyrin,
Diels-Alder cycloaddition of pentacene
to nucleophilic substitution of p-fluoro
atoms in, II:202

Meso-tetrakis[4-(terpyridin-4′-
yl)phenyl]porphyrin, free-base and
terpyridin-based Ru(II) complex
microwave-assisted synthesis of,
II:198–199

Meso-tetraphenylporphyrin (TPP), IV:14–16,
IV:40–41, IV:144–148, IV:193, IV:345

kinetic study of microwave-assisted
synthesis of, II:198, II:200

microwave-assisted synthesis and
complexation of, II:197

Meso-tetraphenylporphyrins, synthesis of β-
substituted arylethynyl, II:228, II:229,
II:231–232

Meso-tetraphenyltetra(2,3-naphtho)porphyrin
(Ph4TNP) Zn-complex, synthesis of,
II:31

Meso-tetrapyridylporphyrin (TMPyP), IV:14
Meso-to-meso ethyne-bridged linkage, linear

multi-porphyrin arrays and, I:8
Meso-unsubstituted TBPs, synthesis of

soluble, II:15, II:17
Meso-unsubstituted TNPs, synthesis of

soluble, II:15, II:17
Meso-η1-palladio intermediates, Pd-catalyzed

C-C reactions and, III:371–372
Meso-η1-palladio-/platinoporphyrins, metal-

bridged porphyrin arrays and,
I:110–111

Met172 residue, VI:412
Meta-benziporphyrin, crystal structure of,

II:142
Meta-benziporphyrins, properties of

coordination complexes of, II:143,
II:144

Meta-chloroperoxybenzoic acid
P450cam Compounds I/ES and,

V:315–316
of P450cam reaction with, V:307

Metal complexes, formylbiliverdin/related
tetrapyrroles, VIII:328–334

Metal complexes, structural diversity in
porphyrins vs. NCPs, II:303–304

Metal coordination. See also Coordination
chemistry of open-chain oligopyrroles

bilirubin/biliverdin behavior toward metal
ions and, VIII:406–410

interaction of prodigiosenes with metal
ions, VIII:377–378

and organic capture of anions,
VIII:166–167
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tripyrrinone/tripyrrin metal chelates and,
VIII:378–389

Metal ion/spin state effects on bonding. See
Bonding, metal ion/spin state effects

Metal ions
macrocycle aromaticity and stabilization of

higher oxidation states of, II:145
as templates in syntheses of TBPs and Pcs,

II:3
Metal mediated C–H functionalization,

heteroatom substituents with BODIPY
and, VIII:32–36

Metal nanoparticles, biosensors and,
V:237–240

Metal substitution of hemes
cobalt hemoproteins and, V:24–25
manganese hemoproteins and, V:25–26
mixed-metal hybrid hemoproteins and,

V:27
other metal hemoproteins and, V:27–28
and replacement of heme with other metal

(general information), V:24
in tetrapyrrole framework, V:5
zinc hemoproteins and, V:26–27

Metal(II) complex of, E- and Z-dimers of
NCP, II:331–332

Metalated porphyrin derivatives. See
Peripherally metalated porphyrin
derivatives

Metalation states
dendritic porphyrin arrays and, I:38, I:40
synthesis of oligophenyleneacetylenes and,

I:29–30
Metal-bridged porphyrin arrays

azoporphyrin preparation and, I:110–111
bipyridylene-bridged dimers and, I:112,

I:115
bis(dipyrrinato)metal bridged dimer

preparation, I:114, I:117
bisporphyrinatoferrocene preparation and,

I:113, I:116
dendritic porphyrin arrays and, I:112–113
meso-phosphanylporphyrin and,

I:117–118
and N-heterocyclic carbene ligand

functionalization, I:113–114, I:116

Ni(II) porphyrin bridged by platinum-
diacetylene unit and, I:112

preparation of meso-η1-palladio-/
platinoporphyrins, I:110–111

ruthenoceneoporphyrin preparation and,
I:113, I:116

tris(1,10-phenantrene) Ru(II)-centered
porphyrin timer preparation,
I:117–118

Metal-free hexadecafluoro phthalocyanines,
as low-voltage thin-film transistors,
III:69

Metallic chalcogenide nanoparticles,
biosensors and, V:240–246

Metal-ligand vibrations, FIR and,
VII:454–456

Metallocenes
dimers/oligomers linked by metal ions,

III:447–451
and dimers/oligomers linked by metal ions,

III:476–477
mercury-functioning porphyrins and,

III:434–436
meso-tetraruthenocenylporphyrin, III:437
with one porphyrin, III:435–444

Metallophthalocyanine (MPc)
absorption spectra, IV:4, IV:5, IV:261–262
AlPcS4–bombesin conjugates, IV:144,

IV:279–280
AlPcS4–monoclonal antibody conjugates,

IV:164, IV:165, IV:334–335
AlPcS4–protein conjugates, IV:156–157
aluminum phthalocyanine (AlPcCl),

IV:64–65, IV:344–345
amphiphilic derivatives of AlPcS4, IV:70
boronated Zn(II) phthalocyanines,

IV:237–242
bovine serum albumin–conjugated MPc,

IV:83–84
cobalt phthalocyanine (CoPc), IV:347
DNA binding by positively charged MPc,

IV:80–82
DNA cleaving agents, IV:63, IV:80–82
GePC derivatives, IV:77
gold nanoparticle–MPc conjugates,

IV:84–85, IV:313–314
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hydroxy MPc, IV:70–71
mononaphthotrisulfobenzoporphyrazines

(M-NSBP), IV:85–86, IV:282
pegylated MPc, IV:71–72, IV:83
pegylated SiPc, IV:127–128
porphyrazines, IV:73, IV:79–80,

IV:82–83, IV:85–86,
IV:87–88

positively charged MPcs binding to
DNA and mitochondria,
IV:80–82

silicon phthalocyanine–sugar conjugates,
IV:138, IV:140

SiPc anti-HIV activity, IV:78
SiPc derivatives, IV:77–80, IV:83–84
Si(IV)Pc derivatives, IV:78, IV:79,

IV:127–128
structure, IV:329
sulfonated MPc derivatives, IV:65–69
synthesis, overview, IV:62
tetrabenzotriazacorrole (TBC), IV:80,

IV:81
tetra(2-mercaptopyridino)-Pc, IV:83
tetravinylsulfonated MPc, IV:68–70
zinc octakis-dodecyl Pc, IV:76
zinc octakis-pentyl Pc, IV:76
zinc octa-n-alkyl Pc, IV:76
Zn-Pc–peptide targeted conjugates, IV:279,

IV:280
See also Phthalocyanines (Pc)

Metallophthalocyanines (MPcs)
aggregation behavior in, VII:278–281,

VII:321–323
alkanes/alkenes (photocatalytic reactions)

and, VII:347–348
common abbreviations for, VII:249
Φ∆ and, VII:333–334
fluorescence quantum yields (ΦF),

VII:275
fluorescence quantum yields (ΦF) (CdPc

complexes), VII:335
fluorescence spectra/quantum yields (ΦF)

in, VII:281–314. See also Quantum
yields

ΦP and, VII:334–335
(ΦT)/(τT) and, VII:332–333

(ΦT)/(τT) (CdPc complexes) and,
VII:335–336

and general axial ligands (X1, X2),
VII:260–263

group 12 Pc complexes (ZnPc complexes),
VII:330–335

group 13 Pc complexes, VII:337–339
group 14/group 15 Pc complexes,

VII:339–341
group 4 to 11 Pc complexes, VII:330
HgPc complexes (CdPc complexes) and,

VII:336–337
IR spectroscopy and, VII:443
molecular structures of complexes,

VII:263–267
phenols (photocatalytic reactions) and,

VII:343–346
photobleaching quantum yields (ΦP),

VII:320–321
photocatalytic reactions of MPcs,

VII:324–329
photochemistry (CdPc complexes) and,

VII:336
photochemistry of group 14/15 Pc

complexes, VII:341
photodegradation quantum yields (ΦP),

VII:273–275
photophysics of group 14/15 Pc complexes,

VII:339–341
and ring (R1 to R4) substituents of Pcs,

VII:251–260
singlet oxygen quantum yields (Φ∆),

VII:268–273, VII:318–320
sulfur-containing compounds

(photocatalytic reactions) and,
VII:342–343

triplet quantum yields (ΦT) and lifetimes
(τT), VII:315–318

triplet state quantum yields (ΦT),
VII:275–277

unmetalated, group 1/group 2 Pc
complexes, VII:321–323

uses of, VII:250
XAl(III)Pc complexes, VII:337
XGa(III)Pc and XIn(III)Pc complexes,

VII:337–339
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Metalloporphyrin structure/electron
configurations. See also Bonding, metal
ion/spin state effects

2D 13C natural abundance HMQC spectra,
VI:59–62

2D NMR techniques and, VI:64–69
axial ligand plane orientation and,

VI:50–55
chlorin derivatives, VI:14–16
chlorins, VI:10–11
and complete 13C labeling of protohemin,

VI:59–62
contact/pseudocontact shifts and

temperature, VI:31–33
contact shifts (proton chemical shifts) and,

VI:20–23
coordination numbers for, VI:18
corrole derivatives, VI:14–16
corroles, VI:10–11
and curvature in Curie plot over

temperature range of measurement,
VI:75–80

deuteration of specific groups, VI:58–59
dioxoisobacteriochlorin derivatives,

VI:14–16
dioxoisobacteriochlorins, VI:10–11
empirical methods of spectral analysis,

VI:80–82
etioporphycene, VI:16–17
g-tensor anisotropy and spectral analysis,

VI:83
general structures of porphyrins,VI:10–11
“green hemes”, VI:16
impact of solvent/anion/degree of

aggregation on, VI:18
isobacteriochlorin derivatives, VI:14–16
isobacteriochlorins, VI:10–11
and measurement of magnetic

susceptibility anisotropies of
ferriheme proteins, VI:26–29

mechanisms through chemical bonds,
VI:55–57

meso-substituted synthetic porphyrin
dianion derivatives, VI:12, VI:16

metal ion and, VI:39–41
natural porphyrin dianion derivatives, VI:12

NOE difference spectroscopy and,
VI:63–64

and oxidation states of iron porphyrins,
VI:19

phthalocyanines, VI:16–17
porphyrazines, VI:16–17
porphyrin ring and, VI:40, VI:42–50
and pseudocontact shifts of

metalloporphyrin substituents,
VI:23–26

pyrrole-substituted synthetic porphyrin
dianion derivatives, VI:13, VI:16

and residual dipolar couplings of proteins,
VI:29–31

resolution/assignment of spectral analysis,
VI:69–75

saturation transfer NMR experiments and,
VI:62–63

substitution of H by CH3/other substituents
(H NMR spectra), VI:55–57

texaphyrin, VI:16–17
Metalloporphyrin-catalyzed asymmetric

atom/group transfer reactions. See
Asymmetric atom/group transfer
reactions

Metalloporphyrins (self-assembling)
5,10-bis(4-pyridyl) porphyrin and

RuCl2(DMSO)2(CO), I:99, I:102
Co(II) porphyrin and, I:93, I:96–97
and construction of chlorophyll square,

I:99–100, I:103
DABCO and, I:93–94, I:96–98
nanometer scale structures and, I:136
naphthalene-1,8;4,5-bis(dicarboximide)

bridged porphyrin dimer and, I:93,
I:97

origin of, I:93–94
pyridine ligands and, I:93, I:96
supramolecular interactions and, I:91–93
zinc insertion and, I:93, I:97
Zn(II) with pyrazol-4-yl substituent, I:101,

I:103
Metalloporphyrins

2D Hyperfine Sublevel CORrElation
spectroscopy for experiments of,
VI:9
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aggregate formation, IV:261
Au(III) complexes, IV:15–16
chemical shift experiment for, VI:8–9
common NMR/EPR experiments for

paramagnetic insights, VI:8–9
continuous wave EPR for experiments of,

VI:8
correlation spectroscopy for experiments

of, VI:8
DNA cleavers, IV:16–22
effect of metalation in PDT, IV:257–263
Electron Spin Echo Envelope Modulation

for experiments of, VI:9
HETeronuclear CORrelation spectroscopy

for experiments of, VI:8
Heteronuclear Multiple Bond Correlation

spectroscopy for experiments of,
VI:8

manganese porphyrin complexes, 
IV:17

microwave-assisted synthesis of
porphyrins and, II:194

NOE difference spectroscopy for
experiments of, VI:8

Nuclear Overhauser and Exchange
Spectroscopy for experiments of,
VI:8

oxidation/spin states of, VI:41
photodynamic therapy (PDT), 

IV:13–25
Pt(II) complexes, IV:15–16
as radiosensitizers, IV:96–98, IV:97
reconstitution into hemoproteins of,

V:4
ruthenium (Ru) porphyrins, IV:15, IV:20,

IV:22
saturation transfer difference spectroscopy

for experiments of, VI:8
structure/electron configurations of,

VI:10–19
tin (Sn) porphyrins, IV:13–14
See also Metalloporphyrin structure/

electron configurations; Porphyrins;
specific types

Metallotetrapyrrole-fullerene dyads, via metal
ligand axial coordination, I:311–322

Metallotriphyrins, II:34, II:41
Metal-mediated C–C coupling reactions

(porphyrins)
copper/nickel/cobalt/rhodium,

III:354–360
ruthenium-catalyzed, III:352–354

Metal-NO bonding complexes, V:126
Metal-oxygen bonding, metallotetrapyrrole-

fullerene dyads and, I:322–325
Metal-to-ligand charge transfer (MLCT), and

open-shell substituted transition-metal
phthalocyanines, III:283

Metathesis reaction, tetrapyrrole macrocycle
derivatization by, II:195

Methanochlorin, II:262, II:264
Methicillin-resistant Staphylococcus

aureus (MRSA), IV:285–286,
IV:388–389

Methoxy group, and semisynthetic BChl
mimics, I:289

Methyl transfer reactions
methyl transfer to alkylthiols,

X:334–337
methyl transfer to inorganic arsenics,

X:337–338
Methylamine dehydrogenase (MADH),

conversion to alanine via mutagenesis,
V:218

Methylated-BSA (m-BSA), IV:127, IV:128,
IV:156

Methylene group
examples of phthalocyanines with

substituents connected to core via,
III:46–60

preparation of phthalocyanines with
substituents connected to core via,
III:45, III:61

Methylmalonyl-CoA mutase, electrochemical
1,2-migration of functional groups and,
X:321–324

Methylmalonyl-CoA mutase-like reactions,
apoenzyme model/B12 model complexes
and, X:328–331

Methyl pheophorbide, IV:33, IV:233–236
Metvix (ALA-methyl ester), IV:8
MgPc absorption spectra, IX:21–24
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Micelles, IV:354, IV:363–366
block copolymer with tetraphenylporphyrin

and galactoside, IV:368–369
micelle-forming detergents, IV:329
micelles as carrier systems, IV:329
paclitaxel in chlorin-based micelles,IV:372
polyion complex micelles (PICM),

IV:371–372, IV:380–382
polymeric micelles, IV:366, IV:380–382,

IV:384
poly(N-isopropylacrylamide) (PNIPAM)

micelles, IV:384
reverse micelles, IV:308, IV:365
SN-38 (7-ethyl-10-hydroxy camptothecin)

in chlorin-based micelles, IV:373
styrene–maleic acid copolymer micelles

containing ZnPP (SMA-ZnPpIX),
IV:382–384

tetraphenylchlorin-based dendritic system,
IV:372–373

See also Liposomes; Passive targeting
Michaelis-Arbuzov reaction sequences, and

alkenyl/alkynyl substituents of
phthalocyanines, III:35

Michaelis-Menten parameters of IDO/TDO,
V:84

Microelectronics. See
Conductors/semiconductors for hybrid
electronics

Microorganisms, targeting of. See
Antimicrobial PDT

Microscopy. See Infrared
spectroscopy/microscopy

Microwave-assisted reactions
metal complexes synthesis using, II:196
monomode and multimode scientific

equipments for, II:195
phthalocyanine synthesis using, II:196
synthesis of porphyrins using, II:196
traditional methods and, II:195

Microwave-assisted synthesis of
5-(4-aminophenyl)-10,15,20-

triphenylporphyrin complexes,
II:199–200

β-formylated porphyrins, II:202
heptanitrated macrocycles, II:201

5-(4-hydroxyphenyl)-10,15,20-
tritolylporphyrin complexes,
II:197

meso-alkoxyphenylporphyrins, II:201
meso-(4-methylphenyl)porphyrin, II:200
meso-tetraarylporphyrins, II:196
meso-tetrakis(3-hydroxyphenyl)porphyrins,

II:197
meso-tetrakis(3-nitrophenyl)porphyrins,

II:200
meso-tetra(4-pyridyl)porphyrin, II:200
mono- and di-

sulfonamidophenylporphyrins,
II:203–204

tetranaphthoporphyrins, II:203, II:205
Mid-infrared (MIR) absorbance spectra

carbon monoxide of five-/six-coordinate
M(II) porphyrins (axial ligand
bands), VII:446–448

cyanide of five-/six-coordinate M(II)
porphyrins (axial ligand bands),
VII:448

dioxygen of five-/six-coordinate M(II)
porphyrins (axial ligand bands),
VII:444–445

distinguished areas (general information),
VII:442–443

imidazoles of five-/six-coordinate M(II)
porphyrins (axial ligand bands),
VII:444

metal-sensitive bands (square planar M(II)
porphyrins/analogs), VII:443

M(II)/M(III) porphyrins (redox-/spin-state-
sensitive bands), VII:450–451

nitric oxide of five-/six-coordinate M(II)
porphyrins (axial ligand bands),
VII:448–450

porphyrin π-cation radicals, VII:451–452
Migration reactions

1,2-migration of functional groups on
cobalt complexes, X:320–321

artificial enzymes composed of apoenzyme
model/B12 model complexes,
X:327–334

carbon-skeleton rearrangement reactions,
X:319–320
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electrochemical 1,2-migration of functional
groups, X:321–326

Mimics of chlorosomal bacteriochlorophylls.
See Bacteriochlorophylls (BChl); Fully
synthetic self-assembling BChl mimic

Mitochondria targeting by photosensitizers,
IV:385–386

Bcl-2 localization, IV:408, IV:411
binding by positively charged

metallophthalocyanines, IV:80–82
9-capronyloxytetrakis (methoxyethyl)

porphycene (CPO), IV:408–409,
IV:410

chlorin conjugates, IV:352
cytochrome c release in apoptosis, IV:385,

IV:405–406, IV:408, IV:409–410,
IV:416, IV:419

guanidine– and biguanidine–porphyrin
conjugates, IV:278–279

HPPH, IV:259, IV:271
metallophthalocyanine (MPc), IV:67,

IV:70, IV:80, IV:84
mitochondrial membrane integrity loss,

IV:409–410
PEG-porphyrins, IV:368
photodamage to Bcl-2, IV:408–410,

IV:432
photodamage to Bcl-xL, IV:408–409,

IV:412
positively charged dyes, IV:80
protoporphyrin-IX (PPIX), IV:371
pyropheophorbides, IV:35
singlet oxygen, IV:306

Mitochondrial membrane potential (∆ψm),
IV:409–410

Mitogen-activated protein kinase (MAPK),
IV:430–431, IV:435

Mixed high-spin/intermediate-spin complexes
and axial ligands for formation of pure

intermediate-spin complexes,
VII:58–61

formation of pure intermediate-spin
complexes, VII:58–70

general considerations, VII:57–58
Mixed high-spin/intermediate-spin porphyrin

complexes

and electronic ground state in intermediate-
spin complexes, VII:70–75

and electronic ground states in
intermediate-spin complexes,
VII:70–75

and porphyrin ring deformation for
formation of pure intermediate-spin
complexes, VII:61–70

Mixed-metal hybrid hemoproteins,
reconstituted hemoproteins and, V:27

MnPc/TcPc/RePc/RePc2 absorption spectra,
IX:49–54

Möbius aromaticity, hexapyrrolic expanded
porphyrins, I:519–528

Möbius tape, expanded porphyrins and
topology of, II:108

Möbius topology, II:108, II:150, II:180,
II:183

Modular carrier systems for tumor targeting,
IV:36, IV:330–331, IV:341, IV:374

Molecular break-junction device, hybrid
electronics and, X:303–304

Molecular capacitor memory cells, hybrid
electronics and, X:300–302

Molecular design of artificial hemes, V:5
Molecular dynamics (MD) simulations, non-

covalently linked hybrids and, I:174
Molecular self-assembly

biosensors and, V:223–226
defined, V:297

Molecular semiconductors, direct C(aryl)-F
bonds and halogen-substituted
phthalocyanines, III:64–68

Molecular structures, alkenyl/alkynyl
substituents of phthalocyanines,
III:36–40

Molecular wires
multiply linked porphyrin arrays and,

I:82–83
in p-phenylenebutadiynylenes/p-

phenylenevinylene, I:154–157
Molybdenum(II)(NCTPP2-)(piperidine)2,

synthesis of, II:306
Molybdenum, nitrogen cycle and, V:128–129
Molybdenum, unsubstituted Pcs (UV-vis

absorption data) and, IX:127
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Mono- and di-sulfonamidophenylporphyrins,
microwave-assisted synthesis of,
II:203–204

Monoanthraporphyrin, II:32, II:39
Monoazaporphyrin analogs. See TAPs and

mono-/di-/triaza porphyrin analogs, UV-
vis absorption data

Monobenzoporphyrin
Diels-Alder reaction on sulfolenoporphyrin

in synthesis of, II:85, II:86
use of Ni β-formylTPP in synthesis of,

II:79, II:80
Monocarbaporphyrins, II:113
Monoclonal antibodies (MAb), IV:332–343

5E8 MAb, IV:335–336
9.1 anti-BSA MAb, IV:337
17.1A MAb, IV:161, IV:167, IV:170,

IV:338–339
35A7 (CEA) MAb, IV:161–162, IV:164
425 mMAb, IV:160, IV:164, IV:333–334
anti-CD3ε MAb, IV:163
anti-CD104 MAb, IV:162
anti-HER2 MAb, IV:160, IV:343
anti-Leu-1 MAb, IV:166, IV:167, IV:337
anti-M1 tumor MAb, IV:158
anti-mOGG1 MAb, IV:159
B16G MAb, IV:158–159
BIWA 4 MAb, IV:334–335
C225 anti-EGFR MAb, IV:159, IV:335,

IV:338
chimeric monoclonal antibody (cMAb),

IV:160, IV:164, IV:333, IV:338
E48 mMAb, IV:160, IV:164, IV:334
EpCAM MAb, IV:162
FSP 77 anti-ErbB2 MAb, IV:161–162,

IV:164
L19 MAb, IV:160
OC125 MAb, IV:169, IV:338, IV:342
OV-TL MAb, IV:339–340
phage antibody libraries, IV:170, IV:332,

IV:342
Rituximab, IV:340–341
U36 cMAb, IV:160, IV:164, IV:333
See also Antibody fragments (Fab)

Monoclonal antibody (MAb)–photosensitizer
conjugates, IV:157–164, IV:332–343

aluminum phthalocyanine tetrasulfonate
(AlPcS4), IV:164, IV:165,
IV:334–335

benzoporphyrin derivative (BPD), IV:159,
IV:165–166, IV:335–337, IV:338

chlorin e6–linker–MAb conjugates,
IV:166–169, IV:337–339

chlorin e6–MAb conjugates, IV:159,
IV:160, IV:330, IV:335

conjugation conditions, summary,
IV:182–185

diarylporphyrins with 4-
isothiocyanatophenyl, IV:160–163,
IV:162–163

5,15-disubstituted porphyrins with
phosphate groups, IV:163–164

hematoporphyrin, IV:158–159, IV:170
mesochlorin e6–MAb–linker conjugate,

IV:339–340
multiplying units, IV:330–331, IV:335,

IV:342, IV:369, IV:374
photoimmunotherapy, overview, IV:330,

IV:332–333
pyropheophorbide-a (Ppa), IV:159–160
tetra(meta-hydroxyphenyl)chlorin,

IV:160–161, IV:333–334
See also Active targeting; Conjugates

Monogalactosyl diglyceride (MGDG), micelle
formation and BChls’ self assembly,
I:245

Monomer vs. dimer porphyrins, and artificial
photosynthetic systems, X:190–196

Monomeric biliverdin complexes, MII(OEB),
VIII:312–318

Mononaphthoporphyrin, II:31, II:37
Mononaphthotrisulfobenzoporphyrazines (M-

NSBP), IV:85–86, IV:282
Mononuclear tetrapyrrole L1M1

complexes/associates, coordination
chemistry of open-chain oligopyrroles
and, VIII:410–428

Monooxygenases. See also Cytochrome P450
enzymes

oxygen rebound mechanism of catalysts in,
V:190

MoPc absorption spectra, IX:45–49
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Mosher, chiral amide (chiral picket fence
porphyrins) of, X:25

Mössbauer experiments, Compounds I/ES and
freeze-quench, V:310–313

Motexafrin (Xcytrin), IV:47, IV:49
Motivation for reaction-induced FTIR

difference spectroscopy,
VII:462–463

MPc. See Metallophthalocyanine (MPc)
m-THPC. See Tetra(meta-

hydroxyphenyl)chlorin (m-THPC)
Multifrequency electron paramagnetic

resonance spectroscopy, peroxidases
and, VI:370–372

Multifunctional agents, IV:288
5-aminolevulinic acid (ALA) derivatives,

IV:10
conjugates for chemotherapy and PDT,

IV:339–340
conjugates for fluorescence imaging and

PDT, IV:289–293
conjugates for magnetic resonance (MR)

imaging and PDT, IV:294–297
conjugates for nuclear imaging and PDT,

IV:297–302
folic acid conjugates, IV:35
HPPH conjugates for MRI and PDT,

IV:294–297
HPPH conjugate with cyanine dye (CD),

IV:290–293
HPPH nanocrystals, IV:307
123I-based photosensitizers for PET and

PDT, IV:302, IV:303–304
124I-based photosensitizers for PET and

PDT, IV:299–303
killer beacons, IV:394
nanoparticles, IV:304–305
organically modified silica (ORMASIL)-

based nanoparticles, IV:307–310
polyacrylamide (PAA)-based

nanoparticles for MRI and PDT,
IV:310–312

See also Tumor imaging
Multiple wall carbon nanotubes (MWNT),

electron transfer systems and,
I:203–204

Multiply linked porphyrin arrays, and
conjugated porphyrin arrays, 
I:78

Multiplying units in PS–antibody conjugates,
IV:330–331, IV:335, IV:342, IV:369,
IV:374

See also Dendrimers; Linkers in
conjugates; Monoclonal antibody
(MAb)–photosensitizer conjugates

Multi-porphyrin arrays, cross-metathesis in
synthesis of, II:237

meso-/β-brominated porphyrins and
synthesis of, I:7

reviews of, I:5
See also Cyclic multi-porphyrin arrays;

Linear multi-porphyrin arrays;
Porphyrin arrays

Multistep photoinduced electron transfer
and driving force dependence of log ket,

X:206–208
and energy levels/spectra of PhCN,

X:209–211
and ferrocene unit attached to ZnImP–C60,

X:203–206
quantum yield and, X:208–209
time profiles of, X:205–207

Multi-wall carbon nanotubes (MWCNTs),
V:246–249

as electron-donor-acceptors, I:135
Mutagenesis, epPCR and, V:217–218
Mutant porphyrinoids, II:298
Mycobacterium tuberculosis, IV:284–285

KatGs from, VI:394–396, VI:427
Myeloperoxidase (MPO)

as component of superfamily of animal
peroxidase, VI:430–431

resonance raman (RR) frequencies and,
VI:431–435, VI:437

Myoglobin function regulation
corrphycene and, V:33
hemiporphycene and, V:33–34
porphycene and, V:32–33

Myoglobin, VII:360–361
3D structure of sperm whale, V:12
biosensor fabrication and, 

V:264–266
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and ligand diffusion regulation in horse
heart, V:13

O2 affinity and, V:9
reconstitution with rMb, V:7
sperm whale heme plane and, V:17–18
Spirographis heme and, V:8

N
N-(2-Cyclohexyloxy-4-nitrophenyl)-methane

sulfonamide (NS-398), IV:428–429
N-(porphyrin-2-ylmethyl)glycine, as a

precursor to 1,3-dipole moiety, II:267,
II:269

N,N-Bidentate diphenyl boron chelates as
analogs, BODIPYs and, 
VIII:145–148

Na2Pc absorption spectra, IX:17–21
NADPH, rapid-scanning stopped-flow studies

of P450BM3 and, V:322–323
Nanobiomaterials

design/preparation of biocatalysts and,
V:48–49

hemoprotein assembly and, V:53–57
and immobilization of hemoproteins on

membranes/electrodes, V:49–53
Nanocarbons, X:227. See also

Porphyrin–nanocarbon composites
Nanocomposite materials, biosensors and,

V:249–251
Nanoconjugates — carbon nanotubes

applying Suzuki coupling reactions,
I:191–192

functionalized with PAMAM dendrimers,
I:194–195

and grafting to form SWNT-PVP/ZnP
nonohybrids, I:193–194

placing pyridyl isoxazolino functionalities
along sidewalls of, I:190

RuP functionalization and, I:190–191
using surface to integrate

porphyrins/phthalocyanines as
chromophores, I:186–190

Nanomaterials
application/use of, V:236–237
carbon nanotubes and, V:246–249
importance of, V:229, V:236–237

metal nanoparticles and, V:237–240
metallic chalcogenide nanoparticles and,

V:240–246
nanocomposite materials and, V:249–251
and sol-gel process, V:234–235

Nanometer scale structures
defined, I:133
nanotubules, I:174–175
regulatory forces of, I:135–137
rotaxanes/catenanes and solar energy,

I:178–179
Nanoparticles (NPs), IV:374–385

biodegradable nanoparticles, IV:380–385
ceramic nanoparticles doped with drugs or

dyes, IV:376
delivery across blood–brain barrier, IV:59
as drug carriers, overview, IV:303, IV:306,

IV:374–376
EPR effect (enhanced permeability and

retention), IV:314, IV:376–377
gold nanoparticles coated with

phthalocyanines, IV:84–85,
IV:312–314, IV:376–378

human serum albumin (HSA), IV:384–385
inorganic nanoparticles, IV:376–380
lysosome targeting by conjugates, IV:36,

IV:306, IV:386
as multifunctional agents, IV:304–305
nanocrystals, IV:306–307, IV:314
organically modified silica (ORMASIL)-

based nanoparticles, IV:307–310
PEGylated gold nanoparticles, IV:313–314,

IV:377–378
pentafluorophenylcorrole derivatives,

IV:59
pentafluorophenylcorroles, IV:59
photon upconverting nanoparticles

(PUNP), IV:379–380
pH-sensitive drug delivery systems, IV:384
polyacrylamide (PAA)-based nanoparticles,

IV:310–312
poly(D,L-lactide-co-glycolide) (PLGA),

IV:384
polymer nanofibers, IV:387
poly(N-isopropylacrylamide) (PNIPAM),

IV:379, IV:384
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quantum dots (QD), IV:378–379
styrene–maleic acid copolymer micelles

containing ZnPP (SMA-ZnPpIX),
IV:382–384

See also Liposomes; Micelles; Passive
targeting

Nanostructures, plant, I:225–226
Nanotechnology, overview, IV:302–306
Nanotubes, dendrimers/conjugated polymers

(macromolecules) and, III:348
Nanotubules, non-covalently linked hybrids

(H2P/C60) and, I:174–175
Naphthalene dimide chromophores,

semisynthetic BChl mimics and, I:294,
I:296

Naphthalene units linked with bis-porphyrins,
VII:205–208

Naphthalene-1,8;4,5-bis(dicarboximide)
bridged porphyrin dimer, self-
assembling metalloporphyrins and, I:93,
I:97

Naphthalocyanine (NPc), IV:86–90
absorption spectra, IV:4, IV:5
alkoxyl and alkyl derivatives, IV:87–90
brominated NPc, IV:90
metallonaphthalocyanine (MNPc),

IV:87–90, IV:261–263
mononaphthotrisulfobenzoporphyrazines

(M-NSBP), IV:85–86, IV:262
sulfonated MNPc derivatives, IV:87
synthesis, IV:87

Naphthalocyanine/anthracocyanine/ring-
expanded Pc analogs, UV-vis absorption
data, IX:383–396

numbering system used in absorption
database for, IX:100–101

Naphthalocyanines (Ncs), II:42–43, II:46
Naphthohexaphyrin, II:248, II:249
Naphthoporphyrins

isoindole equivalents and oxidative method
of synthesis of, II:8–19

zinc template strategy and synthesis of,
II:7

2,3-Naphthoporphyrins, II:31–32, II:37
N-arylquinolino[2,3,4-at]porphyrins, II:241,

II:244

Natural abundance 1H{13C}-HMQC
experiment

2D 13C natural abundance HMQC spectra,
VI:64–69

2D NMR techniques and, VI:64–69
Natural heme

and bovine liver catalase in near-IR region,
VII:162

CD spectra human hemoglobin,
VII:153–155

and CD spectra of
carbomonoxymyoglobin,
VII:159–160, VII:162

equine hemoproteins and, VII:156–158,
VII:160

and human hemoproteins in near-IR region,
VII:160–162

and vibrational CD (VCD), VII:163–165
and X-ray spectroscopy of CD spectra,

VII:155–156
Natural porphyrin dianion derivatives,

metalloporphyrin structure/electron
configurations and, VI:12

NbPc absorption spectra, IX:42–45
N-bromosuccinimide, as brominating agent of

choice, II:206–207
N-confused diselenasapphyrin, II:351,II:353
N-confused dithiasapphyrin, X-ray structure

of, II:351, II:353
N-confused gable porphyrin, X-ray structure

of rhodium-fastened, II:317, II:318,
II:319

N-confused heteroporphyrins, II:133
N-confused isoquinoporphyrin, II:248,II:249
N-confused m-pyriporphyrins, II:129–130

aromatization of N-acetylderivative of,
II:130

N-confused oxaporphyrins, II:134
N-confused porphyrin (NCP) iron complexes,

reduction of, II:315
N-confused porphyrin (NCP) ligands

deprotonation of, II:304
flexibility toward metal oxidation states

and, II:304
N-confused porphyrin (NCP) metal complexes

agostic interactions and, II:304, II:305
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periodic table of elements and, II:302
N-confused porphyrin (NCP), II:106, II:107,

III:430–432, IV:55–56
as a carbaporphyrin, II:298
delocalization pathways of porphyrins,

m-benziporphyrin and, II:109
evidence of aromaticity of, II:114
modifications of, II:114, II:115
as porphyrin isomer in standard

condensation reaction, II:111
tautomeric equilibrium of, II:109

N-confused sapphyrin,
crystal structure of, II:178
X-ray structure of tetrabutyl ammonium

salt of, II:354
N-confused tetra(4-tolyl)porphyrin

(NCTTP) nickel complex, synthesis of,
II:320

N-confused
tetrakis(pentafluorophenyl)porphyrin,
one-pot vs. condensation-based
synthesis of, II:299

N-confused tetraphenylporphyrin (NCTPP)
iridium complexes of, II:318–319,

II:321
iron complexes of, II:309–315
reaction of Cu(OAc)2 under aerobic and

anaerobic conditions with,
II:326–327

reactions of cobalt(II) complex of,
II:315–317

reactions of cobalt(III) complex of,
II:311–315

reactions of Co(NO3)2
.6H2O with, II:311,

II:316
synthesis and anion binding of tin

complexes of, II:336
synthesis and reactions of zinc complexes

of, II:329–330, II:331
synthesis of, II:299
X-ray structure of cobalt(III) complex,

II:316
X-ray structures and reactivity of nickel

complexes of, II:322–324
N-confused thiaporphyrins, II:134
Near-infrared (NIR) absorptions

and bridging ethyne in ground/excited
states, I:10

carbocation bridged porphyrin dimers and,
I:19

conjugated porphyrin arrays and, I:4
ethyne-bridged polymersomes/amphiphilic

diblock copolymers and, I:10
expanded porphyrins and dyes, I:508
hydrophilic conjugated porphyrin dimers

and, I:18
photosynthetic autotroph and, I:223
squarine bridged porphyrin dimers and,

I:19
Near-infrared (NIR) developments,

VII:452–453
Near-IR phosphors, brightest, II:15
Necrosis

apoptosis vs. necrosis, IV:414
chlorin e6–induced necrosis, IV:37
chlorin e6–induced tumor necrosis, IV:37
lysosome-localized photosensitizers,

IV:385
octaethylporphyrin (OEP)-enhanced

photonecrosis, IV:131
Photofrin-containing nanoparticles

necrosis, IV:312
meso-tetraphenylporphyrin-induced tumor

necrosis, IV:40
Neisseria gonorrhoeae, and bacterial NOR,

V:132–133
Neisseria meningitidis, and bacterial

acquisition of iron, VI:341
Neisseria meningitidis, and bacterial NOR,

V:132
Neodymium, unsubstituted Pcs (UV-vis

absorption data) and, IX:134
Neutron boron capture therapy (NBCT).

See Boron neutron capture therapy
(BNCT)

N-fused isophrolin P(V) complex, X-ray
structure of, II:347, II:349, II:350

N-fused pentaphyrins/metalation,
pentapyrrolic expanded porphyrins,
I:514–515

N-fused phrolin P(V) complex, synthesis of,
II:349, II:350
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N-fused porphyrin (NFP)
constitutional isomers of, II:115–116
coordination of constitutional isomers of

porphyrin derived from, II:116–117
as a ‘mutant’ of NCP, II:298
shrinked coordination cavity of, II:115

N-fused porphyrin/acetylene derivative
coupling, Sonogashira C-C coupling
reactions and, III:344

N-fused porphyrinato ligands
cyclopentadienyl(Cp) ligands and, II:347,

II:348
tris(pyrazolyl)borate(Tp) ligands and,

II:347, II:348
N-fused porphyrins (NFPs), ring-opening

reactions to NCP derivatives of,
II:339–341

N-fused sapphyrin Re(I) complex, synthesis
of, II:354, II:355

N-fused sapphyrin, synthesis of, II:354,
II:355

NH site. See Amide NH site
NH tautomers in N-confused porphyrins

(NCPs)
inner-3H form (NCP3H) and inner-2H

form(NCP2H) and, II:300, II:301
solvents and color changes of, II:302

n-Heptane as BChl mimic solvent, I:256–257,
I:259–260

n-Hexane as BChl mimic solvent, I:256,
I:258

N-Hydroxysuccinimide (NHS) esters and
conjugates, IV:143, IV:150, IV:153,
IV:159–160, IV:170–173

Nickel and open-chain oligopyrrole systems,
VIII:335–338

Nickel C–C coupling reactions, III:355–356,
III:358

Nickel porphyrins, III:459–461
Nickel(II) azuliporphyrin, crystal structure of,

II:159
Nickel(II) monobenziphthalocyanine, crystal

structure of, II:165
Nickel(II) vacataporphyrin complexes

1H NMR spectra of, II:148
six coordinated, II:149

Nickel
NiTAP/MgTAP absorption spectra

compared, IX:4–5
unsubstituted Pcs (UV-vis absorption data)

and, IX:120
Nickel-substituted hemoproteins,

myoglobin/hemoglobin/HRP and, V:28
Nicotinamide adenine dinucleotide phosphate

(NADPH), synthesis of, I:225
NiPc/PdPc/PtPc absorption spectra, IX:68–72
NIR (near infrared) optical tomography,

IV:289
Nitrate reductase (Nar), and fungal NO

reductase, V:143
Nitration, and electrophilic substitution

reactions of BODIPYs with heteroatom
substituents, VIII:25–26

Nitrene sources and aziridination systems,
X:68, X:75–76

Nitric oxide (NO) chemistry by heme-enzymes
abbreviations, V:124
and active site of NOR (bacterial),

V:137–138
dynamics of gas molecules and,

V:137–138
and electron/proton transfer to active site

(bacterial), V:138–140
and enzymes of nitrogen cycle,

V:128–131
heme-containing proteins in NO signaling,

V:149–155
metal-NO complexes and, V:126
molecular evolution of NOR (bacterial),

V:141–142
and nitrogen cycle, V:127–128
NOR general information (bacterial),

V:132–133
NOR general information (fungal),

V:142–143
and oxidized form of NOR (bacterial),

V:133–136
properties/reactions of, V:124–126
reaction mechanism of NOR (bacterial),

V:140–141
reaction mechanism of NOR (fungal),

V:147–149
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and reduced form of NOR (bacterial),
V:135, V:137

structural characteristics of NOR (fungal),
V:144–147

unique properties of fungal NOR,
V:143–144

Nitric oxide (NO), axial ligand bands and
M(II) porphyrins, VII:448–450

Nitric oxide reductase (NOR)
and active site of bacterial, V:137–138
dynamics of gas molecules and, V:137–138
electron/proton transfer to active site

(bacterial), V:138–140
and fungal NO reductase, V:143–144
general information (bacterial), V:132–133
molecular evolution of bacterial,

V:141–142
nitrogen cycle and, V:128
oxidized form of bacterial, V:133–136
reaction mechanism of bacterial,

V:140–141
reduced form of bacterial, V:135, V:137

Nitric oxide signaling
and bacterial NO-binding hemoprotein

structures, V:154–155
soluble guanylate cyclase and, V:149–154

Nitric oxide synthase (NOS)
NO signaling and, V:149–150
and oxygen binding/autoxidation in

catalytic cycle, V:174–175
Nitrification

nitrogen cycle and, V:127–128
reaction mechanism of, V:130–131

Nitrite reductase (Nir), and fungal NO
reductase, V:143

Nitrogen cycle, V:127–131
Nitrogenase, V:131
Nitropolythiophenyl porphyrins, Suzuki-type

C–C coupling reactions and,
III:338–339

Nitroporphyrins, synthesis of porphyrins from,
II:70–78

Nitroreductase (NTR), and protein engineering
application, V:218

Nitro-substituted phthalocyanine spectra,
III:227–230

Nitro-substituted phthalocyanines, 
III:79–83

Nitrous oxide (N2O), biosensors and, V:207,
V:209

Nitrous oxide reductase (N2OR),
denitrification and, V:130

NMR of gallium(III) derivative, heme-loaded
HasA and, VI:344

NMR spectroscopy, VI:10
13C-NMR and heteronuclear detection,

VI:346–349
13C-NMR spectroscopy to determine

electronic structures, VII:15–20
15N-NMR and heteronuclear detection,

VI:349–350
1H-15N NMR spectra (HasA–HasR

interaction), VI:353–354
1H-15N NMR spectra (HasA–HasR

interaction), VI:355, VI:355–357,
VI:356–357, VI:357–358

1H-NMR of iron(III) derivative,
VI:344–346

1H-NMR spectroscopy to determine
electronic structures, VII:12–15

2D 13C natural abundance HMQC spectra,
VI:59–62

2D NMR techniques and, VI:64–69
and complete 13C labeling of protohemin,

VI:59–62
concept of operation of, VI:9–10
deuteration of specific groups, VI:58–59
NOE difference spectroscopy and,

VI:63–64
orbital interactions to determine electronic

structures, VII:7–11
overview of, VI:7, VI:9
saturation transfer NMR experiments and,

VI:62–63
substitution of H by CH3/other substituents,

VI:57–58
NMR studies of low-spin iron(III) porphyrins

with (dxy)
2(dxz,dyz)

3 ground state
bis-ammine/amino ester/phosphine

complexes and, VI:159–160
effect of porphyrin substituents on pattern

of spin delocalization, VI:147–150
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imidazolate ligands and, VI:152
and imidazole plane orientation,

VI:152–159
mixed-ligand complexes and, VI:160–161
neutral imidazole ligands and, VI:150–152

Noble metal oligonuclear species, coordination
chemistry of open-chain oligopyrroles
and, VIII:432–437

NOE difference spectroscopy for experiments,
VI:8

NOE difference spectroscopy, VI:63–64
Nonadiabatic intramolecular electron transfer,

I:138–139
Non-Aufbau orbital filling, VI:42, VI:44
Noncovalent bonding, supramolecular

porphyrin complexes and, X:212
Noncovalent linkage of carbon nanotubes

diamond functionalization via C–C
linkage/amide coupling, X:293–294

linkage between CNT/macrocycle: π–π
interaction, X:289–292

Non-covalently linked hybrids, fullerenes,
I:178–179

“cyclic-dimer”/porphyrin “jaw” and,
I:183–184

molecular recognition principles (crown
ether complexation) and,
I:170–171

rotaxanes and, I:178–179, I:182–183
singlet-singlet and electron transfer

reactions, I:175–176
and SnP platform, I:169–170
synthesis of ZnP–C60 and, I:175–178
Watson-Crick bonding paradigm and. See

also Covalently linked conjugates,
fullerenes

ZnP-C60 hybrids and, I:167–169
Non-covalently linked nanohybrids — carbon

nanotubes
ammonium ion-crown ether interaction

and, I:205–206
future outlook and, I:206–208
and H2P interactions with SWNT,

I:199–200
H2P/SWNT composites and, I:196–197
ionic pyrene derivatives and, I:201–202

and negatively charged pyrene derivatives
(π−π), I:204

noncovalent hybridization of carbon
nanotubes/porphyrins and, I:201

pyropheophorbide and, I:205
solubilization/dispersion of SWNT with

protoporphyrin IX, I:200–201
SWNT and dendritic porphyrins,

I:198–199
and SWNT interaction with ZnP-polymer,

I:197–198
SWNT/PVBTAn+ composites and, I:197
SWNT/ZnNc and, I:204–205

Nonlinear optical (NLO) properties
devices, I:4
dihedral angle control and, I:466–467
pentapyrrolic expanded porphyrins,

I:513–514
Nonlinear optical materials, II:2
Nonlinear optics, expanded porphyrins and,

II:176
Non-propionate substituted hemes,

reconstituted hemoproteins and,
V:21–22

Non-water soluble Pcs
aggregation behavior in, VII:321–323
Φ∆ and, VII:333–334
ΦF and, VII:293–312
fluorescence quantum yields (ΦF) (CdPc

complexes), VII:335
ΦP and, VII:334–335
(ΦT)/(τT) and, VII:332–333
(ΦT)/(τT) (CdPc complexes) and,

VII:335–336
group 12 Pc complexes (ZnPc complexes),

VII:330–335
group 13 Pc complexes, VII:337–339
group 14/group 15 Pc complexes,

VII:339–341
groups 4 to 11 Pc complexes, VII:330
HgPc complexes (CdPc complexes) and,

VII:336–337
photocatalytic reactions of MPcs,

VII:324–329
photochemistry (CdPc complexes) and,

VII:336
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photochemistry of group14/15 Pc
complexes, VII:341

photophysics of group14/15 Pc complexes,
VII:339–341

unmetalated, group 1/group 2 Pc
complexes, VII:321–323

XAl(III)Pc complexes, VII:337
XGa(III)Pc and XIn(III)Pc complexes,

VII:337–339
Nonzero intercepts of the Curie plot, and

curvature in Curie plot over temperature
range of measurement, VI:79–80

NPc. See Naphthalocyanine (NPc)
N-phenylquinolino[2,3,4-a,t]porphyrins,

β-nitroTPP in synthesis of, II:77
Nuclear factor kappa B (NFκB) inhibitor

SN50, IV:430
Nuclear factor kappa B (NFκB), IV:430
Nuclear localization sequences (NLS), IV:141,

IV:142, IV:144–146, IV:222, IV:349
Nuclear magnetic resonance (NMR). See

NMR spectroscopy
Nuclear Overhauser and Exchange

Spectroscopy for experiments, VI:8
Nuclear Overhauser Enhancement and

Chemical Exchange Spectroscopy
(NOESY/EXSY), VI:33

2D NMR techniques and, VI:66–69
Nuclear relaxation/linewidths

chemical exchange line broadening,
VI:33

electron spin relaxation times (T1e or τs)
and, VI:34

EXSY cross peaks and, VI:33
nuclear spin-lattice relaxation times

(T1)and, VI:34–37
nuclear spin–spin relaxation times (T2)and,

VI:38–39
Nuclear-Independent Chemical Shift (NICS)

values, II:110
Nucleophiles, and modification of porphyrin

macrocycle, III:512
Nucleophilic aromatic substitution

and electron-donating/electron-withdrawing
substituents in same benzene ring,
III:190, III:195–198

for introduction of ArO/ArS into
phthalonitriles and phthalocyanines,
III:171

and precursor phthalonitriles, III:173
for preparation of dialkylamino-substituted

phthalocyanines, III:120–121
and tetrafluorophthalonitrile/alcohols in

DMF/K2CO3, III:171–172
Nucleophilic attacks

on halogenated BODIPYs, VIII:28–32
on halogenated water-soluble BODIPYs,

VIII:28–32
on meso-position in BODIPYs, VIII:36–39
on meso-position of water-soluble

BODIPYs, VIII:36–39
Nucleus-Independent Chemical Shift (NICS)

expanded porphyrins and, I:509–510
pentapyrrolic expanded porphyrins and,

I:518–519
Numbering systems, IX:100–101

O
Oblique exciton coupling, VII:150–151
O-confused oxaporphyrin

copper(III)pyrrole appended, II:123
crystal structure and properties of

silver(III)pyrrole appended,
II:121–122

molecular structure of nickel(II) pyrrole
appended, II:123

nickel(II) and palladium(II) pyrrole
appended, II:122

peripheral activity of silver(III) pyrrole
appended, II:121–122

preparation of, II:118–119
reactivity and ESR parameters of

copper(II)pyrrole appended,
II:123–124

reactivity of ethoxy derivatives of,II:119
Octaalkynylporphyrinic enediynes

geometrical distortion and conugated
alkyne units in, II:213–214

synthesis of, II:213
2,3,7,8,12,13,17,18-Octaaryl-5,10,15,20-

tetraphenylporphyrins, II:216
Octabromophthalocyanines, III:71
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Octabromotetraphenylporphyrin, synthesis of,
II:207–208

Octachloromethylphthalocyanine precursor,
and preparation of water-soluble
cationic phthalocyanines, III:62–63

Octaethyl derivatives of porphyrin isomers,
MCD spectra and, VII:392–393

Octaethylporphyrin (OEP) derived BChl
mimics, I:273–276

Octaethylporphyrin (OEP), IV:131, IV:134,
IV:225, IV:227

Octaethylporphyrin (OEP), Soret band of,
II:45, II:47

Octafluorophthalocyanines, halogen-
substituted phthalocyanines and,
III:68–69

Octamers, template-directed synthesis of,
I:30–32

Octaphyrin, as dipolarophile in 1,3-dipolar
cycloaddition of azomethine ylide,
II:264–266

Octaphyrins, II:183
Octapyrrolic (Möbius aromaticity),

heptapyrrolic expanded porphyrins,
I:544–546

Octasubstituted compounds of phthalocyanines
1,2,8,9,(10,11),15,16(17,18),22,23(24,25)-

octasubstituted compounds of
phthalocyanines, III:17

1,3,8,10(11,9),15,17(18,16),22,24(25,23)-
octaaminophthalocyanines, III:119

1,3,8,10,(9,11),15,17(16,18),22,24(23,25)-
octasubstituted compounds of
phthalocyanines, III:17–18

1,4,8,11,15,18,22,25-octasubstituted
compounds of phthalocyanines,
III:18–23

2,3,9,10,16,17,23,24-
octahexanoylphthalocyanines,
III:120

2,3,9,10,16,17,23,24-
octalaurylamidophthalocyanines,
III:120

2,3,9,10,16,17,23,24-octasubstituted
compounds of phthalocyanines,
III:23–31

and plethora of alkoxy-/aryloxy-substituted
phthalocyanines, III:121

OEOP (monoanion of octaethyloxaporphyrin),
VIII:296–302

OEP (dianion of octaethylporphyrin),
VIII:296–302

OEP, non-Aufbau orbital filling and, VI:42
Olefin metathesis, covalently linked porphyrin

arrays and, I:47–50
Olefins. See also Chiral strapped porphyrins

and 1,2-dihydronaphthalene catalyzed by
[MnCl] chiral strapped porphyrins,
X:35–36

catalyzed by [FeCl] chiral strapped
porphyrins, X:27–31, X:33, X:38,
X:40–44

catalyzed by [MnCl] chiral strapped
porphyrins, X:38–39

catalyzed by [Ru(O)2] chiral strapped
porphyrins, X:35, X:37–38

epoxidation catalyzed by [FeBr] chiral
picket fence porphyrins, X:18–19

epoxidation catalyzed by [MnCl] chiral
picket fence porphyrins, X:8–9,
X:15, X:17, X:20–21

epoxidation catalyzed by [RuCO] chiral
picket fence porphyrins, X:15–16

epoxidation catalyzed by [RuCl2] chiral
picket fence porphyrins, X:14

Oligomeric porphyrin systems
amino acid-bridged zinc porphyrin

dimer/ethylene diamine
structure/spectra, VII:225–227

BINAP structure/spectra, VII:221–222,
VII:224–225

and CD behavior in third generation
dendron zinc porphyrin,
VII:229–230

and cyclic dipeptides as linking units,
VII:227–228

meso-cinchomeronimide diporphyrin and
atropisomers structure/spectra,
VII:219–220

meso-pyridine porphyrin dimer
structure/spectra, VII:221,
VII:223
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structures/spectra of R-7 complexes,
VII:219–222

Oligomers/dimers of Pcs, UV-vis absorption
data, IX:538–578

Oligomers
of BChl, I:238–245
chiral binaphthyl and π-conjugation,

I:158–159
coordination complexes linked by metal

ions, III:451–463
covalently linked conjugates and,

I:158–159
with diarylethynyl linkers using

Sonogashira reaction, I:13
linked by metal ions, III:472–477
long hole polaron delocalization length in,

I:9
metallocenes linked by metal ions,

III:447–451
Oligonuclear noble metal species, coordination

chemistry of open-chain oligopyrroles
and, VIII:432–437

Oligonucleotides, for photosensitized/catalytic
DNA modifications, III:88, III:90

Oligophenylene-diporphyrins, Suzuki coupling
and formation of, II:225

Oligopyrrolic systems, II:298
One-dimension linear porphyrin arrays,

I:443–448
One-electron-oxidized products of iron(III)

porphyrins
with (dxz, dyz)

4(dxy)
1 electrons,

VII:117–124
electronic structures of, VII:6
with FeIV=O bond, VII:124–127
with low-spin cation radicals,

VII:115–124
without FeIV=O bond, VII:127–129

O–O scission, in catalytic cycle of
cytochromes P450, V:179

Open-chain oligopyrrole systems. See also
Verdohemes

abbreviations for, VIII:344–347
active catalysts of pincer-like palladium

complexes and, VIII:443,
VIII:445–447

bis(arylimino)isoindolines [H(bai)]
(tripyrroles) and preparation of,
VIII:356–360

bis(arylimino)isoindolines in dendrimers,
VIII:478–482

bis(oxazolinyl)pyrroles [H(bop)]
(tripyrroles) and preparation of,
VIII:359, VIII:361

cationic species of pincer-like palladium
complexes and, VIII:437–441

coordination behavior. See Coordination
chemistry of open-chain
oligopyrroles

coupling of dipyrrolic building blocks
(tetrapyrroles) and preparation of,
VIII:365–373

coupling two pyrrole units with dipyrrole
(tetrapyrroles) and preparation of,
VIII:371, VIII:373–376

dinuclear complexes of, VIII:332–334
direct metalation of 2,2′-bidipyrrins

(biomimetic iron complexes),
VIII:452–456

fluorescent boron derivatives
(oligoBODIPYs) and,
VIII:456–461

historical aspects of study, VIII:347–348
intermediates/products from ring-opening

reactions (biomimetic iron
complexes), VIII:447–452

intramolecular CH activation of pincer-like
palladium complexes and,
VIII:441–444

ligands from biliverdin/bilirubin
(tetrapyrroles) and preparation of,
VIII:361–362

and macrocyclization reactions to give
corrins/hydroporphyrins,
VIII:467–470

and macrocyclization reactions to give
corroles with direct pyrrole–pyrrole
bond, VIII:463–467

and macrocyclization reactions to give
porphyrins, VIII:461–463

miscellaneous complexes and,
VIII:335–338
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oxidative ring-opening of tetrapyrroles and
preparation of, VIII:363–365

prodigiosenes (tripyrroles) and preparation
of, VIII:352–353

stepwise coupling of pyrrolic precursors
(tetrapyrroles) and preparation of,
VIII:376–377

tetrapyrroles from ring opening of
verdohemes, VIII:301–307

tetrapyrroles in supramolecular assemblies,
VIII:483–485

tripyrrin-/bai-based coordination polymers
and, VIII:470–478

types of tri-/tetrapyrrolic species,
VIII:348–352

Open-shell substituted transition-metal
phthalocyanines, spectra and, III:283

opp-dibenzodicarbaporphyrin, synthesis of,
II:166

opp-dibenzoporphyrin, Heck protocol in
synthesis of functionalized, II:234,
II:236

opp-dicarbaporphyrins, coordinated complexes
of, II:167, II:168, II:169

Optical band gaps Eop. See HOMO-LUMO
gaps Eeg

Optical data storage/limiting, expanded
porphyrins and, I:508

Optical limiters, II:2
Optical properties, nonlinear, dihedral angle

control and, I:459–461
Optically active porphyrin systems

circular dichroism (CD) defined,
VII:148

and determination of absolute
configurations of natural products,
VII:232–239

and determination of helicity of
polyisocyanides, VII:230–232

and fundamentals of circular dichroism
(CD), VII:148–153

and natural BChl c, d, e and g,
VII:184–185

and natural chlorophyll a/
bacteriochlorophyll a and
derivatives, VII:173–184

natural heme systems, VII:153–165
and natural light harvesting complex 2

(LH2), VII:185–191
and synthetic chlorins/bacteriochlorins and

dimeric/aggregated systems,
VII:191–196

and synthetic dimeric porphyrins without
optically active substituents,
VII:208–219

synthetic heme systems, VII:165–173
synthetic monomer systems,

VII:196–205
and synthetic naphthalene units linked

with bis-porphyrins,
VII:205–208

synthetic oligomeric porphyrin systems,
VII:219–230

Optoelectronic applications, I:79, I:88–89
Orbital interactions of iron/porphyrins,

VII:7–11
Organic field effect transistors (OFET), II:2,

II:21
Organic halide reduction

dechlorination by other cobalt complexes,
X:349–350

electrocatalytic reduction by B12

derivatives, X:344–346
photocatalytic reduction by B12 derivatives,

X:346–349
reduction by B12 derivatives,

X:339–344
Organic photovoltaics (OPV), II:2, II:21
Organic solar cells, phthalocyanines in

bilayer heterojunctions fabricated using
two different processing techniques
and OPV by vapor deposition,
X:149–150

hybrid planar-mixed molecular
heterojunctions and OPV by vapor
deposition, X:146–147

incorporation of Pcs into organic
photovoltaic devices by solution
processing, X:153–157

introduction of exciton-blocking layers into
OPV by vapor deposition,
X:146–147
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organic photovoltaic (OPV) devices and,
X:143–145

structural modification in Pcs and OPV by
vapor deposition, X:148–149

tandem solar cells and OPV by vapor
deposition, X:150–152

Organic solvents and electrodes, biosensors
and, V:235–236

Organic synthesis, transition metal derivatives
and, II:194

Organically modified silica (ORMASIL)-
based nanoparticles, IV:307–310

Organic–inorganic hybrid solar cells. See Dye-
sensitized solar cells

Organoboron polymer (BODIPY-based),
VIII:89–90

Organolithium (RLi) and organometallic
transformations

and hydroporphyrin preparation,
III:332–334

and porphyrin preparation, III:326–332
synthetic applications for, III:334–335

Organometallic C–C coupling reactions
(porphyrins). See also Palladium-
catalyzed carbon-heteroatom C–C
reactions

copper/nickel/cobalt/rhodium,
III:354–360

dendrimers/conjugated polymers
(macromolecules) and, III:348–352

Heck and Stille, III:345–348
and hydroporphyrin preparation,

III:332–334
metal-mediated, III:352–360
palladium-mediated, III:335–352
and porphyrin preparation, III:326–332
ruthenium-catalyzed, III:352–354
Sonogashira, III:341–344
Suzuki-type, III:336–341
synthetic applications for, III:334–335
transformations with RLi, III:326–335

Organometallic reactions. See Peripherally
metalated porphyrin derivatives

ortho-iodinated meso-phenyl porphyrins,
intramolecular transformations of,
II:64, II:65, II:66

Osmium, unsubstituted Pcs (UV-vis absorption
data) and, IX:134

Osmium-catalyzed cyclopropanation, X:45
Osmium-substituted hemoproteins,

myoglobin/hemoglobin/HRP and, V:28
OsPc absorption spectra, IX:54–64
Oxacalixarene-bridged porphyrin dimer, I:45,

I:47, I:49
Oxidants, and porphyrin array synthesis, I:5
Oxidase, protonation sites in cytochrome c

oxidase, VII:468–472
Oxidation (coupled), verdohemes and,

VIII:296
Oxidation potentials

chlorophyll analogs and, X:196–197
and planar vs. nonplanar porphyrins in

artificial photosynthetic systems,
X:193–194

Oxidation states
of iron porphyrins, VI:19
of metalloporphyrins with reported NMR

spectra, VI:41
Oxidation

and isolated form of NOR, V:133–135
and metallocene-appended porphyrins,

III:440–441
palladium-catalyzed C–C reactions and,

III:370–373
photooxidation of Compound II with ferric

enzyme, V:180
and porphyrins as catalysts, III:486
and porphyrins bearing fused rings, III:389
role of cytochrome P450 enzymes, V:166
and transition-metal complexes of

octanitrophthalocyanines,
III:82–83

Oxidative aromatization
dihydro- vs. tetrahydro-isoindoles in,

II:17
synthesis of 5,15-Ph2TBP using, II:18–19
TBP synthesis and, II:10, II:17, II:18

Oxidative catalysts, iron(III) complexes of
meso-substituted porphyrins as, II:200

Oxidative coupling
effect of central metals and peripheral

substituents on, II:67
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product composition and strength of
oxidizing agent in, II:65–66, II:68

product composition and zinc porphyrins
vs. other metalloporphyrins in,
II:65–66, II:68

synthesis of directly linked and fused
porphyrins and, II:65

Oxidative method, isoindole precursors and
synthesis of TBPs and TNPs using,
II:8–19

Oxidative ring-opening of tetrapyrroles, and
preparation of open-chain oligopyrrole
systems, VIII:363–365

Oxide surface functionalization
overview, X:294–295
phosphonate linkage and, X:297–298
silanization and, X:295–297

Oxidized products of iron(III) porphyrin
complexes

with FeIV=O bond, VII:124–127
one-electron-oxidized products (general

information) and, VII:108–109
one-electron-oxidized products (high-spin

cation radicals) and, VII:109–113
one-electron-oxidized products, iron(III)

with (dxy)
2(dxz, dyz)

3 electrons and,
VII:116–117

one-electron-oxidized products, iron(III)
with (dxz, dyz)

4(dxy)
1 electrons and,

VII:117–124
one-electron-oxidized products (low-spin

cation radicals) and, VII:115–124
one-electron-oxidized products (mixed

high-spin/intermediate-spin cation
radicals) and, VII:114–115

two-electron-oxidized products (general
considerations), VII:129

two-electron-oxidized products, iron(III)
N-oxides, VII:134

two-electron-oxidized products, iron(III)
porphyrin dications, VII:134

two-electron-oxidized products, iron(V)
porphyrins, VII:134

two-electron-oxidized products,
oxoiron(IV) cation radicals,
VII:130–134

without FeIV=O bond, VII:127–129
8-Oxoguanine DNA glycosylase 1 (OGG1),

IV:159
Oxoiron(IV) cation radicals, VII:130–134
Oxone, diporphyrins and, I:19
Oxophosphorus porphyrins, structures/CD

spectra of, VII:201, VII:202, VII:204
Oxopyridochlorin, preparation of, II:64, II:67
2-Oxybenziporphyrin

macrocycle aromatization and, II:138–139
tetraaryl and core modified derivatives of,

II:138–140
Oxygen and electrophilic addition,

dioxygenase reaction and, V:115–118
Oxygen binding/autoxidation, in catalytic

cycle of cytochromes P450,V:174–178
Oxygen rebound mechanism of catalysts in

heme monoxygenases, V:190
Oxygenation reactions. See also High-valent

iron-oxo porphyrins in oxygenation
reactions

and iron(IV)-oxo porphyrin π-cation
radical complexes, X:93–97

Oxynaphthiporphyrin, II:160
siliver(III) coordinated complex of,

II:161
tautomeric equilibrium for, II:161

P
p38 MAPK inhibitors SB203580 and

SB202190, IV:430, IV:431
P450cam Compounds I/ES, rapid-scanning

stopped-flow studies of, V:314–322,
V:325

P450nor. See also Fungal nitric oxide (NO)
reductases

formation of N2O, V:147–148
resonance Raman spectra of, V:147–148
structure compared with fungal NOR,

V:143, V:145
p53 tumor suppressor protein, IV:394
Pacacoccus pantotrophus, nitrous oxide

reductase (N2OR) and, V:130
Paclitaxel, IV:372
Palladium acetate, reaction products of

NCTTP with, II:323, II:324, II:325
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Palladium complexes (pincer-like)
active catalysts of, VIII:443,

VIII:445–447
cationic species of, VIII:437–441
intramolecular CH activation of,

VIII:441–444
Palladium(II) adj-diazuliporphyrin, II:168

canonical structure and aromatic character
of, II:168

crystal structure of, II:169
Palladium(II) expanded porphyrins, crystal

structure of, II:183
Palladium(II) vacataporphyrin

Möbius or Hückel topologies and flexible
butadiene fragment in, II:150

reactivity of, II:148–150
Palladium, unsubstituted Pcs (UV-vis

absorption data) and, IX:130
Palladium-catalyzed carbon-heteroatom C–C

reactions
aryl-amidation (C–N coupling) and,

III:401–404
aryl-amination (C–N coupling) and,

III:389–395
background/use (C–B coupling) of,

III:373–374
background/uses of, III:368–369
β-amidation (C–N coupling) and,

III:398–401
β-amination (C–N coupling) and,

III:385–389
β-borylation (C–B coupling) and,

III:377–378
β-etheration (C–O coupling) and, III:413
β-sulfanylation/selenation (C–S/C–Se

coupling) and, III:415–417
haloporphyrins addition and, III:370–373
mechanistic overview of, III:369–370
meso-amidation (C–N coupling) and,

III:395–398
meso-amination (C–N coupling) and,

III:379–384
meso-borylation (C–B coupling) and,

III:374–377
meso-etheration/hydroxylation (C–O

coupling) and, III:404–413

meso-phosphoration (C–P coupling) and,
III:417–421

meso-sulfanylation/selenation (C–S/C–Se
coupling) and, III:413–415

and oxidative addition of Pd with
porphyrin halides, III:370–373

Palladium-catalyzed C–B coupling
β-borylation and, III:377–379
meso-borylation and, III:374–377

Palladium-catalyzed C–N coupling
aryl-amidation and, III:401–404
aryl-amination and, III:389–395
β-amidation and, III:398–401
β-amination and, III:385–389
meso-amidation and, III:395–398
meso-amination and, III:379–384

Palladium-catalyzed C–O coupling
β-etheration and, III:413
meso-etheration/hydroxylation and,

III:404–413
Palladium-catalyzed coupling reactions at 3-

/5-positions, VIII:61–65
Palladium-catalyzed C–P coupling, meso-

phosphoration and, III:417–421
Palladium-catalyzed C–S/C–Se coupling

β-sulfanylation/selenation and,
III:415–417

meso-sulfanylation/selenation and,
III:413–415

palladium-catalyzed cyanation, with
cyanoethylzinc bromide, II:1, II:2,
II:210

Palladium-mediated C–C coupling reactions
dendrimers/conjugated polymers

(macromolecules) and, III:348–352
Heck and Stille, III:345–348
Sonogashira, III:341–344
Suzuki-type, III:336–341

Para-benziporphyrin
coordination complexes and construction

of, II:146–147
crystal and resonance structures of,

II:141–142
Paracoccuc halodenitrificans, MCD spectra of

cNOR from, V:133–134
Paracoccus denitrificans
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and bacterial NOR, V:132
MCD spectra of cNOR from, V:133–134
nitrous oxide reductase (N2OR) and, V:130
and reduction of NOR, V:137

Paramagnetic metalloporphyrins. See
Metalloporphyrins; NMR spectroscopy

para-N-confused pyriporphyrin, synthesis of,
II:129

Pariser-Parr-Pople (PPP)-SCF-MO method of
Q transition TAP calculation, IX:9

Passive targeting, IV:331, IV:354, IV:363–385
antimicrobial PDT, IV:389–393
EPR effect (enhanced permeability and

retention), IV:314, IV:330–331,
IV:340, IV:354, IV:376–377

polymer carrier systems, IV:366–369
See also Active targeting; Cellular

targeting; Dendrimers; Liposomes;
Micelles; Nanoparticles (NPs)

Patent Storm US database, VII:361
Pauson-Khand reaction, III:358–359
p-Boronophenylalanine (BPA), IV:192
PbPc absorption spectra, IX:86–95
Pc analogs with heteroatoms inside aromatic

skeleton, UV-vis absorption data,
IX:415–448

Pc analogs with triazole units, UV-vis
absorption data, IX:579–584

Pc derivatives with crown-ether units, UV-vis
absorption data, IX:449–479

Pc dimers/oligomers, UV-vis absorption data,
IX:538–578

Pc polymers, UV-vis absorption data,
IX:585–601

Pc. See Phthalocyanines (Pc)
PC4, IV:256, IV:262
P-confused porphyrinoid, preparation and

crystal structure of, II:132–133
PD98059, IV:430, IV:431
109Pd-labeled porphyrins, IV:95
PdPc absorption spectra, IX:68–72
PDT. See Photodynamic therapy (PDT)
PEG. See Polyethylene glycol (PEG)
Pentamer with dithiaporphyrin core, I:49,

I:54
Pentaphyrins, II:181–182

Pentapyrrolic expanded porphyrins
excited state dynamics, I:512
N-fused pentaphyrins/metalation,

I:514–515
nonlinear optical properties, I:513–514
overview, I:510–511
quantum mechanics, I:513–514
steady state spectroscopy, I:511–512

Peptide combinatorial libraries, III:519–523
Peptide–photosensitizer conjugates,

IV:141–149
activated ester formation method,

IV:143–144
AlPcS4 conjugate with bombesin, IV:144,

IV:279–280
benzotriazole (BOP) coupling method,

IV:144–145
carbodiimide coupling method,

IV:141–144
cell penetrating peptide (CPP),

IV:144–145, IV:147, IV:220, IV:278
chlorin e6–peptide conjugates, IV:141–143,

IV:151–155, IV:280–281
conjugation conditions, summary,

IV:180–182
epidermal growth factor (EGF),

IV:153–155, IV:280–281
guanidine–porphyrin conjugate targeting of

mitochondria, IV:278–279
HIV-1 transactivator protein (HIV-1 Tat)

in targeted conjugates, IV:278,
IV:279

protoporphyrin IX (PPIX) conjugates,
IV:145–146, IV:147–148, IV:150

pyropheophorbide–peptide–folate
conjugates (PPF), IV:35,
IV:171–173

RGD peptide conjugates, IV:143–144,
IV:145–146, IV:148, IV:150–151,
IV:276–278

singlet oxygen quenching by
photosensitizer conjugates,
IV:281–284

synthetic peptide conjugates, IV:348–351
targeted photosensitizers, IV:274,

IV:276–281
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tetraphenylchlorin (TPC) conjugation,
IV:146–147, IV:148

meso-tetraphenylporphyrin (TPP) with
peptides, IV:144–148

tumor-specific localization, IV:274,
IV:276–281

Verteporfin–peptide conjugate,
IV:142–143

Zn-phthalocyanine–peptide targeted
conjugates, IV:279, IV:280

See also Conjugates;
Protein–photosensitizer conjugates

Peracids, reaction of ferric P450cam with,
V:301, V:305

Perfusion-induced FTIR approaches (stopped-
flow/rapid mixing), VII:481–482

Peripheral benzodiazepine receptor (PBR),
IV:35

Peripheral substituents modification
fluorinated peripheral substituents and,

V:19
heme disorder and, V:17–19
nonpropionated hemes and, V:21–22
other peripheral substituents, V:22–23
propionate positions and, V:19–21
and role of 2-/4-substituents in heme

framework, V:7–12
and role of 6-/7-propionate side chains in

heme framework, V:12–17
Peripheral substituents of phthalocyanines.

See also Spectroscopy
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-

hexadecasubstituted compounds of,
III:31–34

1,2,8,9,(10,11),15,16(17,18),22,23(24,25)-
octasubstituted compounds of,
III:17

1,3,8,10,(9,11),15,17(16,18),22,24(23,25)-
octasubstituted compounds of,
III:17–18

1,4,8,11,15,18,22,25-octasubstituted
compounds of, III:18–23

1,8(11),15(18),22(25)-tetrasubstituted
compounds of, III:7–11

2,3,9,10,16,17,23,24-octasubstituted
compounds of, III:23–31

2,9(10),16(17),23(24)-tetrasubstituted
compounds of, III:10–16

alkenyl/alkynyl substituents and,
III:34–43. See also Alkenyl
substituents of phthtalocyanines;
Alkynyl substituents of
phthtalocyanines

alkyl/aryl substituents and, III:7–34
alkylthio-/arylthio-substituted, III:173,

III:176–190
amino-substituted, III:114–121
dodeca-alkyl- or aryl-substituted, III:31
with electron-donating/electron-

withdrawing substituents in same
benzene ring, III:190–198

historical aspects/general information of,
III:2–6

hydroxy-/alkoxy-/aryloxy-substituted,
III:121–176. See also Hydroxy-
/alkoxy-/aryloxy-substituted
phthalocyanines and derivatives

open-shell substituted transition-metal
phthalocyanines, III:283

redox potential trends/stability of,
III:289–293

with substituents connected via methylene
group, III:45–62

trialkylsilyl-substituted, III:42–45
uses of, III:198

Peripheral substituents, oxidative coupling
and, II:67

Peripherally metalated porphyrin
derivatives

compounds with one porphyrazine,
III:463–472

coordination complexes linked by metal
ions, III:451–463, III:451–463

coordination complexes with one
porphyrin, III:444–447

dimers/oligomers linked by metal ions
(porphyrins), III:447–451

dimers/oligomers linked by metal ions
(porphyrazines), III:472–477

early examples of, III:432–435
metallocenes linked by metal ions,

III:447–451

Cumulative Index to Volumes 1–10 483

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 483



metallocenes with one porphyrin,
III:435–444

overview of, III:430–432
Periplasmic binding protein (PBP), and

bacterial acquisition of iron,
VI:340–341

Periplasmic nitrate reductase (Nap), as Mo-
containing enzyme, V:128

Peroxidase, catalytic cycle of, X:101–102
Peroxidases (animal superfamily)

components of, VI:430
covalent links/heme structure and,

VI:430–431
multifrequency EPR spectroscopy with

stopped-flow electronic absorption
spectrophotometry, VI:438–442

resonance raman (RR) and electronic
absorption spectra, VI:432–436

resonance raman (RR) and electronic
absorption spectra of catalytic
intermediates, VI:436–438

X-ray structures of, VI:431–432
Peroxidases (plant/fungal/bacterial

superfamily), VI:384–386
benzohydroxamic/salicylhydroxamic acids

as binding sites for substrates,
VI:400–403

calcium binding sites and, VI:396–400
classifications of, VI:372–373
and extended network of H-bonds,

VI:380–381
Fe(III) resting state and, VI:374–380
imidazolate ligands and, VI:384–386
KatG from Mycobacterium tuberculosis,

VI:394–396
KatG from Synechocystis, VI:390–394
ligand binding and, VI:403–410
multifrequency EPR spectroscopy and

reactivity of catalytic intermediates,
VI:422–429

resonance raman (RR) characterization of
catalytic intermediates, VI:416–422

structural diagrams of KatGs, VI:386–390
vinyl-protein interaction and, VI:381–384
X-ray structures of catalytic intermediates,

VI:412–414

Peroxidases. See also Compound ES;
Compound I; Horseradish peroxidase
(HRP); Peroxidases (animal
superfamily); Peroxidases
(plant/fungal/bacterial superfamily)

catalysis reaction of, VI:368
Compound I/Compound ES generation,

V:301–303
corrole and, V:35
general information, VI:368–370
multifrequency electron paramagnetic

resonance spectroscopy and,
VI:370–372

and oxygen atom donor of H2O2, V:303
porphycene and, V:34–35
rapid-scanning stopped-flow studies of

P450cam and, V:320–321
resonance raman spectroscopy and, VI:370

Peroxide dissociation, in catalytic cycle of
cytochromes P450, V:179

Perturbation mapping (chemical shift), 1H-15N
NMR spectra and, VI:356–357

Perylene porphyrins, Sonogashira C–C
coupling reactions and, III:343–344

Perylene tetracarboxylic diimides (PDIs),
BODIPYs and, VIII:138–140

Perylene-bisimide-centered porphyrin
tetramer, I:44, I:47

Perylenediimide (PDI), and through-space
BODIPY energy transfer cassettes,
VIII:65–66

Pesticides, cytochrome P450 enzymes and,
V:166

PET. See Positron emission tomography
(PET)

pH and rapid-scanning stopped-flow studies of
P450cam, V:318–319

pH sensors, and peripheral substituents of
phthalocyanines, III:90–92

π-conjugation, fused aromatic rings in meso-
and β-positions and unsymmetrically
elongating, II:69

π-extended heteroporphyrins, II:30
π-extended porphyrins

application of opt-electrical materials at
near IR regions and, II:2
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chemical modification of porphyrin rings
and syntheses of, II:2

condensation reactions in synthesis of,
II:86, II:95

conversion of preformed porphyrins and
synthesis of, II:57

Diels-Alder reaction in synthesis of,
II:81–86

formylporphyrins as intermediates in
synthesis of, II:78

porphyrin-annulated enediynes and unique,
II:59, II:60

porphyrin-based synthesis of, II:1, II:2,
II:55–94

zinc template method and product quality
in synthesis of, II:8

π–π stacked aggregates, β-substitution in
porphyrins and, II:105

Phagocytosis, MPO and, VI:430
Phenanthrene-fused systems, and aromatic

conjugation of BODIPY-analogs,
VIII:114–116

Phenanthrolinoporphyrins (phenP)
preparation of, II:48, II:49
preparation of di(adj)-, di(opp)-, and tri-,

II:49, II:50
Phenanthrolinotribenzoporphyrin (phenBP),

synthesis and Ruthenium complexes of,
II:51, II:52

Phenolic compounds and biosensors,
V:209–210

Phenols, photocatalytic reactions of,
VII:343–346

5-Phenyl-10,15,20-tris(N-methyl-4-
pyridyl)porphyrin chloride 3(Py+–Me),
IV:393

Phenylene-bridged amidopyrrole dimers,
amidopyrrole-based receptors and,
VIII:175–179

Phenylhydrazine, and inactivation of HRP,
V:22–23

Phenyl-substituted phthalocyanines, Q-band
and, III:284–285

Phenylsulfanyl derivatives, III:176, III:190
Pheophorbides

bacteriopheophorbide a, IV:257–260

1,4-diaminobutane (DAB) dendrimers with
pheophorbide a, IV:373–374

folic acid conjugates, IV:35
methyl pheophorbide a, IV:33, IV:233–236
Pd(II) complex of bacteriopheophorbide,

IV:34, IV:43, IV:365
structure, IV:329
See also Chlorins (2,3-dihydroporphyrins);

2-(1-Hexyloxyethyl)-2-devinyl
pyropheophorbide-a (HPPH,
Photochlor)

Phlorin, II:128, II:129
Phosphomethylphthalocyanine derivatives

characteristics of, III:62
preparation via Arbuzov-Mikhaelis

reaction, III:61–62
Phosphonate linkage, oxide surface

functionalization and, X:297–298
Phosphoric acid derivatives, as electron-

withdrawing groups of phthalocyanines,
III:111–114

Phosphorus(V) N-fused phlorin
crystal structure of, II:152
formation of, II:151

Phosphorus, unsubstituted Pcs (UV-vis
absorption data) and, IX:113

Photobleaching quantum yields (ΦP),
VII:320–321

Photocatalytic organic halide reduction by B12

derivatives, X:346–349
Photocatalytic reactions of MPcs,

VII:324–329
Photochemical internalization (PIC), IV:382
Photochemical/photophysical properties of

Pcs/Mpcs
fluorescence quantum yields (ΦF),

VII:275
Jablonski diagram of absorption, VII:268
photodegradation quantum yields (ΦP),

VII:273–275
singlet oxygen quantum yields (Φ∆),

VII:268–273
triplet state quantum yields (ΦT),

VII:275–277
Photodegradation quantum yields (ΦP),

MPc/Pc parameters and, VII:273–275
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Photodynamic (PD) action of tetrapyrrole ring
structures

cholesterol derivative formation, IV:6, IV:7
2′-deoxyguanosine derivative formation,

IV:6, IV:7
discovery, IV:3
overview, IV:5
reaction pathways, IV:5–7
reactive oxygen species (ROSs)

production, IV:3, IV:6
type I (radicals or electron transfer)

processes, IV:6–7, IV:37,
IV:386–387

type II (singlet oxygen) processes, IV:6–7,
IV:37, IV:45, IV:387, IV:426

See also specific types
Photodynamic antimicrobial chemotherapy

(PACT), IV:149
Photodynamic diagnosis (PDD), IV:382
Photodynamic inactivation (PDI)

alkylated Zn tetraazaporphyrins,
IV:72

Bacillus cereus endospores,
IV:390–391

benzochlorin Cu(II) iminium salt
derivatives, IV:28

Candida albicans, IV:392–393
cationic or neutral photosensitizer effect on

Gram-negative bacteria, IV:387,
IV:389–390

Cd texaphyrin, IV:47
Escherichia coli, IV:47, IV:82–83,

IV:387
fungi, IV:392–393
HP, IV:13
mechanism of PDI of fungi, IV:387
sewage bacteria, IV:389–390
Staphylococcus, IV:47
sulfonated Pc (ZnPcS3), IV:66
at surface of biomaterials, IV:390–392
urease activity, IV:365
waste water bacteria, IV:389–390
ZnHP, IV:13
ZnPc, IV:82–83
See also Antimicrobial PDT; Photodynamic

therapy (PDT)

Photodynamic therapy (PDT), II:2, IV:149,
IV:250–252, IV:314, IV:426–427, IX:3

adjuvant procedures targeting tumors after
PDT, IV:426–427

as alternative cancer treatment, IV:3,
IV:124

antitumor agents, VII:381–383, VII:387
apoptosis after PDT, IV:405–408
cancer treatment and, VII:361
comparison of BNCT and PDT, IV:193
conjugates for fluorescence imaging and

PDT, IV:289–293
conjugates for magnetic resonance (MR)

imaging and PDT, IV:294–297
conjugates for nuclear imaging and PDT,

IV:297–302
definition, IV:250
dose–response curves, IV:407
effect of metalation in PDT, IV:257–263
expanded porphyrins and, I:508, II:176,

IV:263–264
Gd(III)-based conjugates for MRI and

PDT, IV:294–297
history, IV:403–405
HPPH conjugates for MRI and PDT,

IV:294–297
hypoxia induced by PDT, IV:426,

IV:432–433, IV:441
induced oxidative damage, IV:5, IV:250
infectious disease treatment by

photosensitizers, IV:284–286
in vivo with TPA, I:18–19
123I-based photosensitizers for PET and

PDT, IV:302, IV:303–304
124I-based photosensitizers for PET and

PDT, IV:299–303
membrane trafficking and PDT,

IV:418–419
metallonaphthalocyanine (MNPc),

IV:261–263
metalloporphyrins, IV:13–25,

IV:257–263
MPcs/Pcs and, VII:250
nanoparticles as drug carriers, 

overview, IV:303, IV:306,
IV:374–376
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Photofrin, IV:3, IV:12–13, IV:39, IV:96,
IV:264, IV:426

photoimmunotherapy (PIT), IV:330,
IV:332–333

polyacrylamide (PAA)-based
nanoparticles for MRI and PDT,
IV:310–312

second-generation photosensitizer features,
IV:3–4, IV:124, IV:426

singlet-oxygen generation and, 
I:18

singlet oxygen (1O2), importance, IV:5,
IV:250, IV:412–414

STAT-3 as biomarker, IV:250, IV:272–274,
IV:314

See also Infectious disease treatment by
photosensitizers; Photosensitizers
(PS); Targeting strategies for
PDT; Tumor microenvironment and
PDT

Photodynamic therapy of cancer (PDT). See
also Phthalocyanine sulfoacids and
derivatives

1,8(11),15(18),22(25)-
tetraphenylthiophthalocyanines and,
III:176

alkylation and terminal functional groups,
III:169

combinatorial chemistry of porphyrins and,
III:488

and modification of porphyrin macrocycle,
III:512

and optical properties of Q-band,
III:283–289

palladium-catalyzed C–C reactions and,
III:368

and phthalocyanine sulfoacids and
derivatives, III:83, III:88–89,
III:105–106

and small libraries for therapeutic
discovery, III:502–506

Photoexcitation
covalently linked conjugates and,

I:162–163
future outlook of charge transfers and,

I:206–208

and non-covalently linked hybrids of SnP
platform, I:169–170

and SWNT functionalized with PAMAM
dendrimers, I:195

SWNT separation and, I:197
Photofrin

angiogenic effect, IV:433–434
COX-2 enzyme induction, IV:429, IV:430
in fluorescent imaging and diagnosis,

IV:288–289
hematoporphyrin derivatives (HPDs) in,

IV:3, IV:12, IV:251
induced protein kinase B/Akt, IV:437
matrix metalloproteinase (MMP-1)

expression after PDT, IV:436,
IV:440

photodynamic therapy (PDT), IV:3,
IV:12–13, IV:96, IV:264, IV:426

photosensitizing activity, IV:3, IV:39
in polyacrylamide (PAA)-based

nanoparticles for MRI and PDT,
IV:310–312

radiosensitizing agent, IV:96
retention by tumor tissues, IV:288
structure, IV:13, IV:253
use with COX-2 inhibitors, IV:429, IV:432

Photogem, IV:38, IV:253
Photoimmunoconjugate (PIC). See

Monoclonal antibody
(MAb)–photosensitizer conjugates

Photoimmunotherapy (PIT), IV:332, IV:342
Photolon (chlorin e6–polyvinylpyrrolidone),

IV:37–38, IV:387
Photon upconverting nanoparticles (PUNP),

IV:379–380
Photoorientation and porphyrins in rare-gas

matrices, VII:410
Photooxidation, cofacial porphyrin dimers and,

I:55–56, I:58
Photophysical properties of expanded

porphyrins
heptapyrrolic (Hückel aromaticity),

I:535–542
heptapyrrolic (Möbius aromaticity),

I:542–544
heptapyrrolic (overview), I:535
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hexapyrrolic (excited state dynamics),
I:517–518

hexapyrrolic (Hückel antiaromaticity),
I:529–534

hexapyrrolic (Möbius aromaticity),
I:519–528. See also Hexapyrrolic
expanded porphyrins

hexapyrrolic (overview), I:515
hexapyrrolic (spectroscopic

properties/aromaticity), I:518–519
hexapyrrolic (steady state spectroscopy),

I:515–517
octapyrrolic (Möbius aromaticity),

I:544–546
pentapyrrolic (excited state dynamics),

I:512
pentapyrrolic (N-fused

pentaphyrins/metalation), I:514–515
pentapyrrolic (nonlinear optical properties),

I:513–514
pentapyrrolic (overview), I:510–511
pentapyrrolic (quantum mechanics),

I:513–514
pentapyrrolic (steady state spectroscopy),

I:511–512
protonation of [38]nonaphyrin, I:546–551

Photophysical properties of porphyrin arrays
conformational heterogeneity, I:458
and dihedral angle control in array

derivatives, I:458–472. See also
Dihedral angle control

EET process, I:480–485, I:495–499
electrical conductance (arrays), I:449–452
excitation energy hopping, I:474–475
excitation energy migration, I:475–476
exciton coupling, I:472–474, I:479–480,

I:492–495
and intracellular behaviors of dimers,

I:18–19
one-dimension linear arrays, I:443–448
radiative coherent length arrays,

I:448–449
SMFS, I:452–458, I:476–479, I:485–491
supramolecular self-assembled porphyrin

boxes, I:491–492
types of analysis (arrays), I:441–442

Photophysics
excited state deactivation in alkylated

porphycenes, VII:404–407
porphyrin isomers (general information),

VII:399–403
relaxation from higher excited states,

VII:407
triplet state studies, VII:407–409

Photosens, as photosensitizer in cancer
treatment, III:88

Photosens, IV:256, IV:262
Photosensitized reactions, overview, IV:2–3
Photosensitizers (PS), IV:2–7

absorption spectra, IV:4
activatable photosensitizer conjugates,

IV:281–284
5-aminolevulinic acid (ALA)-based

photosensitizers, IV:7–11, IV:12
clinical applications in fluorescence

imaging, IV:288–289
clinical trials, IV:251, IV:253–256
β-galactoside-recognized photosensitizers,

IV:32–33, IV:265, IV:267–268
localization sites, IV:408, IV:409, IV:410,

IV:411
photodynamic effect, discovery, IV:3
photosensitizers for infectious diseases,

IV:284–286
properties and features, IV:3–4, IV:250,

IV:252
research and development, IV:251–252,

IV:264
second-generation photosensitizers,

IV:3–4, IV:124, IV:426
structures, IV:253–256
targeted carbohydrate-based conjugates,

IV:32, IV:264–274, IV:275
targeted peptide-based conjugates, IV:274,

IV:276–281
targeted photosensitizers, overview,

IV:264
third-generation photosensitizers, IV:124,

IV:330, IV:371–372
type I (radicals or electron transfer)

processes, IV:6–7, IV:37,
IV:386–387
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type II (singlet oxygen) processes, IV:6–7,
IV:37, IV:45, IV:387, IV:426

See also Photodynamic therapy (PDT);
Targeted photosensitizers; specific
types

Photosynthesis
chlorosomes and, I:223–225
defined, I:2
evolution of bacteria for, I:223
future outlook of charge transfers and,

I:206–208
and λ-values of polar solvents, I:147–148
nanometer scale structures and, I:133–134
porphyrins and, VII:360–361
prokaryotic bacteria and, I:223, I:225–226
radical cation/anion of charge-separated

states and, I:309
Photosynthetic reaction center models,

X:184–186
Photosynthetic reaction centers (RCs)

antennae (photosynthetic) and, I:227–228
covalently linked conjugates and, I:148
crystal structures and, I:2–4
use of BChls for light to biochemical

energy conversion, I:225
Photosynthetic systems, artificial. See

Artificial photosynthetic systems
Photovoltaic cells, and peripheral substituents

of phthalocyanines, III:90–92
Photovoltaic devices, organic (OPD), tandem

solar cells and efficiency of,
X:150–151

Photovoltaic devices, organic (OPV)
and bilayer heterojunctions fabricated using

two different processing techniques
and OPV by vapor deposition,
X:149–150

covalent linkage for performance
improvement of, X:155–156

general information, X:143–145
and incorporation of Pcs into, X:149–150
introduction of exciton-blocking layers into

OPV by vapor deposition,
X:146–147

structural modification in Pcs and OPV by
vapor deposition, X:148–149

structural modification in Pcs and OPV by
vapor deposition and, X:148–149

tandem solar cells and OPV by vapor
deposition, X:150–152

Photrex (Sn(IV) etiopurpurin), IV:27, IV:255
Phthalocyanine blue/green, IX:3
Phthalocyanine combinatorial libraries,

III:516–517
Phthalocyanine complex (Pc), non-Aufbau

orbital filling and, VI:42
Phthalocyanine derivatives, incorporation with

porphyrin analogs, V:30–31
Phthalocyanine sulfoacids and derivatives, as

electron-withdrawing groups, III:83–92
Phthalocyaninecarboxylic acids/derivatives

spectra, III:262–268
Phthalocyaninephosphonic acids/derivatives

spectra, III:277
Phthalocyanines (Pc), IV:61–86

abbreviations, III:2
absorption spectra, IV:5
aggregation behavior in, VII:278–281,

VII:321–323
alkanes/alkenes (photocatalytic reactions)

and, VII:347–348
alkenyl/alkynyl substituents and, III:34–43
alkyl-/arylsulfonyl and sulfinyl-substituted,

III:92–95
alkyl/aryl substituents and, III:7–34. See

also Alkyl substituents of
phthalocyanines; Aryl substituents of
phthalocyanines

alkylated Zn tetraazaporphyrins,IV:71–72
alkylthio-/arylthio-substituted, III:173,

III:176–190
amino-substituted, III:114–121
common abbreviations for, VII:249
dendrimer phthalocyanine (DPc), IV:381
dodeca-alkyl- or aryl-substituted, III:31
epidermal growth factor conjugates,IV:347
fluorescence quantum yields (ΦF), VII:275
fluorescence quantum yields (ΦF) (CdPc

complexes), VII:335
fluorescence spectra/quantum yields (ΦF)

in, VII:281–314. See also Quantum
yields (ΦF)
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functionalized with carboxylic acids and
derivatives, III:95–111

functionalized with phosphoric acid
derivatives, III:111–114

Φ∆ and, VII:333–334
ΦP and, VII:334–335
(ΦT)/(τT) and, VII:332–333
(ΦT)/(τT) (CdPc complexes) and,

VII:335–336
general UV-vis spectra for, III:198,

III:280–282
general axial ligands (X1, X2) of,

VII:260–263
group 4 to 11 Pc complexes, VII:330
group 12 Pc complexes (ZnPc complexes),

VII:330–335
group 13 Pc complexes, VII:337–339
group 14/group 15 Pc complexes,

VII:339–341
halogen-substituted, III:62–79. See

also Halogen-substituted
phthalocyanines

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-
hexadecasubstituted compounds of,
III:31–34

HgPc complexes (CdPc complexes) and,
VII:336–337

historical aspects/general information of,
III:2–6

history, IV:61–62
hydroxy-/alkoxy-/aryloxy-

substituted, III:121–176. See also
Hydroxy-/alkoxy-/aryloxy-
substituted phthalocyanines and
derivatives

metalloporphyrin structure/electron
configurations and, VI:16–17

and molecular structures of complexes of
MPcs, VII:263–267

nitro-substituted, III:79–83
1,2,8,9,(10,11),15,16(17,18),22,23(24,25)-

octasubstituted compounds of,
III:17

1,3,8,10,(9,11),15,17(16,18),22,24(23,25)-
octasubstituted compounds of,
III:17–18

1,4,8,11,15,18,22,25-octasubstituted
compounds of, III:18–23. See also
Octasubstituted compounds of
phthalocyanines

2,3,9,10,16,17,23,24-octasubstituted
compounds of, III:23–31. See also
Octasubstituted compounds of
phthalocyanines

phenols (photocatalytic reactions) and,
VII:343–346

photobleaching quantum yields (ΦP),
VII:320–321

photocatalytic reactions of MPcs,
VII:324–329

photocatalytic reactions of complexes in
solution, VII:345–346

photocatalytic reactions of complexes on
supports, VII:343–345

photochemistry (CdPc complexes) and,
VII:336

photochemistry of group 14/15 Pc
complexes, VII:341

photodegradation quantum yields (ΦP),
VII:273–275

photophysics of group 14/15 Pc complexes,
VII:339–341

phthalimides in syntheses of, 
II:3

phthalocyanine sulfoacids and derivatives,
III:83–92

Q band/Soret bands and, IX:6–10
redox potential trends/stability of,

III:289–293
ring (R1 to R4) substituents of,

VII:251–260
singlet oxygen quantum yields

(Φ∆), VII:268–273,
VII:318–320

in solar cells, X:142–143. See also Solar
cells, phthalocyanines in

solketal-substituted
phthalocyanine [Si(sol)2Pc],
IV:78, IV:382

solubility and derivatization of, II:42–43,
II:46

structure, IV:252
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subphthalocyanine (subPc), IV:59–61,
IV:63, IV:66, IV:200

sulfur-containing compounds
(photocatalytic reactions) and,
VII:342–343

symmetry of wavefunctions of
HOMO/LUMO and, IX:6–9

synthesis in ring-opening reaction,
IV:59–60, IV:63

tetraazatetrabenzoporphyrins; Pcs, 
II:2

tetrahydroxy-Pc, IV:70–71
1,8(11),15(18),22(25)-tetrasubstituted

compounds of, III:7–11
2,9(10),16(17),23(24)-tetrasubstituted

compounds of, III:10–16
tetrasulfonated phthalocyanine (PcS4),

IV:62
trialkylsilyl-substituted, 

III:42–45
triplet quantum yields (ΦT) and lifetimes

(τT), VII:315–318
triplet state quantum yields (ΦT),

VII:275–277
unmetalated, group 1/group 2 Pc

complexes, VII:321–323
uses of, III:198, VII:250
with electron-donating/electron-

withdrawing substituents in
same benzene ring spectra,
III:278–279

with electron-donating/electron-
withdrawing substituents in
same benzene ring,
III:190–198

with substituents connected via
methylene group, III:45–62.
See also Methylene group

XAl(III)Pc complexes, VII:337
XGa(III)Pc and XIn(III)Pc complexes,

VII:337–339
See also Boronated phthalocyanines;

Metallophthalocyanine (MPc);
Naphthalocyanine (NPc);
Spectroscopy; specific UV-vis
absorption spectroscopy

Phthalocyaninesulphonic acids spectra,
III:269–277

Phthalonitriles
and alkylation of phenolic hydrogen atoms

with alkyl halides, III:169
bisphthalonitriles, III:173
derivatives of phthalonitrile-4,5-

dicarboxamides, III:110
electron-donating groups compared with

electron-withdrawing groups for
preparation of, III:170

formation of
polyfluoroalkoxysulfonylphthalo-
nitriles, III:78–79

as precursors in cyclotetramerization
reaction, III:70

and preparation of 3,6-
bis(trifluoromethyl)phthalonitrile,
III:72, III:76

preparation of 4-vinylphthalonitrile,
III:34–35

and preparation of phthalonitriles with
electron-donating groups,
III:120–121

synthetic strategy for preparation of 4,5-
disubstituted, III:45, III:61

Phthalosens, and PDT, III:88
Phylloquinone, and photosynthetic RCs of

cyanobacterial photosystems, I:2
Picenoporphyrins, preparation of, II:59–60,

II:211–213
Pinacolborane, in synthesis of meso-

borylporphyrins, II:60
Pinacolborane, palladium-catalyzed C–B

coupling and, III:373–374
Pincer complexes of porphyrins, Suzuki-type

C–C coupling reactions and,
III:336–337

Pincer-like palladium complexes
active catalysts of, VIII:443,

VIII:445–447
cationic species of, VIII:437–441
intramolecular CH activation of,

VIII:441–444
pi–pi (π−π) stacking interactions

1:1 and 2:1 complexes of, I:341–342
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axial coordination and, I:408–411
bis(porphyrin)-substituted pyrazine and,

I:351
calixarenes and, I:346–348
donor-SWNT hybrids via, I:401–404
foldamer-based tweezers and, I:348–349
fullerene hybridization and, I:344–345
“jaw-shaped” dimers and, I:346–347
non-covalent, I:345–346
supramolecular donor-acceptor interactions

and, I:341
tetracationic water-soluble porphyrin and,

I:422–423
tetramer/dendrimer synthesis and,

I:342–343, I:345
tripodal complexes and, I:349–350

Planar anions, VIII:167. See also Pyrrole-
based π-conjugated acyclic anion
receptors

Planar vs. nonplanar porphyrins, and
artificial photosynthetic systems,
X:186–190

Plant peroxidases. See Peroxidases
(plant/fungal/bacterial superfamily)

Plasma membrane targeting by
photosensitizers, IV:264, IV:371,
IV:385–386, IV:411–412

Platinum chloride
complexes of 21-benzyl-NCPNi(II)

complex with, II:324, II:326
complexes of N-confused tetra(4-tert-

butylphenyl)porphyrin (NCTBP)
with, II:323, II:325, II:326

Platinum, unsubstituted Pcs (UV-vis
absorption data) and, IX:134

Polar solvents
aromatic nucleophilic substitution,

III:171
reorganization energy and, I:147–148

Polarized spectroscopy, and fluorescence
anisotropy of porphycenes,
VII:417–423

Poly(aryleneethynylene)s (PAEs) co-
containing (2,6-positions) polymers,
BODIPY-based polymers and,
VIII:86–89

Poly(D,L-lactide-co-glycolide) (PLGA),
IV:384

Poly(methacrylic acid)-5-(4-
acryloyloxyphenyl)10,15,20-
tritolylporphyrin (PMAPo), IV:367

Poly(methyl methacrylate) (PMMA) film, and
single molecule studies, I:196,
VII:424–425

Poly(N-isopropylacrylamide) (PNIPAM),
IV:379, IV:384

Poly(phenylene ethynylene), dendritic
porphyrins and, III:350–352

Polyalkynyl porphyrins, Sonogashira C–C
coupling reactions and, III:343

Polychlorophthalonitriles, nucleophilic
aromatic substitution in, III:197–198

Polycrystalline porphycenes, VII:416–417
Polyethylene glycol (PEG)

PEGylated chlorins, IV:37
PEGylated gold nanoparticles, IV:313–314,

IV:377–378
pegylated metal phthalocyanines,

IV:71–72, IV:83
PEGylated porphyrin localization in

organelles, IV:368
pegylated silicon(IV) phthalocyanines,

IV:127–128
poly(ethylene glycol)-5-(4-

hydroxymethylphenyl)-10,15,20-
tritolylporphyrin, IV:367

poly(ethylene glycol)–poly(L-lysine) block
copolymers (PEG-PLL), IV:381

Polyfluoroalkoxysulfonylphthalonitriles,
formation of, III:78–79

Polyglutamic acid (PGA), IV:169, IV:296,
IV:337–338

Polyglutamic PdTBPs dendrimers
isoindole as a precursor in synthesis of,

II:4
syntheses of, II:4

Polyion complex micelles (PICM),
IV:371–372, IV:380–382

Polylysine (poly-L-lysine, PLL)
linker in antibody–photosensitizer

conjugates, IV:167–168, IV:170,
IV:338–339
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poly(ethylene glycol)–poly(L-lysine) block
copolymers (PEG-PLL), IV:381

sugar–photosensitizer conjugates, IV:149
Polymer carrier systems, IV:366–369
Polymer Pcs, UV-vis absorption data,

IX:585–601
Polymer wrapping, tetrapyrrole-nanocarbon

hybrids and, I:419–421
Polymerase chain reaction (epPCR),

V:217–218
Polymeric byproducts, of pyromellitic

anhydride/imide cyclotetramerization,
III:95, III:104–106

Polymeric linkers in conjugates. See Linkers
in conjugates

Polymeric micelles, IV:366, IV:380–382,
IV:384

Polymer–photosensitizer conjugates
block copolymer with tetraphenylporphyrin

and galactoside, IV:368–369
chlorin e6–polystyrene microsphere

conjugates, IV:366–367
poly(ethylene glycol)-5-(4-

hydroxymethylphenyl)-10,15,20-
tritolylporphyrin, IV:367

polyethylene glycol–tetrakis(p-
bromomethylphenyl)porphyrin,
IV:367–368

poly(methacrylic acid)-5-(4-
acryloyloxyphenyl)10,15,20-
tritolylporphyrin, IV:367

polyurethane–tetraphenylporphyrin
nanofibers, IV:387

See also Linkers in conjugates
Polymers (BODIPY-based)

BODIPY-based polymers and,
VIII:89–90

organoboron, VIII:89–90
poly(aryleneethynylene)s (PAEs) co-

containing (2,6-positions) polymers,
VIII:86–89

Polyphasic tumor targeting (PTT),IV:330–331
Polypyridine complexes with accessory

BODIPY chromophores, and through-
bond BODIPY energy transfer cassettes,
VIII:77–80

Polystyrene microsphere conjugates with
chlorin e6, IV:366–367

Polyurethane, IV:387
Polyvinyl alcohol (PVA)

AlPcCl conjugates, IV:64
epidermal growth factor (EGF) conjugates,

IV:153–155, IV:281
as linker in conjugates, IV:153–155,

IV:164–166, IV:335–337
Verteporfin conjugates, IV:142

Polyvinylpyrrolidone (PVP), IV:37–38
Porphobilinogen (PBG), heme resonance

assignment and, VI:60
Porphocyanines, IV:44–45
Porphycene, IV:29–30, IV:408, IV:409,

IV:410
electronic absorption data of,

VII:382–383
electronic absorption spectra of,

VII:384–390
main trapping site in xenon/argon,

VII:398–399
myoglobin function regulation, V:32–33
peroxidase function regulation and,

V:34–35
polarized spectroscopy and,

VII:417–423
polycrystalline ground state tautomerism,

VII:416–417
as skeletal isomer of porphyrin,

II:296–297
See also Free-base porphycenes

Porphyrazines, IV:73, IV:79–80, IV:82–83,
IV:85–86, IV:87–88

chelating sites, III:463–464
crown ether-functionalized, III:467–468
dimers/oligomers linked by metal ions,

III:472–477
and dimers/oligomers linked by metal ions,

III:472–477
metalloporphyrin structure/electron

configurations and, VI:16–17
molybdocene-/vanadocene-substituted,

III:469–470
nickel porphyrazine metalated with nickel

diphosphine groups, III:465–466
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nickel porphyrazine tetrametalated with
dichloropalladium(II) groups,
III:467–468

obtained by template synthesis with
different dinitriles, III:469

octakis(alkylthio)tetraazaporphyrin
preparation, III:463

tetrametalated nickel porphyrazine,
III:464

tin functionalized nickel porphyrazine,
III:465–466

Porphyrin analogs
azaporphyrins incorporation with,

V:31–32
chlorin incorporation with, V:28–30
chlorophyll derivative incorporation with,

V:30
other porphyrin analog incorporation with,

V:32
phthalocyanine derivative incorporation

with, V:30–31
Porphyrin arrays. See also Expanded

porphyrins
α-diones condensation with diamines and

synthesis of, II:78
cofacial porphyrin dimers, I:49–57
covalently linked, I:41–49
covalent/noncovalent metalloporphyrin

arrays, I:4
dendritic, I:34–41
directly linked (meso–meso-linked coupling

reactions), I:62–63
directly linked (m-phenylene-linked

porphyrin wheels), I:70–77
directly linked (porphyrin rings), I:65,

I:68–70
directly linked (synthesis), I:57–59,

I:61–62
directly linked (three-dimensionally

arranged arrays), I:63–68
electronic system expansion of,

I:83–84
electronic system manipulation

(π-conjugation) and, I:84–85
ethynyl-/1,3-butadiynyl-bridged arrays,

I:18

ethynyl-conjugated. See Ethynyl-
conjugated porphyrin arrays

excitation energy transfer (EET) and,
I:3

hybrid, I:13
metal-bridged, I:110–119
metallation states and, I:29–30
metalloporphyrins as self-assembled,

I:90–101
multiply linked, I:77–90. See also

Multiply linked porphyrin arrays
nanometer scale structures and, I:136
oxidative coupling in synthesis of directly

linked and fused, II:65
oxidizing agent for directly linked,

II:66–67
photophysical properties. See

Photophysical properties of
porphyrin arrays

red-shifting and number of porphyrins in,
II:67

self-sorting systems from meso–meso-
linked diporphyrins, I:101–110

as target materials for two-photon-based
PDDT, I:5

Porphyrin boxes. See Cyclic arrays and
porphyrin boxes

Porphyrin chromophores, VII:149–150,
VII:154

Porphyrin core, complete ‘carbonification’ of,
II:166

Porphyrin destruction
abbreviations for, VIII:294
coupled oxidation and, VIII:296
dimeric complexes (metal complexes) and

biliverdin, VIII:310–312,
VIII:318–321

formation by dehydration of bilindione,
VIII:301, VIII:304

formation by porphyrin oxidation,
VIII:296–302

free ligand (metal complexes) and
biliverdin, VIII:307–310

heme catabolism and, VIII:295–296
iron complexes (metal complexes) and

biliverdin, VIII:321–328
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and metal complexes of formylbiliverdin,
VIII:328–334

miscellaneous complexes and open-
chain oligopyrrole systems,
VIII:335–338

monomeric complexes (metal complexes)
and biliverdin, VIII:312–318

and open-chain tetrapyrroles from ring
opening of verdohemes,
VIII:301–307

and ring skeletal structures of tetrapyrrole
ligands, VIII:294–295

Porphyrin dimers, synthesis of gable and
planar, II:41–42, II:45

See also Dimers
Porphyrin dyes, fine tuning HOMO and

LUMO energy levels of, II:2
Porphyrin isomers

cis-trans tautomerism structure and,
VII:373–380

common abbreviations for, VII:360
electronic absorption spectra

(corrphycenes), VII:390–392
electronic absorption spectra (general

information), VII:380–384
electronic absorption spectra

(hemiporphycenes), VII:390–392
electronic absorption spectra

(isoporphycene derivatives),
VII:390–392

electronic absorption spectra
(porphycenes), VII:384–390

excited state deactivation in alkylated
porphycenes (photophysics),
VII:404–407

general information (photophysics),
VII:399–403

geometric optimizations of, VII:368
and influence of substituents on geometry

of internal cavity, VII:369–373
low-temperature spectroscopy of,

VII:397–399
perimeter model for absorption elucidation,

VII:392–397
perimeter model for magnetic circular

dichroism spectra, VII:392–397

relative energies of, VII:363
relaxation from higher excited states

(photophysics), VII:407
skeleton-changed vs. atom-exchanged type,

II:296–297
spectroscopy of, VII:380–399
structure of, VII:365–380
symmetry/planarity of, VII:365–369
tautomerism in porphycenes (coherent

double hydrogen tunneling in
isolated molecules), VII:411–416

tautomerism in porphycenes (molecules in
condensed phases), VII:416–424

tautomerism in porphyrins, VII:409–410
tautomerism (single molecule studies),

VII:424–426
trimethine moiety (cis/trans) of,

VII:367–368
triplet state studies (photophysics),

VII:407–409
Porphyrin macrocycle. See Porphyrins
Porphyrin monomers, TPA cross-section

values of, I:5
Porphyrin nanochannel (PNC) structures,

X:227. See also Porphyrin–nanocarbon
composites

Porphyrin oxidation, verdoheme formation by,
VIII:296–302

Porphyrin ring deformation
and formation of pure intermediate-spin

complexes (ruffled), VII:61–67
and formation of pure intermediate-spin

complexes (saddles), VII:67–70
ruffled deformation, VII:39–45
saddled deformation, VII:45–47

Porphyrin rings
frontier molecular orbitals of, VI:43
orbitals of ruffled, VI:45–46
spin delocalization and, VI:40, VI:42–50

Porphyrin solar cells. See also Solar cells,
phthalocyanines in

and chromophores/electron
donor/fullerenes for chromophore
efficiency, X:232–234

and oligomers with polypeptidic
backbones, X:235
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PNC–TTF supramolecules and, X:231–232
and porphyrin–alkanethiolate monolayer

protected-gold nanoclusters/C60,
X:236

role of, X:231
voltage characteristics, X:236

Porphyrin triflates, reduced oxidation
potential of aromatic rings and, II:61,
II:63

Porphyrin π-cation radical. See Compound I
Porphyrin/phthalocyanine-carbon nanotube

donor-acceptor hybrids
complementary electrostatics/π−π

interactions and, I:413–416
crown ether-alkyl ammonium interactions

and, I:417–419
and donor-acceptor via polymer wrapping,

I:419–421
and donor-SWNT hybrids via π−π

interactions, I:401–404
ion-paired binding and, I:411–413
and metal-ligand coordination approach of

tetrapyrrole-SWNT hybrids,
I:404–407

and non-covalent functionalization of
carbon nanotubes, I:401

π−π interactions/axial coordination and,
I:408–411

and solubilization of carbon nanotubes,
I:400–401

and supramolecular tetrapyrrole-acceptors
with other carbon structures,
I:421–423

Porphyrin/phthalocyanine-fullerene donor-
acceptor hybrids

crown ether-alkyl ammonium dipole — ion
bonding, I:351–352

electrostatic ion-pairing interactions and,
I:338–339

metallotetrapyrrole-fullerene dyads and,
I:311–322

metal-oxygen bonding and, I:322–325
porphyrin-fullerene and π−π interactions,

I:339–351
and porphyrin-fullerene conjugates via

hydrogen bonding, I:329–338

reversible switching of inter-/intramolecular
PET events, I:397–399

rotaxanes/catenanes formation and,
I:352–361

subphthalocyanine-fullerene donor-
acceptor systems and, I:325–329

and supramolecular architectures for
photochemical events, I:361–397.
See also Supramolecular chemistry

Porphyrin-[60]fullerene dyads
electronic transfer between porphyrin and

fullerene in, II:228–231
Sonogashira protocol in synthesis of β-

alkynyl-linked, II:230
Porphyrin-based systems as photosynthesis

models, and through-bond
BODIPY energy transfer cassettes,
VIII:70–76

Porphyrin-cardanol hybrids, metathesis using
meso-arylporphyrins in synthesis of,
II:237

Porphyrin-cored dendrimers, 1,3-dipolar
cycloaddition-based synthesis of,
II:281

Porphyrin-fullerene held by π−π interactions
1:1 and 2:1 complexes of, I:341–342
bis(porphyrin)-substituted pyrazine and,

I:351
calixarenes and, I:346–348
as face-to-face cyclic dimer, I:339–340
foldamer-based tweezers and,

I:348–349
and fullerene hybridization, I:344–345
and “jaw-shaped” dimers, I:346–347
non-covalent, I:345–346
supramolecular donor-acceptor interactions

in, I:341
tetramer/dendrimer synthesis and,

I:342–343, I:345
and tripodal complexes, I:349–350

Porphyrin-fused phenanthroline Ru(II)
complexes, synthesis of, II:49–50,
II:51

Porphyrin-fused systems, and aromatic
conjugation of BODIPY-analogs,
VIII:116
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Porphyrin–nanocarbon composites
and cyclic porphyrin dimer Ni2–CPDPy,

X:229–230
decay process and, X:227
and intramolecular π–π interaction,

X:221–222
and laser photoexcitation/spectra of

nanohybrids, X:222–223,
X:225–226

PN–H2Q structure/photoirradiation,
X:227–228

tetrathiafulvalene (TTF) and, X:229
Porphyrinoid, a blend of azulene, thiophene(s),

and acetylene moieties containing
single, II:156, II:157, III:486

modulation of hemoprotein activity with
artificial, V:48–57

with fused aromatic rings, II:2
See also Combinatorial chemistry of

porphyrins
Porphyrin-phthalocyanine dyads

palladium-catalyzed amination in synthesis
of, II:240–241, II:243, II:244

synthesis of, II:234, II:236
Porphyrin-phthalocyanine oligomers, synthesis

of C–C bonded, II:225, II:226
Porphyrins and organometallic C–C coupling

reactions. See also Organometallic C–C
coupling reactions (porphyrins);
Palladium-catalyzed carbon-heteroatom
C–C reactions

acetylene derivative/N-fused porphyrin
coupling and, III:344

acetylenic porphyrin synthesis,
III:341–342

alkenyl porphyrin synthesis, III:345
allenyl/alkynyl formation and,III:340–341
benzothiadiazole porphyrin synthesis,

III:337–339
β-perfluororalkylated, III:340
butadiene porphyrins and, III:346
cyanoporphyrin synthesis, III:347–348
dibenzofurane porphyrin synthesis,

III:337–338
ferrocenyl porphyrin synthesis,

III:341–342

N-fused porphyrin/acetylene derivative
coupling, III:344

nitropolythiophenyl porphyrin synthesis,
III:338–339

perylene porphyrin synthesis, III:343–344
polyalkynyl porphyrin synthesis, III:343
squarylporphyrin synthesis, III:346–347
thiol-derivatized europium complex

synthesis, III:342–343
tin porphyrin synthesis, III:346–347
xanthene porphyrin synthesis, III:337–338

Porphyrins as photosensitizers, IV:11–25
absorption spectra, IV:4–5
anionic porphyrins, IV:25, IV:26
cation porphyrin–anthraquinone

(porphyrin–AQ) hybrids, IV:23,
IV:24

cation porphyrin-modified amino acids,
IV:20, IV:22, IV:23–25, IV:26

fluorinated porphyrins, IV:18, IV:31–32,
IV:43

folic acid conjugates, IV:16
structure and properties, IV:4, IV:11,

IV:252
telomerase inhibitors, IV:19
See also specific types

Porphyrins with meso-aldoxime group, as a
precursors to 1,3-dipole moiety, II:268,
II:271

Porphyrins. See also Combinatorial chemistry
of porphyrins; Peripherally metalated
porphyrin derivatives

aromaticity and aromaticity criteria of,
II:108

axial ligand bands and M(II) porphyrins,
VII:444–450

Barton-Zard reaction in synthesis of
symmetrically substituted,II:9–10

bearing a N-unsubstituted 1,2,3-triazole in
meso-position, II:274, II:276

binding of DNA to cationic, II:217–218
β-substituted boronic acid and electronic

conjugation of π-system of,
II:221–222

carbazates/azoesters with, III:382–383
chiral, III:368
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“confusion” and “fusion” in framework of,
II:297

combinatorial chemistry of porphyrins and
synthesis of, III:488–489

coordination cavity, II:104
coordination complexes linked by metal

ions, III:451–463, III:451–463
coordination complexes with one

porphyrin, III:444–447
cycloaddition of pentacene or tetracene to,

II:249–250
and design for specific purposes. See Free-

base porphycenes
Diels-Alder reaction of β-substituted

butadienyl, II:253, II:255
as dienes in cycloaddition reactions,

II:252
as dienophiles in Diels-Alder reaction,

II:242, II:243
as dipolarophiles in 1,3-dipolar

cycloaddition reactions, II:242,
II:259

as 1,3-dipoles in cycloaddition reactions,
II:266

electronic absorption data of, VII:381
formulas of most stable tautomeric form of,

VII:362
functionalization of meso position and

oligomeric structures of, II:105
HOMO and LUMO energy band gaps of,

II:1
meso- and β-free derivatives of, II:194
meso- and β-positions of, II:1, II:104
metallocenes linked by metal ions,

III:447–451
metallocenes with one porphyrin,

III:435–444
microwave-assisted synthesis of Ni(II),

Pt(II), and Pd(II) complexes of,
II:197

numbering systems for N-confused and N-
fused, II:297, II:298

organometallic C–C coupling reactions
and, III:326–332. See also
Organometallic C–C coupling
reactions (porphyrins)

π-cation radicals, VII:451–452
π-electron conjugation, molecular planarity

and macrocyclic, II:108
π–π stacking and meso substitution in,

II:105
photophysical properties and, III:521. See

also Photodynamic therapy of cancer
(PDT)

preferred bromoporphyrins in bromination
of, II:58

product composition in nitration of, II:71,
II:72, II:73

prospective applicability and modifications
of, II:104

pyrrole-based synthesis of π-extended,
II:1, II:2, II:3–55

Q and Soret (B) bands of, II:2
redox-induced FTIR difference spectra and,

VII:466–468
structural diversity in metal complexes of

regular vs. N-confused, II:303
substitution of heteroatom and binding and

electronic properties of, II:105
synthesis of aromatic rings-fused, II:1,

II:2
synthesis of meso-amido, meso-aryloxy,

and meso-alkylsufanyl, II:239–240
synthesis of meso-triazole-substituted,

II:273, II:275
synthesis of resorcinol-substituted,

phenanthroline-strapped,
II:237–238

synthesis of 1,2,3-triazole-appended,
II:273, II:274

tautomerism in, VII:409–410. See also
Tautomerism

use of cyanoethyltrifluoroborate in
synthesis of β-substituted cyano
derivatives of, II:226–227

uses of, VII:360–361
variously substituted porphyrins from

brominated, II:58, II:59
See also Iron porphyrin complexes;

Optically active porphyrin systems
Porphyrin-spacer-porphyrin scaffolds,

synthesis of, II:254, II:257
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Porphyrin-to-porphyrinoid framework, for
heme prosthetic group, V:5

Porphyrin-α-diones
preparation of, II:87–88
quinoxaline-fused porphyrins using

condensation reaction of, II:87,
II:90

Porphyrin-β-oligo(ethynylphenylene)-
[60]fullerene, synthesis of, II:228,
II:229

Positron emission tomography (PET), IV:90,
IV:288, IV:297–298

conjugates for nuclear (PET/SPECT)
imaging and PDT, IV:297–302

18F-fluorodeoxyglucose (FDG), IV:297,
IV:299, IV:301, IV:314

123I-based photosensitizers for PET and
PDT, IV:302, IV:303–304

124I-based photosensitizers for PET and
PDT, IV:299–303

isotopes used, IV:91, IV:93–95, IV:204,
IV:298–299, IV:301

positron emission tomography–computed
tomography (PET/SPECT), IV:288,
IV:297–302

See also Tumor imaging
Potentiometric biosensors, V:254
PPc/AsPc/SbPc/BiPc/BiPc2/Bi2Pc3 absorption

spectra, IX:95–99
PPIX. See Protoporphyrin-IX (PPIX)
Pressure in IR spectroscopy

and heme doming mode assignment,
VII:459–460

pressure dependence of IR spectral
features, VII:458–459

Prinomastat (AG3340), IV:436–437
Probing distance/orientation effects,

tetrapyrrole-nanocarbon hybrids and,
I:362–363

Procaspase-3, IV:406, IV:411, IV:414
See also Caspase-3

Prodigiosenes (tripyrroles)
interaction with metal ions,

VIII:377–378
and preparation of open-chain oligopyrrole

systems, VIII:352–353

Prodigiosin, amidopyrrole-based receptors
and, VIII:188

Product isotop effect (PIE), X:122
Prokaryotes, I:223, I:225–226
Proline-derived ligands, X:38–39
Propargyl aldehyde, condensation reaction to

install acetylenic groups, I:7
Properties/reactivity of Compound I

properties/reactivity, in catalytic cycle
of cytochromes P450, V:180

Propionate positions, reconstituted
hemoproteins and, V:19–21

Propionate side chains. See also Heme-
propionate side chains

cytochrome P450 structures and,
V:183–184

modification of, V:14
6-/7-Propionate side chains in heme

framework, reconstituted hemoproteins
and, V:12–17

Prostaglandin E2 (PGE2), IV:429, IV:432,
IV:435

Prosthetic groups. See also Hemoproteins
(reconstituted with artificially created
hemes)

molecular structures of artificially created,
V:11, V:15, V:20, V:22, V:29, V:31,
V:34, V:39, V:42, V:44–45, V:48,
V:51–52

peroxidase activities of HRP/CcP
reconstituted with mono-/dialkyl
esters, V:13

Protease activation of conjugates. See
Caspase-3

Protein A, IV:388
Protein engineering application, biosensors

and, V:215–220
Protein engineering, V:297
Protein kinase B, IV:437–438
Protein-film voltammetry (PFV)

biosensors and, V:214–215
configuration (idealized) of, V:217
defined, V:297
electrochemistry of, V:216–217

Protein–photosensitizer conjugates,
IV:149–157
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BSA–chlorin e6 conjugates, IV:142–143,
IV:152–154, IV:344

BSA–hematoporphyrin (Hp) conjugates,
IV:150, IV:156, IV:343–344

BSA–metallophthalocyanine conjugates,
IV:83–84, IV:343–344

BSA noncovalent conjugates, IV:62, IV:78,
IV:125, IV:127–128, IV:343

chlorin e6–protein conjugates, IV:151–155,
IV:280–281

concanavalin A (Con A), IV:153–154
conjugation conditions, summary,

IV:180–182
covalent conjugates with LDL,

IV:151–152, IV:156–157
epidermal growth factor (EGF),

IV:153–155, IV:280–281,
IV:347–348

hematoporphyrin (HP) conjugation with
proteins, IV:125–126, IV:150–151,
IV:152

human serum albumin (HSA), IV:58,
IV:60, IV:126–128, IV:155,IV:347

immunoglobulin G–bacteriochlorophyll
conjugate (Ig–Bchl), IV:388

immunoglobulin G–tin(IV) chlorin e6

conjugate (IgG–SnCe6), IV:388
isothiocyanate-porphyrin and -chlorin

derivatives, IV:155–156
noncovalent conjugates with LDL,

IV:125–127, IV:146, IV:344–345
serum protein conjugates, overview,

IV:343–344
tetrasulfonated aluminium phthalocyanine

(AlPcS4), IV:156–157
transferrin, IV:150–152, IV:346
See also Conjugates;

Peptide–photosensitizer conjugates
Protochlorophyll, configurations of,

VII:173–174
Protoheme IX, as naturally-occurring b-type

heme, V:3–4
Protohemin, complete 13C labeling of,

VI:59–62
Proton chemical shifts

contact shifts, VI:20–23

and measurement of magnetic
susceptibility anisotropies of
ferriheme proteins, VI:26–29

pseudocontact shifts of metalloporphyrin
substituents, VI:23–26

and residual dipolar couplings of proteins
(pseudocontact), VI:29–31

temperature dependence and, VI:31–33
Protonated dipyrrins, VIII:182
Protonated ferryl Fe(IV)–OH species,

peroxidases (plant/fungal/bacterial
superfamily) and, VI:420–421

Protonation (second), in catalytic cycle of
cytochromes P450, V:179

Protonation of [38]nonaphyrin, heptapyrrolic
expanded porphyrins, I:546–551

Protonation sites in cytochrome c oxidase, and
respiratory chain enzyme studies,
VII:468–472

Protoporphyrin-IX (PPIX)
biosynthesis, I:200–201, IV:7, IV:366,

IV:369–371
boronated protoporphyrin-IX (PPIX),

IV:192–193, IV:194
chlorin synthesis from dimethyl ester,

IV:30–31
conversion to heme, IV:7
gonadotropin-releasing hormone agonist

and antagonist conjugates,
IV:350–351

isolation from blood, IV:11
photodynamic therapy (PDT) agent, IV:7–8
PPIX–peptide conjugates, IV:145–148,

IV:150
structure, IV:12, IV:193, IV:329
styrene–maleic acid copolymer micelles

containing ZnPP (SMA-ZnPpIX),
IV:382–384

sugar-substituted derivatives, IV:130,
IV:132

Protoporphyrin-IX dimethyl ester, as diene in
Diels-Alder reaction, II:253, II:254

PS. See Photosensitizers (PS)
Pseudocontact dipolar shifts

effect of axial ligand plane orientation on,
VI:50–55
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and measurement of magnetic
susceptibility anisotropies of
ferriheme proteins, VI:26–29

of metalloporphyrin substituents, VI:23–26
and residual dipolar couplings of proteins,

VI:29–31
Pseudomonas acidovorans, and TDO

identification/characterization, V:81
Pseudomonas aeruginosa, cytochrome cd1-

type and, V:129
Pseudomonas aerupinosa, and heme

acquisition by hemophores, VI:359–360
Pseudomonas fluorescens, and TDO

identification/characterization, V:81
Pseudomonas nautica, nitrous oxide reductase

(N2OR) and, V:130
Pseudomonas putida, and catalytic cycle of

cytochromes P450, V:170
Pseudomonas putida, CYP 450 and,

X:86–87
Pseudomonas stutzeri

and active site of bacterial NOR, V:139
and bacterial NOR, V:132
MCD spectra of cNOR from, V:133–134
and oxidized/isolated form of NOR,

V:133–135
Psoralea corylifolia, IV:3
PTCBI, and hybrid planar-mixed molecular

heterojunctions, X:146–147
Pthalonitriles, hexabutoxyiodo

Zn(II)phthalocyanine, III:387
PtPc absorption spectra, IX:68–72
Purity, reconstituted protein and, V:6–7
Purpurinimides, as gelectin-specific

photosensitizers for PDT, II:235
Purpurins, IV:25, IV:27

absorption spectra, IV:25
bacteriopurpurinimide, IV:39, IV:251,

IV:252, IV:255
methyl esters, IV:33, IV:92
photodynamic (PD) properties, IV:27
Photrex, IV:27, IV:255
purpurin-18 conjugate with synthetic

peptide, IV:349
purpurin-18 methyl ester, IV:33
purpurinimide structure, IV:252, IV:255

purpurinimide–sugar conjugates,
IV:134–135, IV:136, IV:267,
IV:268–269, IV:351–352

purpurin–RGD peptide conjugate,
IV:145

radiolabeled purpurinimides, IV:92
synthesis, IV:25
Sn(IV) etiopurpurin (SnEt2), IV:27

Push-pull phthalocyanines (symmetric),
III:190–198

PyBOP ((1H-Benzotriazol-1-
yloxy)tripyrrolidinophosphonium
hexafluorophosphate), IV:147

Pyrazinoporphyrazines. See UV-vis
absorption data of Pc analogs
with heteroatoms inside aromatic
skeleton

Pyrazole carbaporphyrins
crystal structure of palladium(II) complex

of, II:137
synthesis of, II:136

Pyrazole-bridged bispyrrole, VIII:203–205
Pyrazole-fused porphyrin, II:262, II:264
Pyrazoline-fused chlorin, II:262, II:264
Pyrene-fused porphyrin, synthesis of,

II:60–61, II:63
Pyridine ligands, self-assembling

metalloporphyrins and, I:93, I:96
Pyridine-based systems as analogs, BODIPYs

and, VIII:142–143
22-Pyridiniumyl-m-benziporphyrin, II:145
Pyrido[2,3-b]porphyrins, use of β-amino-

meso-tetraarylporphyrin in synthesis of,
II:76, II:77

Pyriporphyrins, II:128, II:129
β-alkylated derivatives of, II:130

Pyrobaculum aerophilum, and bacterial NOR,
V:132–133

Pyrolytic graphite (PG) electrode, V:221
Pyropheophorbides

anionic and cationic derivatives for
infectious disease treatment, IV:285,
IV:286

carbohydrate conjugates, IV:274
dendritic [60]fullerene pyropheophorbide a

conjugates, IV:374, IV:375
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metal complexes of
bacteriopyropheophorbide-a,
IV:258–259

peripheral benzodiazepine receptor (PBR)
binding, IV:35–36

photodynamic therapy uses, IV:34–36
pyropheophorbide a–antibody fragment

conjugates, IV:171–173, IV:343
pyropheophorbide-a (Ppa), IV:36,

IV:159–160, IV:171, IV:236,
IV:237, IV:274

singlet oxygen quenching by
pyropheophorbide–
carotenoid conjugate, IV:281–282,
IV:283

structure, IV:35, IV:252
synthesis, IV:34–35
tamoxifen conjugates, IV:354
tumor imaging, IV:36, IV:274
See also 2-(1-Hexyloxyethyl)-2-devinyl

pyropheophorbide-a (HPPH,
Photochlor); Pheophorbides

Pyrrole units and symmetry of porphyrin
isomers, VII:365

Pyrrole-based π-conjugated acyclic anion
receptors

amidopyrrole-based receptors and,
VIII:175–181

anion-responsive aryl-bridged bispyrroles
and, VIII:200–203

and anion-responsive supramolecular gels,
VIII:219–224

aryl-substituted, VIII:211–219
dipyrrin-based receptors and,

VIII:181–186
dipyrrolylpyrazoles derived from

dipyrrolyldiketones,
VIII:203–205

dipyrrolylquinoxalines (aryl-bridged) and,
VIII:190–200

dipyrromethane-based receptors and,
VIII:186–189

guanidinocarbonyl-based anion receptors
and, VIII:169–174

and modifications around boron units,
VIII:225–227

and solvent-assisted organized structures
from amphiphilic receptors,
VIII:224–225

and synthesis/properties of boron
complexes of dipyrrolyldiketones,
VIII:205–211

Pyrroles, III:490–492
and GFP-chromophore analogs of

BODIPYs, VIII:135–136
from pyrroles/acid chlorides/anhydrides,

VIII:7–8
substituted BODIPYs and, VIII:7–12
and synthesis of symmetrical BODIPY,

VIII:12–15
See also Pyrrole-based π-conjugated

acyclic anion receptors
Pyrrole-substituted synthetic porphyrin dianion

derivatives, metalloporphyrin
structure/electron configurations and,
VI:13, VI:16

Pyrrolidine linkage between CNT/spacer unit,
and covalent linkage of carbon
nanotubes, X:285–289

Pyrrolo[3,4-b]porphyrins
Diels-Alder reaction of

acetylenedicarboxylates with,
II:255–256, II:258

as masked o-quinodimethane of
porphyrins, II:73–74

Pyrrolochlorin, II:244
Pyrroloporphyrins, conversion of 2-nitroTPP

into, II:73

Q
Q bands, II:2, IX:6–10
Q-band importance, III:283–289
Q-band transitions

and fully synthetic self-assembling BChl
mimic, I:256

H2P/SWNT composites and, I:196–197
hexapyrrolic expanded porphyrins and,

I:522
non-covalently linked hybrids (MP/C60β-

systems) and, I:184
and OEP derived BChl mimics,

I:273–276

502 Cumulative Index to Volumes 1–10

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 502



Qualitative molecular orbital theory, nanometer
scale structures and, I:135–136

Quantitative structure-activity relationship
studies (QSAR), IV:34, IV:251,IV:294

Quantum dots (QD), IV:378–379
Quantum mechanics, expanded porphyrins

and, I:510, I:513–514
Quantum mechanics/molecular mechanics

(QM/MM)
aliphatic hydroxylation mechanisms and,

X:122–123
and catalytic cycle of CYP 450, X:87–93
and quantum-chemical calculations of

push/pull effect of axial ligand,
X:103–106

and sulfoxidation by Cpd I of CYP 450,
X:129–131

Quantum yields (FF), VII:320–321
absorption/excitation/emission spectra of,

VII:281–282
carboxylated derivatives and, VII:313,

VII:316–317, VII:319
fluorescence quantum yields (ΦF),

VII:275
MPc complexes (quaternized derivatives),

VII:313–314, VII:320
MPc(SO3)mix complexes (sulfonated

derivatives), VII:292, VII:315–316,
VII:318

MPc(SO3)n complexes (sulfonated
derivatives), VII:292, VII:313,
VII:316, VII:318–319

photodegradation quantum yields (ΦP),
VII:273–275

porphyrazine complexes (quaternized
derivatives), VII:313, VII:319

properties of non-water soluble Pcs,
VII:293–312

quaternized derivatives and,
VII:317–318

singlet oxygen quantum yields (Φ∆),
VII:268–273

triplet state quantum yields (ΦT),
VII:275–277

yield values/behavior of water soluble Pcs,
VII:283–291

Quaternized derivatives and aggregation
behavior in water soluble Pcs,
VII:280–281

Quaternized derivatives
Φ∆ and MPc complexes, VII:320
Φ∆ and porphyrazine complexes, VII:319
ΦF and Pc complexes, VII:313
ΦF and Mpc complexes, VII:313–314
(ΦT)/(τT) and, VII:317–318

Quatyrin, as aromatic tetracyclopentadienic
hydrocarbon, II:173

Quenching, IV:89, IV:281–284
Quinazoline-fused porphyrins, II:244
Quinol, and bacterial NOR, V:133
Quinoxaline-fused porphyrins, II:244

condensation reaction of porphyrin-α-
diones in synthesis of, II:87

Diels-Alder reaction in synthesis of, II:81,
II:83

solar cell use of, II:93–94
Quinoxalinoporphyrins, β-nitroporphyrins in

synthesis of, II:77, II:78
Qx/Qy notation, and free-base porphyrin

electronic absorption spectra,
VII:380–381

R
Rabbit IDO (rIDO), visible absorption spectra

for, V:82–83, V:85, V:87
Radiative coherent length, arrays, I:448–449
Radicals, oxoiron(IV) cation radicals,

VII:130–134
Radiolabeled porphyrins and phthalocyanines,

IV:90–95
14C-labeled phthalocyanines, IV:90–91
14C-labeled porphyrins, IV:90
64Cu and 61Cu-labeled phthalocyanines,

IV:94–95
18F-labeled porphyrins, IV:94, IV:95
67Ga-labeled phthalocyanines, IV:93–94
3H-labeled porphyrins, IV:90
123I, 124I, and 125I-labeled porphyrins,

IV:91–92
124I and 125I-labeled phthalocyanines,IV:92
109Pd-labeled porphyrins, IV:95
99Tc-labeled phthalocyanines, IV:92
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99Tc-labeled porphyrins, IV:92
tumor imaging, IV:90–95
235U-labeled phthalocyanines, IV:95
235U-labeled porphyrins, IV:95

Radiopharmaceuticals, overview, IV:90
Radiosensitizers, IV:48, IV:95–99

brominated porphyrins as radiosensitizers,
IV:98

Gd compounds as radiosensitizers,
IV:47–48, IV:98

hematoporphyrin derivatives (HPDs) as
radiosensitizers, IV:96

hematoporphyrins (HP) as radiosensitizers,
IV:96

metalloporphyrins as radiosensitizers,
IV:96–98

Photofrin II as radiosensitizer, IV:96
Raf-1, IV:440
Ralstonia eutropha H16, and bacterial NOR,

V:132
Ralstonia eutropha, spectra of qNOR from,

V:133–134
Raman bands. See Resonance Raman spectra
Raman spectroscopy. See also Spectroscopy

cobalt hemoproteins and, V:24–25
Rapid mixing and perfusion-induces FTIR

spectroscopy, VII:481–482
Rapid-mixing/freeze-quench methodologies,

Compounds I/ES and, V:311, V:313
Rapid-scanning stopped-flow absorption

studies
of Cyp119 Compound I, V:313–314,V:325
of P450BM3 Compounds I/ES, V:322–323
of P450cam Compound I, V:305–307
of P450cam Compounds I/ES, V:314–322,

V:325
Reaction-induced FTIR difference

spectroscopy
and accessible time domains,

VII:474–475
electrochemically induced (surface-

enhanced), VII:464–466
electrochemically induced (thin layer

electrochemistry), VII:463–464
ligand rebinding in cytochrome c oxidase

(light-induced) and, VII:476–479

ligand rebinding (light-induced) and,
VII:475–476

motivation and, VII:462–463
perfusion-induced approaches (stopped-

flow/rapid mixing) and,
VII:481–482

redox-induced FTIR difference spectra (bc1

complex from respiratory chain),
VII:472–474

redox-induced FTIR difference spectra
(porphyrins/small hemoproteins),
VII:466–468, VII:466–468

redox-induced FTIR difference spectra
(protonation sites in cytochrome c
oxidase), VII:468–472

time-resolved THz spectroscopy and,
VII:479

two-dimensional IR spectroscopy and,
VII:479–481

Reactions of heme dioxygenases. See
Structure/reaction mechanism of heme
dioxygenases

Reactions
catalyzed by cytochromes P450, V:189
hydrogen peroxide and biosensors,

V:206–207
kinetic parameters for fungal NO

reductase, V:144
mechanism of fungal NOR, V:147–149
mechanism of NOR, V:140–141
of NO, V:124–126
NOR production of nitrous oxide, V:129
pathways for Cytochrome 450, V:324–325
steady-state kinetics/uncoupling in catalytic

cycle, V:181
Reactive oxygen species (ROS), IV:412–414

biosensors and, V:208
defined, V:297
hydrogen peroxide (H2O2), IV:412–413,

IV:418
hydroxyl radical (•OH), IV:6, IV:412–414
production by fluorinated porphyrins,

IV:18
production in type I and type II triplet-state

processes, IV:3, IV:6, IV:45,
IV:386–387, IV:426
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role in cell death, IV:412–414
superoxide anion radical (•O2

–), IV:6,
IV:47, IV:412–413

See also Singlet oxygen (1O2)
Receptors for heme acquisition system,

VI:341–342
Recombinant human IDO (rhIDO)

heme environment of, V:105–107
mutagenesis study, V:107–108
overall structure of IDO and,

V:103–106
visible absorption spectra for, 

V:82–83
Reconstituted hemoproteins, circular

dichroism (CD) and, VII:158
Reconstitution of hemoprotein, artificial

hemes and, V:6–7
Redox behavior, and planar vs. nonplanar

porphyrins in artificial photosynthetic
systems, X:190–191

Redox electrolyte, and Pcs as sensitizers of
dye-sensitized solar cells, X:157

Redox instability
ionic pyrene derivatives and SWNT,

I:202
and low optical band gaps, I:8
metalloporphyrins Cu(II)/Ru(II)P and,

I:160–161
Redox switchable chromophore, azulene π-

system combined with porphyrin-like
macrocycle as, II:171

Redox
autoxidation rates dependent on,

V:177–178
biosensors and, V:208–209
and catalytic cycle of cytochromes P450,

V:169–170
denitrification and, V:129
electrochemical biosensors and,

V:218–219
meso-ferrocenyl group as anion sensor for,

III:438–439
potential of manganese-substituted

hemoproteins, V:25–26
potentials of Fe for myoglobins, V:10
redox protein, V:297

trends/stability and substituted
phthalocyanines, III:289–293

and unique properties of cytochrome P450,
V:300

Redox-induced FTIR difference spectra
bc1 complex from respiratory chain,

VII:472–474
porphyrins/small hemoproteins,

VII:466–468
protonation sites in cytochrome c oxidase,

VII:468–472
Red-shifted absorption

conjugation expansion of porphyrins and,
II:45

meso-aryl and meso-arylalkynyl derivatives
of tetraacenaphthoporphyrins and,
II:47

nonplanarity of porphyrins and, 
II:48

Reduction reactions. See Dehalogenation
reactions

Reduction
in catalytic cycle of cytochromes P450,

V:173–174
cytochrome P450 enzymes and,

V:191
of NOR, V:135, V:137
palladium-catalyzed C-C reactions and,

III:370
and porphyrins as catalysts, III:486
and second electron transfer/protonation in

catalytic cycle, V:178–179
of transition-metal

1,3,8(11),10(9),15(18),17(16),22(25),
24(23)-octanitrophthalocyanine,
III:79, III:82

Refractive indexes, conjugated porphyrin
arrays and, I:4

Relaxation from higher excited states
(photophysics), porphyrin isomers,
VII:407

Reorganization energy (λ), I:133, I:147–148.
See also Charge transfer (porphyrin/
phthalocyanines and carbon
nanostructures)

RePc absorption spectra, IX:49–54
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RePc2 absorption spectra, IX:49–54
Resonance raman (RR) and electronic

absorption spectra, peroxidases (animal
superfamily), VI:432–436

Resonance raman (RR) characterization of
catalytic intermediates

frequencies of resting state/intermediate
compounds of HRP, VI:414

and superfamily of animal peroxidase,
VI:436–438

Resonance Raman spectra. See also
Spectroscopy

for P450nor in ferrous forms,V:147–148
peroxidases and, VI:370
soluble guanylate cyclase and, V:151,

V:153
of strapped diporphyrins, I:461–463
of triply linked arrays, I:469–472

Resonance, VI:432
Respiratory chain enzyme studies

and bc1 complex from respiratory chain,
VII:472–474

and protonation sites in cytochrome c
oxidase, VII:468–472

Respiratory nitrate reductase (Nar), as Mo-
containing enzyme, V:128

Restricted systems, aza-BODIPY dyes and,
VIII:126–130

Retinoic acid conjugation with
photosensitizers, IV:174–175, IV:176

Retro-Diels-Alder methodology
isoindole precursors and synthesis of TBPs

and TNPs using, II:19–44
purity of product and synthesis of TBPs

using, II:19–20
synthesis of TBPs and, II:2, II:19, II:20

RGD (arginine-glycine-aspartic acid)
peptides

binding to αvβ3 integrin, IV:276–278
dimeric porphyrin–RGD conjugation by

olefin cross metathesis, IV:148,
IV:151

purpurin 18-NLS and PPIX–cyclic RGD
conjugates, IV:145–146, IV:150

tetraphenylchlorin conjugates,
IV:143–144

TPP and TPC conjugates, IV:145, IV:148
Rhenium(I) tribenzotriphyrin

(ReITrBzTrp(CO)3), preparation and
crystal structure of, II:34–35, II:41

Rhenium(I)(2-(2-(trimethylsilyl)ethoxymethyl-)-
NCTPP1-)(CO)3, synthesis of, II:309

Rhenium(I)(2-Me-NCTPP1-)(CO)3

synthesis of, II:308
X-ray structures of ReI(N-Me-NPP1-)(CO)3

and, II:308, II:309
Rhenium(I)(NCTPP1-)(CO)3, synthesis of,

II:309, II:310
Rhenium(I)(NFTPP)(CO)3, synthesis and X-

ray structure of, II:345, II:346
Rhenium(II) tribenzotriphyrin

(ReIITrBzTrp(CO)2Cl), preparation
and crystal structure of, II:34–35,
II:41

Rhenium(VII)(NFTPP)O3, synthesis and X-ray
structure of, II:346, II:347

Rhenium, unsubstituted Pcs (UV-vis
absorption data) and, IX:134

Rhodamine-phthalocyanine conjugates,
III:90–91

Rhodium C–C coupling reactions,
III:359–360

Rhodium(I)(NCTPP)(CO)2Cl, synthesis of,
II:315

[Rhodium(I)]2(NCTPP1-)Cl(CO)4, synthesis,
reactions and X-ray structure of,
II:315–319

Rhodium, unsubstituted Pcs (UV-vis
absorption data) and, IX:130

Rhodium-catalyzed cyclopropanation, X:45
Rhodium-substituted myoglobin, myoglobin/

hemoglobin/HRP and, V:28
Rhodobacter capsulatus, and active site of

bacterial NOR, V:138–139
Rhodobacter sphaeroides IL 106, and bacterial

NOR, V:132
Rhodobacterium sphaeroides, IV:259
Rhodopseudomonas acidophila, crystal

structure of, I:2–3
Rhodopseudomonas sp., and spectra of BChl

c, VII:186–189
RhPc absorption spectra, IX:65–68
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Ring (R1 to R4) substituents of MPcs/Pcs,
VII:251–260. See also Phthalocyanines
(Pcs)

Ring-B/ring-D reduced chlorins, and spectra
of synthetic bacteriochlorins/dimeric
systems, VII:191–196

Ring-expanded/anthracocyanine/
naphthalocyanine Pc analogs, UV-vis
absorption data, IX:383–396

Ring-expansion reactions
electrochemical 1,2-migration of functional

groups and, X:326
as other carbon-skeleton rearrangement

reactions, X:333
Ristocetin, amino acid carboxylate binding by,

VIII:167
RLi. See Organolithium (RLi) and

organometallic transformations
Rock salt region. See Mid-infrared (MIR)

absorbance spectra
Room temperature absorption spectra

in acetonitrile, VII:384–385
for octaethyl derivatives, VII:384
radiative/nonradiative rates for

porphycenes and derivatives,
VII:401, VII:403

for toluene solutions, VII:403
Rose Bengal hexanoic acid (RBHA), 

IV:159
Rose Bengal, IV:159, IV:414, IV:437
Rosenmund-von Braun reaction

and derivatives of phthalonitrile-4,5-
dicarboxamides, III:110

and hydroxy-/alkoxy-/aryloxy-substituted
phthalocyanines, III:121,
III:169–170

and polymeric byproducts of
phthalocyanine, III:104–106

trialkylsilyl-substituted phthalocyanines
and, III:45

Rotating Frame Overhauser and Chemical
Exchange Spectroscopy (ROESY),
VI:33

2D NMR techniques and, VI:66
Rotational strength (Rij), circular dichroism

(CD) and, VII:149

Rotaxanes
non-covalently linked hybrids and,

I:178–179
self-assembly via, I:352–360
solar energy and, I:178–179
upon photoexcitation in non-covalently

linked hybrids, I:182–183
Rothemund-type synthesis, N-confused and

larger macrocycles as byproducts in,
II:111

Rubyrin, synthesis and absorption,
II:54–55

Ruffled porphyrin ring deformation, VII:11,
VII:39–45

and formation of pure intermediate-spin
complexes, VII:61–67

Ruffled porphyrins, CD spectra of,
VII:198–199

RuPc absorption spectra, IX:54–64
Ruthenium myoglobin,

myoglobin/hemoglobin/HRP and,
V:28

Ruthenium, unsubstituted Pcs (UV-vis
absorption data) and, IX:127–130

Ruthenium-based catalysts, Nobel Prize
winner Grubbs and, II:235

Ruthenium-catalyzed C–C coupling reactions,
III:352–354

S
S- and A-trimers, synthesis of [ZnII(NCP2-)]3

resulting in , II:332, II:333, II:334
Saddled porphyrin ring deformation, VII:11,

VII:45–47
and formation of pure intermediate-spin

complexes, VII:67–70
Samarium, unsubstituted Pcs (UV-vis

absorption data) and, IX:135
Sandwich complexes

preparation of organometallic, III:441,
III:443

thiol-derivatized europium triple-decker,
III:342–343

Sandwich-type Pcs, UV-vis absorption data,
IX:489–537

SAPK/JNK inhibitor SP600125, IV:430
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Sapphyrins, IV:49–50, IV:54, IV:95
cycloaddition reactions of, II:252, II:253
as expanded porphyrins, II:39

Saturation transfer difference spectroscopy for
experiments, VI:8

Saturation transfer NMR experiments,
VI:62–63

SB202190, IV:430, IV:431
SB203580, IV:430, IV:431
SbPc absorption spectra, IX:95–99
Scanning electron microscopy (SEM), vesicle

aggregates of hemoprotein assemblies,
V:53

S-confused thiacarbaporphyrin
crystal structure of chlorocadmium(II),

II:128
metal-carbon bond and nickel(II),

palladium(II), zinc(II), and
cadmium(II) complexes of, II:127

metal(II) complexes of, II:127
synthesis of, II:117–118

ScPc/ScPc2/YPc2/Y2Pc3 absorption spectra,
IX:24–28

ScPc2 absorption spectra, IX:24–28
Second electron transfer/protonation, in

catalytic cycle of cytochromes P450,
V:178–179

Second-generation biosensor, defined, V:297
Second-generation biosensors, V:211–213
Second-generation photosensitizers, IV:3–4,

IV:124, IV:426
See also Photosensitizers (PS)

Secretory plant peroxidases (class III), as
classification, VI:372

21-Selenaporphyrins, cis- and trans-N-
confused, II:135

Selenationsulfanylation (C–S/C–Se coupling),
β-sulfanylation/selenation (C–S/C–Se
coupling), III:415–417

Self-assembled mono-layer (SAM)
cytochrome c oxidase active site and,

X:266–268
and Si–O bonding of macrocycle,

X:272–273
and surface functionalization of gold,

X:249–250, X:253–256

Self-assembled monolayer (SAM)
defined, V:298
as molecular self-assembly, V:223–226

Self-assembled porphyrin arrays
dimers/oligomers of BChls, I:238–245
metalloporphyrins, I:90–101
metallotetrapyrrole-fullerene dyads and,

I:322–325
porphyrin-fullerene conjugates via H-

bonding, I:329–338
self-sorting systems from meso-meso-

linked diporphyrins, I:101–110
via interlocked rotaxanes/catenanes

formation, I:352–362
Self-assembled triads via metal-ligand

coordination, tetrapyrrole-nanocarbon
hybrids, I:363–368

Self-modeling curve resolution (SMCR),
hexapyrrolic expanded porphyrins and,
I:522

Self-sorting systems from meso–meso-linked
diporphyrins

Ag(I)-promoted coupling reaction and,
I:104–107

chiral porphyrin boxes and, I:104, I:107
and displacement of nitrogen atom

positions, I:106, I:108, I:110
impact of structural diversity in, I:101,

I:104
racemic 4-pyridine-appended meso–meso-

linked Zn(II) diporphyrins and,
I:104–105

Semisynthetic BChl mimics
CD, I:289–290
algal Chl a derivation and, I:290–291
covalently linked dyads/triads and, I:293,

I:295–298
and esterification of 17-propionic acid

residue, I:286–290, I:292
and functional dyads of energy

traps/anchor units, I:284, I:286
hydroxy compounds and, I:280–282
hydroxy inversion/formyl group synthesis

and, I:281–282, I:284
and isomers self-assembling in

cyclohexane, I:284, I:286
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and study of H-bonding, I:280, I:289
and use of methoxy-substituted

compounds, I:292–293
Sensing interface, V:298
Sensitizer enhancement ratios (SER),

IV:96–97, IV:98
Sensor molecules, amidopyrrole-based

receptors and, VIII:179
Sequential grafting

for anchoring porphyrin/phthalocyanine on
gold, X:251–252

conductors/semiconductors for hybrid
electronics and, X:276–278

Sequential immobilization of macrocycle
click coupling, X:265–267
coordination bond coupling,

X:264–265
Serratia marcescens, heme-loaded HasA and,

VI:342–350, VIII:187
Sharpless system, X:31
Si–C bonding of macrocycle

and conductors/semiconductors for hybrid
electronics, X:274–276

surface functionalization of silicon for
electronics and, X:274–276

Side chains. See Heme-propionate side
chains

Side-on interaction, coordination mode,
geometry or structures revealing,
II:127, II:131, II:143, II:144, II:146,
II:150, II:165

Siderophores, and bacterial acquisition of iron,
VI:341

Signal transducer and activator of transcription
3 (STAT-3), IV:250, IV:272–274,
IV:314

Signaling by NO
and bacterial NO-binding hemoprotein

structures, V:154–155
soluble guanylate cyclase and,

V:150–154
Silanization, oxide surface functionalization

and, X:295–297
Silicon (Si)

naphthalocyanine dyes, and dye-sensitized
solar cells, X:162

silicon phthalocyanine (SiPc) derivatives,
IV:77–80, IV:83–84

silicon phthalocyanine–sugar conjugates,
IV:138, IV:140

silicon(IV) phthalocyanine bioconjugates
with bovine serum albumin,
IV:127–128

silicon(IV) phthalocyanine (Si(IV)Pc)
derivatives, IV:78, IV:79,
IV:127–128

solar cells, I:227
unsubstituted Pcs (UV-vis absorption data)

and, IX:104–113
See also Surface functionalization of

silicon for electronics
Silver(III) benzocarbaporphyrin, crystal

structure of, II:159
Silver(III) complex of cis-N2CP, II:349
Silver(III) complex of NCTPP, II:326–327,

II:328
Silver, unsubstituted Pcs (UV-vis absorption

data) and, IX:130
Single molecule fluorescence spectroscopy

(SMFS)
for cyclic arrays/porphyrin boxes,

I:476–479
for arrays, I:452–458

Single photon emission computed tomography
(SPECT), IV:90, IV:92, IV:204,
IV:288, IV:297

Single wall carbon nanotubes (SWNT)
ammonium ion-crown ether interaction

and, I:205–206
applying Suzuki coupling reactions,

I:191–192
CNT and, I:135
dendritic porphyrins and, I:198–199
donor-SWNT hybrids via π−π interactions,

I:401–404
functionalized with PAMAM dendrimers,

I:194–195
and grafting to form SWNT-PVP/ZnP

nonohybrids, I:193–194
H2P interactions with, I:199–200
H2P/SWNT composites and, I:196–197
interaction with ZnP-polymer, I:197–198
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ionic pyrene derivatives and, I:201–202
metal-ligand coordination approach of

tetrapyrrole-SWNT hybrids,
I:404–407

and negatively charged pyrene derivatives
(π−π), I:204

noncovalent hybridization of carbon
nanotubes/porphyrins and, I:201

placing pyridyl isoxazolino functionalities
along sidewalls of, I:190

pyropheophorbide and, I:205
RuP functionalization and, I:190–191
solubilization/dispersion via protoporphyrin

IX, I:200–201
SWNT/PVBTAn+ composites and, I:197
using surface to integrate

porphyrins/phthalocyanines as
chromophores, I:186–190

ZnNc and, I:204–205
Single-chain fragments (ScFv), IV:158,

IV:160, IV:170–171, IV:172,
IV:342–343

Single-step adsorption for anchoring
porphyrin/phthalocyanine on gold,
X:251

Singlet energy transfer
chlorophyll dimer preparation and, I:11
and photophysical properties/intracellular

behaviors of dimers, I:18–19
Singlet oxygen (1O2)

cytotoxicity, IV:5, IV:6, IV:281
importance in photodynamic therapy

(PDT), IV:5, IV:250, IV:412–414
lifetime, IV:6
quenching by photosensitizer conjugates,

IV:281–284
quenching by

pyropheophorbide–carotenoid
conjugate, IV:281–282, IV:283

targeting of mitochondria, IV:306
from type II photodynamic processes,

IV:6–7, IV:37, IV:45, IV:387,
IV:426

type II (singlet oxygen) processes,
IV:45

See also Reactive oxygen species (ROS)

Singlet oxygen quantum yields (Φ∆)
basic photophysical parameters of,

VII:402
carboxylated derivatives and, VII:319
MPc complexes (quaternized derivatives),

VII:320
MPc/Pc parameters and, VII:268–273
MPc(SO3)mix complexes (sulfonated

derivatives), VII:318
MPc(SO3)n complexes (sulfonated

derivatives), VII:318–319
porphyrazine complexes (quaternized

derivatives), VII:319
Single-wall carbon nanotubes (SWCNTs),

V:246–249
Single-walled carbon nanotubes (SWNTs)

porphyrin–nanocarbon composites and,
X:221–224

supramolecular interactions with, 
I:90

Singular value decomposition, and rapid-
scanning stopped-flow of P450cam
Compound I, V:306

Si–O bonding of macrocycle
and conductors/semiconductors for hybrid

electronics, X:272–274
surface functionalization of silicon for

electronics and, X:272–274
SiPc/GePc/SnPc/SnPc2/PbPc absorption

spectra, IX:86–95
Six-coordinate complexes

carbon monoxide of M(II) porphyrins
(axial ligand bands), VII:446–448

cyanide of M(II) porphyrins (axial ligand
bands), VII:448

dioxygen of M(II) porphyrins (axial ligand
bands), VII:444–445

and formation of pure intermediate-spin
complexes (ruffled), VII:66–67

and formation of pure intermediate-spin
complexes (saddled), VII:67,
VII:69–70

imidazoles of M(II) porphyrins (axial
ligand bands), VII:444

nitric oxide of M(II) porphyrins (axial
ligand bands), VII:448–450
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Small angle neutron scattering (SANS),
for large non-crystalline
supramolecular assemblies,
I:244–245

Small angle X-ray scattering (SAXS), for large
non-crystalline supramolecular
assemblies, I:244–245

Small immunoprotein (SIP), IV:158, IV:160,
IV:171

SN-38 (7-ethyl-10-hydroxy camptothecin) in
chlorin-based micelles, IV:373

SN50, IV:430
Snowflake-shaped dendritic porphyrins,

III:349–351
SnPc absorption spectra, IX:86–95
SnPc2 absorption spectra, IX:86–95
Sodium azide, and inactivation of HRP,

V:22–23
Sodium, unsubstituted Pcs (UV-vis absorption

data) and, IX:103
Solar cells, phthalocyanines in. See also

Porphyrin solar cells
abbreviations for, X:142
basic concepts of DSSCs, X:157, X:159
bilayer heterojunctions fabricated using

two different processing techniques
and OPV by vapor deposition,
X:149–150

coadsorbents and, X:167–169
cosensitization strategy and, X:169–173
emergent importance of, X:142–143
hybrid planar-mixed molecular

heterojunctions and OPV by vapor
deposition, X:146–147

incorporation of Pcs into organic
photovoltaic devices by solution
processing, X:153–157

interfacial electron transfer dynamics and,
X:166–167

introduction of exciton-blocking layers into
OPV by vapor deposition,
X:146–147

organic photovoltaic (OPV) devices and,
X:143–145

Pc incorporation into OPV by solution
processing, X:153–157

perylenebisimide derivative structure,
X:153

phthalocyaninato triple decker structure,
X:153

structural modification in Pcs and OPV by
vapor deposition, X:148–149

structural optimization of Pcs,X:159–166
tandem solar cells and OPV by vapor

deposition, X:150–152
Solar energy

combinatorial inorganic mixtures and,
III:487

future outlook of charge transfers and,
I:206–208, I:206–208

importance of BChl mimics for, I:227
porphyrinoids and, III:486
rotaxanes/catenanes and, I:178–179

SOLEIL (France), VII:441
Sol-gel and ruthenium porphyrin complex,

X:13–14
Sol-gel technology

biosensors and, V:232–235
defined, V:298

Solid phase porphyrin library synthesis,
III:513–515

Solid phase synthesis of organic libraries,
III:487–488, III:513–515

Solid-state molecular assemblies of acyclic
anion receptors. See also Pyrrole-based
π-conjugated acyclic anion receptors

Solid-state molecular assemblies
of acyclic anion receptors, VIII:212–215
of charge-by-charge assemblies of receptor-

anion complexes, VIII:219–220
Solubilities

and impact of tert-butyl substituents into
peripheral positions, III:71–72

and Ni(II) metalation effect on molecule
manipulation, I:30

transition-metal tetrabromophthalocyanines
and, III:70

and trifluoromethyl groups in substituted
phthalocyanines, III:72

Soluble cytochromes, structure comparison
with membrane-bound cytochrome,
V:184–185
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Soluble guanylate cyclase (sGC), NO
signaling and, V:149–154

Solution phase combinatorial porphyrin
libraries

cultured cells and, III:524
large libraries of, III:506–508
method using cultured cell lines,

III:524
mixed reactant approaches to,

III:489–509
and modification of porphyrin macrocycle,

III:509–513
overview of, III:487–488

Solution processing, and Pc incorporation into
OPV, X:153–157

Solvatochromic responses, dialkynylene-
bridged Zn(II) bisporphyrin rotamers
and, I:25

Solvent-assisted organized structures from
amphiphilic receptors, pyrrole-based
π-conjugated acyclic anion receptors
and, VIII:224–225

Solvents
alkyl-/alkenyl-/alkynyl-substituted

phthalocyanines spectra and,
III:199–216

alkylthio-/phenylthio-/phenylsulphonyl-
substituted phthalocyanines spectra
and, III:255–260

amino-substituted phthalocyanines spectra
and, III:231–234

aryl-substituted phthalocyanines spectra
and, III:217–219

for BChl mimics, I:256–257
effects on electronic ground states of low-

spin iron(III) porphyrin complexes,
VII:47–53

fluoro-containing substituents of
phthalocyanines spectra and,
III:225–226

halogen-substituted
phthalocyanines spectra and,
III:220–224

hydroxy-/alkoxy-/aryloxy-substituted
phthalocyanines spectra and,
III:235–254

impact on metalloporphyrin structures of,
VI:18

nitro-substituted phthalocyanines spectra
and, III:227–230

palladium-catalyzed C-C reactions and,
III:370

phthalocyanine carboxylic acids/
derivatives spectra and,
III:262–268

phthalocyanine phosphonic
acids/derivatives spectra and,
III:277

phthalocyanine sulphonic acids spectra
and, III:269–277

phthalocyanines with electron-donating/
electron-withdrawing substituents in
same benzene ring spectra and,
III:278–279

reorganization energy and, I:147–148
sulphamoyl-substituted phthalocyanines

spectra and, III:269–277
trimethylsilyl-substituted

phthalocyanines spectra and, 
III:261

Sonogashira C–C coupling reactions,
III:341–344, III:348–351

for chlorophyll-type pigments, I:22
coupling β-substituted porphyrins and,

II:227–228
and cyclic multi-porphyrin arrays (square

tetramers), I:27–28
as efficient synthetic tool for complex

systems, II:227
ethynyl groups coupled with

trimethylsilylacetylene, I:19–20
formation of C-C and C-heteroatom

through, II:194
Glaser homocoupling side reaction and

conditions for Cu-free, II:230
for pentamer with dithiaporphyrin core,

I:49, I:54
porphyrin oligomers with diarylethynyl

linkers and, I:13
synthesis of β-alkynyl-linked porphyrin-

[60]fullerene dyadsusing, 
II:230
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synthesis of β-alkynylporphyrins using,
II:228

synthesis of carboxylated porphyrins using,
II:232

synthesis of cofacial
bis[porphyrinato]zinc(II) compounds
using, II:232, II:233

for trimers, I:41, I:43–44
Soret absorption

freeze-quench EPR experiments and
Compounds I/ES, V:309

and rapid-scanning stopped-flow of
P450cam Compound I, V:306

and unique properties of cytochrome P450,
V:300–301

Soret band shift, octaethylporphyrin vs.
tetraacenaphthoporphyrin and, II:45,
II:47

Soret bands, IV:4, IV:5, IX:6–10
Soret rotational strength, circular dichroism

(CD) and, VII:154–157, VII:159
Soret-band transitions

and fully synthetic self-assembling
BChl mimic, I:246–247, I:249

H2P/SWNT composites and, 
I:196–197

non-covalently linked hybrids (MP/C60β-
systems) and, I:184

and porphyrin-fullerene held by π−π
interactions, I:340

Space-resolved techniques of IR 
spectroscopy

IR microscopy/imaging and,
VII:460–461

synchrotron light and, VII:461
Spectra. See Fluorescence spectra
Spectral analysis

and curvature in Curie plot over
temperature range of measurement,
VI:75–80

empirical methods, VI:80–82
g-tensor anisotropy and, VI:83
resolution/assignment of, VI:69–75

Spectroscopy. See also Infrared
spectroscopy/microscopy; Optically
active porphyrin systems

and alkenyl/alkynyl substituents of
phthalocyanines, III:35

alkyl-/alkenyl-/alkynyl-substituted
phthalocyanines, III:199–216

alkylthio-/phenylthio-/phenylsulphonyl-
substituted phthalocyanines,
III:255–260

and allosteric interaction of TDO, V:90–92
amino-substituted phthalocyanines,

III:231–234
aryl-substituted phthalocyanines,

III:217–219
of Caldariomyces fumago chloroperoxidase

with peracetic acid (PA), V:304
13C NMR spectroscopy to determine

electronic structures, VII:15–20
of cNOR/qNOR/qCuANOR, V:133–135
cobalt hemoproteins and, V:24–25
combinatorial chemistry of porphyrins and,

III:487
to determine electronic structures (iron

porphyrin complexes), VII:20–22
effect of removal of symmetry on, III:280,

III:282
electrochemical impedance spectroscopy

(EIS), V:255–256
EPR and NO properties, V:124
EPR study of rhTDO, V:92, V:94
EPR study of rlDO/rhlDO, V:92–93
fluoro-containing substituents of

phthalocyanines, III:225–226
and general UV-vis spectra for

phthalocyanines, III:198,
III:280–282

halogen-substituted phthalocyanines,
III:220–224

and hemin insertion into heme pocket,
V:6

history, V:81
1H NMR spectroscopy to determine

electronic structures, VII:12–15
hydroxy-/alkoxy-/aryloxy-substituted

phthalocyanines, III:235–254
and importance of optical propterties of Q-

band, III:283–289
MCD for Yb/myoglobin heme pocket, V:28
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and mechanism of fungal NOR, V:147–148
metallocene-appended porphyrins and,

III:441, III:443–444
and mixed reactant approaches to solution

phase combinatorial porphyrin
libraries, III:489–490

nitro-substituted phthalocyanines,
III:227–230

orbital interactions to determine electronic
structures, VII:7–11

of P450cam reaction with meta-
chloroperoxybenzoic acid, V:307

phthalocyanine and historical aspects,
III:198–199

phthalocyanine carboxylic
acids/derivatives, III:262–268

phthalocyanine phosphonic
acids/derivatives, III:277

phthalocyanine sulphonic acids,
III:269–277

and phthalocyanines with electron-
donating/electron-withdrawing
substituents in same benzene ring,
III:278–279

of porphyrins with enaminoketones,
III:456–457

of rabbit IDO, V:82–83, V:85, V:87
rapid-scanning stopped-flow studies of

Cyp119 Compound I and,
V:313–314

of recombinant human IDO, V:82–83, V:87
resonance Raman spectra of rhlDO,

V:94–97
resonance Raman spectra of rhTDO,

V:97–103
of rhodamine-phthalocyanine conjugates,

III:91–92
of rhTDP human, V:87–90
soluble guanylate cyclase and,

V:151–152
sulphamoyl-substituted phthalocyanines,

III:269–277
temperature and, VII:5
of tetra-tert-butylphthalocyanine,

III:281–283
trends in. See Phthalocyanines

of trimethylsilylphthalonitrile, 
III:42

trimethylsilyl-substituted phthalocyanines,
III:261

unique properties of cytochrome P450,
V:300–301

Spin crossover in iron(III) porphyrins
[Fe(MAzP)L2]

± and [Fe(OEP)L2]
±,

VII:82–87
[Fe(OETPP)L2]

+ spin crossovers between
S = 3/2 and S = 1/2, VII:76–80

[Fe(OMTPP)L2]
+ and Fe(TBTXPL)L2

+ and,
VII:80–82

general considerations, VII:75–76
in monoimidazole complexes,

[Fe(OETPP)L]+, VII:101–108
in monoimidazole complexes,

[Fe(TMP)L]+ and [Fe(TMTMP)L]+,
VII:96–101

in monoimidazole complexes (general
information), VII:95–96

between S = 3/2 and S = 5/2 (monoaqua
complexes), VII:94–95

between S = 3/2 and S = 5/2 (monoaqua
complexes of saddled porphyrins),
VII:91–94

structural consequences of, VII:87–91
Spin delocalization

axial ligand plane orientation and,
VI:50–55

mechanisms through chemical bonds,
VI:55–57

metal ion and, VI:39–41
porphyrin ring and, VI:40, VI:42–50

Spin relaxation times (T1e or τs), nuclear,
VI:34

Spin states of iron porphyrins, VII:5–6
Spin states. See also Bonding, metal ion/spin

state effects
axial ligand plane orientation and

delocalization, VI:50–55
delocalization and mechanisms through

chemical bonds, VI:55–57
metal ion and delocalization, VI:39–41
porphyrin ring and delocalization, VI:40,

VI:42–50
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spin-lattice relaxation times (T1), nuclear,
VI:34–37

spin relaxation times (T1e or τs), nuclear,
VI:34

spin–spin relaxation times (T2), nuclear,
VI:38–39

Spin-coating technique, and Pc incorporation
into OPV, X:153

Spin-lattice relaxation times (T1), nuclear,
VI:34–37

Spin–spin relaxation times (T2), nuclear,
VI:38–39

Spirulina maxima, Spirulina pacifica, IV:33
Square planar M(II) porphyrins/analogs,

metal-sensitive bands, VII:443
Square wave voltammetry (SWV), and

pyrene-substituted
dipyrrolylquinoxalines, VIII:196–198

Squarylporphyrins, Stille C–C coupling
reactions and, III:346–347

Stacking. See pi-pi (π−π) interactions
Stannyl porphyrins, synthesis of, II:215
Staphylococcus aureus, IV:47, IV:285–286,

IV:388–389
Staphylococcus epidermidis, IV:391
STAT-3 (signal transducer and activator of

transcription 3), IV:250, IV:272–274,
IV:314

Steady state spectroscopy
hexapyrrolic expanded porphyrins,

I:515–517
pentapyrrolic expanded porphyrins,

I:511–512
Steady-state kinetics/uncoupling, in catalytic

cycle of cytochromes P450,
V:181–182

Steroids, linkage and, I:146
Stille coupling reaction

formation of C–C and C-heteroatom
through, II:194

in functionalization of meso-
tetraarylporphyrins, II:209

meso-bromoporphyrins with
bis(tributylstannyl)ethene, I:19

perylene-bisimide-centered porphyrin
tetramer and, I:44, I:47

Stoichiometry, palladium-catalyzed C–C
reactions and, III:372

Stoichiometry. See also Reactions
and hemin insertion into heme pocket, 

V:6
steady-state kinetics/uncoupling in catalytic

cycle, V:181–182
Stopped-flow and perfusion-induces FTIR

spectroscopy, VII:481–482
Stopped-flow electronic absorption

spectrophotometry, multifrequency EPR
spectroscopy of animal peroxidases
with, VI:438–442

Strapped porphyrin dimers, dihedral angle
control and, I:459–463

Stratum corneum lipids liposomes (SCLL),
IV:364–365

Stress-activated protein kinase/c-Jun N-
terminal kinase (SAPK/JNK), IV:430

Structural modification in Pcs and OPV by
vapor deposition, X:148–149

Structural optimization of Pcs, dye-sensitized
solar cells and, X:159–166

Structure, of porphyrin isomers, VII:365–380.
See also Porphyrin isomers

Structure/reaction mechanism of heme
dioxygenases

bacterial TDO compared with IDO
structure, V:112–114

and heme environment/binding mode of L-
Trp in xcTDP, V:111–113

heme environment of rhlDO, V:105–107
mutagenesis study and rhlDO, V:107–108
overall structure of IDO and rhlDO,

V:103–106
and proposed mechanism of dioxygenase

reaction, V:114–118
and structures of related enzymes (bacterial

TDO), V:108–109
and structures of TDO from X. campestris,

V:109–112
Structure-activity relationship studies (SAR),

IV:251, IV:294
Structure-function relationship of reconstituted

hemoproteins
cobalt hemoproteins and, V:24–25
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fluorinated peripheral substituents and, V:19
heme disorder and, V:17–19
manganese hemoproteins and, V:25–26
mixed-metal hybrid hemoproteins and, V:27
non-propionate substituted hemes and,

V:21–22
other metal hemoproteins and, V:27–28
and other peripheral substituents,

V:22–23
and propionate positions, V:19–21
and replacement of heme with other metal

(general information), V:24
and role of 2-/4-substituents in heme

framework, V:7–12
and role of 6-/7-propionate side chains in

heme framework, V:12–17
zinc hemoproteins and, V:26–27

Structure-function relationships, combinatorial
chemistry of porphyrins and,
III:487–488

Styrene maleic acid copolymer (SMA),
IV:382–384

Styrene, rhodium-catalyzed cyclopropanation
of, II:320; See also Epoxidation

Styrene–maleic acid copolymer micelles
containing ZnPP (SMA-ZnPpIX),
IV:382–384

Sub-/super-Pcs, UV-vis absorption data,
IX:397–414

numbering system used in absorption
database for, IX:100–101

Subcellular targeting. See Cell organelle
targeting

Subnaphthalocyanine (SubNcCl), and Pc
incorporation into OPV, X:154

Subphthalocyanine (subPc), IV:59–61, IV:63,
IV:66, IV:200

Subphthalocyanine-fullerene, donor-acceptor
system of, I:322–325

Subphthalocyanines, tribenzosubporphyrins
and corresponding, II:3–4

Subpyriporphyrin, II:128, II:129
shortest N-HN hydrogen bond and,

II:128
2/4-Substituents in heme framework,

reconstituted hemoproteins and, V:7–12

Substituted BODIPYs
fluoride atom substitution in BF2-group

with alkoxide groups, VIII:98–100
fluoride atom substitution in BF2-group

with alkyl groups, VIII:90
fluoride atom substitution in BF2-group

with alkyne groups, VIII:92–98
fluoride atom substitution in BF2-group

with aryl groups, VIII:91–92
fluoride atom substitution in BF2-group

with boronium/borenium cations,
VIII:100–101

with heteroatom substituents, VIII:24–39
from pyrroles/acid chlorides/anhydrides,

VIII:7–8
from pyrroles/aldehydes, VIII:8–12
water-soluble BODIPYs from, VIII:40–42

5-Substituted tetrabenzoporphyrins,
preparation of, II:24, II:30

Substitution reactions, preparation of
phthalocyanines with substituents
connected to core via, III:45, III:61

Substrate binding sites, and heme-propionate
side chains, V:44–48

Substrates
biological, X:87
and C=C epoxidation by Cpd I of CYP

450, X:127–129
DFT-calculated reaction enthalpies/BDE

values of, X:123–124
Succinimidyl diazoacetate and

cyclopropanation, X:60–61
Sugar–photosensitizer conjugates, IV:128–140

benzochlorin–carbohydrate conjugates,
IV:131–134, IV:135, IV:136

benzotriazole (BOP) coupling method,
IV:133–134, IV:136

chlorin–carbohydrate conjugates,
IV:32–33, IV:129, IV:267–269,
IV:352

conjugation conditions, summary,
IV:177–179

galectin binding, IV:32, IV:265–270,
IV:351

HPPH–carbohydrate conjugates,
IV:270–272, IV:273–274
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2,3,7,8,12,13,17,18-octaethylporphyrin
(OEP), IV:131, IV:134, IV:225,
IV:227

ortho and para isomers, effect on
conjugates, IV:129, IV:131

pentafluorophenyl porphyrins, IV:135–138,
IV:139

porphyrin–carbohydrate conjugates,
formation, IV:129

protoporphyrin-IX (PPIX) sugar-
substituted derivatives, IV:130, 
IV:132

purpurinimide–sugar conjugates,
IV:134–135, IV:136, IV:267,
IV:268–269, IV:351–352

pyropheophorbide-a–sugar conjugates,
IV:274

silicon phthalocyanine–sugar conjugates,
IV:138, IV:140

targeted photosensitizers, IV:32,
IV:264–274, IV:275

triglycosylated 5,10,15,20-
tetraphenylporphyrins, IV:130–131,
IV:133

See also Conjugates
Sulfamides, as phthalocyanine sulfoacids and

derivatives, III:83–92
Sulfanylation/selenation (C–S/C–Se coupling),

β-sulfanylation/selenation (C–S/C–Se
coupling), III:415–417

Sulfhydryl boron hydride (Na2B12H11SH or
BSH), IV:192

Sulfinyl-substituted phthalocyanines, as
electron-withdrawing groups of
phthalocyanines, III:92–95

Sulfoacid esters, as phthalocyanine sulfoacids
and derivatives, III:83–92

Sulfolobus solfataricus, rapid-scanning
stopped-flow studies of Cyp119
Compound I and, V:313

Sulfo-m-maleimidobenzoyl-N-
hydroxysuccinimide ester (SMBS),
IV:165–166

Sulfonated derivatives and aggregation
behavior in water soluble Pcs,
VII:279–280

Sulfonated derivatives
Φ∆ and MPc(SO3)mix, VII:318
Φ∆ and MPc(SO3)n, VII:318–319
ΦF and Mpc(SO3)mix, VII:292
ΦF and Mpc(SO3)n, VII:292, VII:313
(ΦT)/(τT) and MPc(SO3)mix, VII:315–316
(ΦT)/(τT) and MPc(SO3)n, VII:316

Sulfonated meso-tetraphenylporphyrins
(TPPS), IV:14–15, IV:345

Sulfones, as phthalocyanine sulfoacids and
derivatives, III:83–92

Sulfoxidation by Cpd I of CYP 450,
X:129–131

Sulfoxidation of chiral basket handle
porphyrins, X:77–78

Sulfoxidation of chiral picket fence
porphyrins, C–H bond functionalization
and, X:74

Sulfur-containing compounds, photocatalytic
reactions of, VII:342–343

Sulphamoyl-substituted phthalocyanines
spectra, III:269–277

Superoxide anion radical (•O2
–), IV:6, IV:47,

IV:412–413
Superoxide dismutase (SOD), and protein

engineering application,V:218
Supersonic jet studies, and coherent double

hydrogen tunneling in isolated
molecules, VII:411–416

Supramolecular assemblies
bis(arylimino)isoindolines in dendrimers,

VIII:478–482
tetrapyrroles in, VIII:483–485
tripyrrin-/bai-based coordination polymers

and, VIII:470–478
Supramolecular chemistry

antenna-reaction center mimicry,
I:391–397

chirality for BChls and, I:232, I:234
and chlorophyll aggregates, I:100, I:103
and chlorosomal bacteriochlorophylls,

I:228–231
cofacial porphyrin dimers/fullerene and,

I:389–391
ethynyl-/1,3-butadiynyl-bridged multi-

porphyrin arrays and, I:18
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metallotetrapyrrole-fullerene dyads and,
I:313–316

non-covalently linked hybrids and,
I:168–169, I:171, I:185–186

probing distance/orientation effects,
I:362–363

of pyrrole-based π-conjugated acyclic
anion receptors. See Pyrrole-based
π-conjugated acyclic anion receptors

SAXS/SANS for, I:244–245
self-assembled triads via metal-ligand

coordination, I:363–368
self-assembling metalloporphyrins and,

I:91–93, I:97, I:100
self-sorting systems from meso-meso-

linked diporphyrins and, I:104
triads for charge stabilization,

I:377–384
two-point bound porphyrin-fullerene

conjugates (cation-crown ether) and,
I:385–389

two-point bound porphyrin-fullerene
conjugates (H-bonding) and,
I:369–377

two-point bound porphyrin-fullerene
conjugates (π−π interaction)and,
I:368–369

Supramolecular gels (solvent-assisted),
pyrrole-based π-conjugated acyclic
anion receptors and, VIII:219–224

Surface functionalization of gold for
electronics

direct immobilization of macrocycle
(complex porphyrin system
immobilization) and, X:260–263

direct immobilization of macrocycle
(modulation of surface/macrocycle
linker) and, X:256–259

direct immobilization of macrocycle
(multi-linkage of
surface/macrocycle) and,
X:259–260

direct immobilization of macrocycle
(TPP derivatives) and,
X:253–256

overview, X:249–253

sequential immobilization of macrocycle
(click coupling), X:265–267

sequential immobilization of macrocycle
(coordination bond coupling),
X:264–265

Surface functionalization of silicon for
electronics

overview, X:267–272
sequential grafting and, X:276–278
and Si–C bonding of macrocycle,

X:274–276
and Si–O bonding of macrocycle,

X:272–274
Surface/macrocycle linker modulation, direct

immobilization of macrocycle (complex
porphyrin system immobilization) and,
X:256–259

Surface/macrocycle multi-linkage
tripodal anchoring groups and,

X:259–260
two or four S-containing meso substituents

and, X:259
Surfactants, IV:82, IV:306–307, IV:364
Survivin expression following PDT,

IV:438–439
Suzuki reaction, III:336–341, III:379

formation of C–C and C-heteroatom
through, II:194

formation of oligophenylene-diporphyrins
and, II:225

in functionalization of meso-
tetraarylporphyrins, II:209

21-functionalized NFPs and, II:341,
II:342

in synthesis of β-carboranylated
porphyrins, II:220

synthesis of mixed antipodal β-
octasubstituted porphyrins using,
II:216–217

in synthesis of mono-, di- and tri-
benzoporphyrins, II:219–220

Suzuki-Miyaura coupling reactions
metal-bridged porphyrin arrays and,

I:117–118
for trimers, I:41, I:43–44

Swiss Light Source, VII:441

518 Cumulative Index to Volumes 1–10

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 518



Symmetry
effect of removal on phthalocyanine

spectra, III:280, III:282
low-symmetry phthalocyanines and Q-

band, III:285–286
symmetric push-pull phthalocyanines,

III:190–198
Symmetry-adapted cluster-configuration

interaction method (SAC-CI), and
porphycene excited states, VII:397

Syn/anti ligation, I:234–235
Synchrotron radiation, VII:441,

VII:459–460
Synechocystis sp., and bacterial NOR, V:132
Synechocystis, KatGs from, VI:390–394,

VI:427
Synthesis of substituted phthalocyanines. See

Phthalocyanines
Synthesis/properties of boron complexes of

dipyrrolyldiketones, pyrrole-based π-
conjugated acyclic anion receptors and,
VIII:205–211

Synthetic applications for organometallic C–C
coupling reactions (porphyrins),
III:334–335

Synthetic dimeric porphyrins without optically
active substituents, VII:208–219

Synthetic heme systems
CD spectra/absorption for peptide-

sandwiched mesoheme, VII:168
CD spectra/absorption for water-soluble

porphyrin at different pHs,
VII:165–167

CD spectra/absorption with cobalt/iron,
VII:168–171

effects of NaCl on absorption/CD spectra
of, VII:167–168

and induced Soret CD from exciton
coupling with heme–heme
interaction, VII:171–173

Synthetic hemins, effect of axial ligand plane
orientation on, VI:50–55

Synthetic naphthalene units linked with bis-
porphyrins, VII:205–208

Synthetic oligomeric porphyrin systems,
VII:219–230

Synthetic porphyrin dimer/oligomer systems
synthetic dimeric porphyrins without

optically active substituents,
VII:208–219

synthetic naphthalene units linked with bis-
porphyrins, VII:205–208

synthetic oligomeric porphyrin systems,
VII:219–230

T
Talaromyces, and fungal NO reductase, V:143
Tandem solar cells and OPV by vapor

deposition, X:150–152
Tantalum, unsubstituted Pcs (UV-vis

absorption data) and, IX:134
Tapaporfin®, IV:254
TaPc absorption spectra, IX:42–45
TAPs and mono-/di-/triaza porphyrin analogs,

UV-vis absorption data, IX:315–382
composition of TAP and, IX:3
numbering system used in absorption

database for, IX:100–101
Targeted photosensitizers, IV:264

activatable photosensitizer conjugates,
IV:281–284

carbohydrate-based conjugates, IV:32,
IV:264–274, IV:275

HIV-1 transactivator protein (HIV-1 Tat) in
targeted conjugates, IV:278, IV:279

peptide-based conjugates, IV:274,
IV:276–281

peptide–photosensitizer conjugates,
IV:274

photosensitizer localization sites, IV:409,
IV:410, IV:411

Zn-Pc–peptide targeted conjugates, IV:279,
IV:280

See also Photosensitizers (PS)
Targeting strategies for PDT, IV:328–329

macrophages as PDT targets, IV:73,
IV:153, IV:343

modular carrier systems, IV:36,
IV:330–331, IV:341, IV:374

See also Antimicrobial PDT; Cell organelle
targeting; Cellular targeting;
Photodynamic therapy (PDT)
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Tautomerism
cis/trans and relative changes of

fluorescence quantum yield with
temperature, VII:404–406

cis/trans forms, VII:373–380
cis/trans structure, VII:397
cis-trans tautomerism structure,

VII:373–380
coherent double hydrogen tunneling in

isolated molecules, VII:411–416
and molecules in condensed phases

(polycrystalline porphycene),
VII:416–424

in porphyrins, VII:409–410
and relative energies of porphyrin isomers,

VII:363
single molecule studies and, VII:424–426
triplet state studies and, VII:409

Taxol, IV:437
TBA salts of anions, for fluorescent octane gel

transformation, VIII:221–222
99Tc-labeled phthalocyanines, IV:92
99Tc-labeled porphyrins, IV:92
TCNQ complexes, and binding affinities of

dipyrromethanes, VIII:184
TcPc absorption spectra, IX:49–54
TDDFT method of TAP calculations, IX:10
T-derivative spectroscopy, VII:456–458
TDO. See Tryptophan 2,3-dioxygenase

(TDO)
Telomerase inhibitors, IV:19
Telomerase, IV:18
Telomeres, IV:18, IV:51
Telomestatin, IV:50, IV:51
Temoporfin (tetra(meta-

hydroxyphenyl)chlorin), IV:160
Temperature and rapid-scanning stopped-flow

studies of P450cam, V:315–317
Temperature dependence studies

hemiporphycene/corrphycene/
isoporphycene derivatives and,
VII:390–392

T-derivative spectroscopy and,
VII:456–458

Temperature
contact/pseudocontact shifts and, VI:31–33

and curvature in Curie plot over
temperature range of measurement,
VI:75–80

effect on enantioselectivity of chiral picket
fence porphyrins, X:22, X:24

multifrequency EPR spectroscopy and
reactivity of catalytic intermediates,
VI:422–429

and UV spectral changes of acyclic anion
receptors, VIII:222

Template synthesis
TBPs, Pcs and, II:3–8
TBPs, TNPs, and limitations of zinc, 

II:8
Templated macrocyclizations, and

coordination interactions. See also
Coordination chemistry of open-chain
oligopyrroles

5,10,15,20-Tetraaryl-21-telluraporphyrin,
phosphorus(V) N-fused phlorin from,
II:150–151

5,10,15,20-Tetraarylazuliporphyrin, synthesis
of, II:152, II:154

5,10,15,20-Tetraarylsapphyrin, heteroanalogs
and, II:177, II:178

5,10,15,20-Tetrakis-(2-chloro-3-
sulfonatophenyl) porphyrin, IV:14

5,10,15,20-Tetrakis-(p-sulfonatophenyl)-
25,27,29-trithiasapphyrin, IV:54,
IV:55

5,10,15,20-Tetrakis(-pyridinio-p-tolyl)-2-aza-
21-carbaporphyrin, IV:55–56

5,10,15,20-Tetrakis(trifluoromethyl)porphyrin,
II:215

2,3,12,13-Tetrabromo-tetraphenylporphyrin
reaction of metallic zinc with Zn(II)

complex of, II:210
reaction with phenylboronic acid followed

by bromination of nickel complex,
II:216–217

4,5,6,7-Tetrafluoroisoindole, fluorinated TBPs
and, II:7

Tetra(2,3-naphtho)porphyrin zinc complex
(ZnTNP), II:7

Tetra(2,3-naphtho)porphyrins (TNPs),
synthesis of isomers of, II:14–15, II:16

520 Cumulative Index to Volumes 1–10

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 520



Tetra(meta-hydroxyphenyl)chlorin (m-THPC)
derivatives, IV:40–41, IV:333,

IV:346–347, IV:352
folic acid conjugates, IV:41–42
Foscan, IV:40–42, IV:147, IV:160, IV:254
hydrophobicity, IV:386
monoclonal antibody (MAb) conjugates,

IV:160–161, IV:333–334
as photosensitizers, IV:40–42, IV:329,

IV:346–347
serum protein conjugates, IV:346–347
structure, IV:40, IV:329, IV:334
Temoporfin, IV:160
See also Chlorins (2,3-dihydroporphyrins)

5,10,15,20-[Tetra(N-methyl-3-pyridyl)]-26,28-
diselenosapphyrin chloride, IV:54–55

Tetra(quinoxalino[2,3])-5,10,15,20-
tetraazaporphyrin, synthesis of, II:43,
II:46

Tetraacenaphthoporphyrin, Soret band of,
II:45, II:47

Tetraaryl NCPs, synthesis of, II:298–299
Tetraaryl NFPs, use of NCPs in synthesis of,

II:339–341
Tetra-aryl systems, aza-BODIPY dyes and,

VIII:119–126
Tetraaryltetraazuliporphyrin, tautomeric

equilibrium for, II:176
Tetraaryltetrabenzoporphyrins (Ar4TBPs), II:4

general method of synthesis of, II:24, II:30
isoindole precursors in synthesis of,

II:10–11
synthesis of highly functionalized,

II:11–12
Tetraazachlorin derivatives, UV-vis absorption

data, IX:480–486
Tetraazachlorins, II:251
Tetraazaporphyrins. See Phthalocyanines (Pc)
Tetraazuliporphyrin tetracation, DFT

optimized structure of, II:176
Tetrabenzoporphyrins (TBPs)

BCOD-fused pyrroles in synthesis of,
II:21–24

Diels-Alder reaction on sulfolenopyrrole in
synthesis of, II:84–85

2H-isoindole in synthesis of, II:5–6

isoindole equivalents and oxidative method
of synthesis of, II:8–19

phthalimides in synthesis of, II:3
α-substituted isoindoles in synthesis of Pcs

and, II:6
Tetrabenzoquinone-porphyrin conjugate, a

mononuclear “black” porphyrin, II:255,
II:257

Tetrabenzotriazacorrole (TBC), IV:80,
IV:81

Tetrabutylammonium fluoride (TBAF),
VIII:175–176

Tetracarbamic acid derivatives formation,
III:118–119

Tetracarbaporphyrin dications, II:173
Tetracarbaporphyrinoids, II:172
Tetracarbatetraazuliporphyrin tetracation

crystal structures of, II:174, II:175
synthesis of, II:174, II:175

Tetraethyl orthosilicate (TEOS), and sol-gel
process, V:233

Tetrahydroporphyrin tetratosylate (THPTS),
IV:42

Tetrakis(4-carboxyphenyl) porphyrin (TCCP),
IV:96, IV:97

Tetrakis(meta-hydroxyphenyl)chlorin (m-
THPC). See Tetra(meta-
hydroxyphenyl)chlorin (m-THPC)

Tetrakis(pentafluorophenyl)-N-confused
porphyrin (NCTPP-F20), copper(II)
complex of, II:325–326, II:327

Tetrakis(quinolone-1,2,3-triazole)porphyrin,
“click chemistry” synthesis of, II:278,
II:280

Tetrakis-pyridyl-tetrahydroporphyrin tosylate
(THP), IV:42

Tetrakisquinoxalinoporphyrin, synthesis of,
II:88–89, II:92

Tetrameric N-confused tetraphenylporphyrin
silver complex, synthesis of, II:327,
II:329

Tetra-meso-aryl porphyrins (TAPs), Adler-
type combinatorial reactions and,
III:493

Tetramethoxysilane (TMOS), and sol-gel
process, V:233
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Tetramethyl-m-benziporphodimethene,
synthesis and N-confused pyrrole
derivatives of, II:140–141

Tetranaphthoporphyrins, retro-Diels-Alder
microwave-assisted synthesis of, II:203,
II:205

Tetra-N-methylpyridiniumporphyrin
(TMPyP4), IV:18, IV:19–20, IV:55

Tetraphenyl derivative of ZnTNP (ZnPh4TNP),
product mix in synthesis of, II:8

Tetraphenylchlorin (TPC), IV:145, IV:146,
IV:148, IV:372–373

Tetraphenylporphyrin (TPP) derivatives, direct
immobilization of macrocycle (complex
porphyrin system immobilization) and,
X:253–256

Tetraphenylporphyrins in dendrimers, IV:371
Tetrapyrrole L1M1 complexes/associates,

coordination chemistry of open-chain
oligopyrroles and mononuclear,
VIII:410–428

Tetrapyrrole L2M2 complexes, coordination
chemistry of open-chain oligopyrroles
and dinuclear, VIII:428–432

Tetrapyrrole-nanocarbon hybrids
complementary electrostatics/π−π

interactions and, I:413–416
crown ether-alkyl ammonium dipole — ion

bonding, I:351–352
crown ether-alkyl ammonium interactions

and, I:417–419
and donor-acceptor via polymer wrapping,

I:419–421
and donor-SWNT hybrids via π−π

interactions, I:401–404
electrostatic ion-pairing interactions and,

I:338–339
ion-paired binding and, I:411–413
and metal-ligand coordination approach of

tetrapyrrole-SWNT hybrids,
I:404–407

metallotetrapyrrole-fullerene dyads and,
I:311–322

metal-oxygen bonding and, I:322–325
and non-covalent functionalization of

carbon nanotubes, I:401

porphyrin-fullerene and π−π interactions,
I:339–351

and porphyrin-fullerene conjugates via
hydrogen bonding, I:329–338

π−π interactions/axial coordination and,
I:408–411

reversible switching of inter-/
intermolecular PET events,
I:397–399

rotaxanes/catenanes formation and,
I:352–361

and solubilization of carbon nanotubes,
I:400–401

subphthalocyanine-fullerene donor-
acceptor systems and, I:325–329

and supramolecular architectures for
photochemical events, I:361–397.
See also Supramolecular
chemistry

and supramolecular tetrapyrrole-acceptors
with other carbon structures,
I:421–423

Tetrapyrroles, I:235–236
coupling of dipyrrolic building blocks and

preparation of open-chain
oligopyrroles, VIII:365–373

coupling two pyrrole units with dipyrrole
and preparation of open-chain
oligopyrroles, VIII:371,
VIII:373–376

dinuclear L1M1 complexes/associates and
open-chain oligopyrroles,
VIII:410–428

ligands from biliverdin/bilirubin and
preparation of open-chain
oligopyrroles, VIII:361–362

mononuclear L2M2 complexes and
open-chain oligopyrroles,
VIII:428–432

oxidative ring-opening and preparation of
open-chain oligopyrroles,
VIII:363–365

ring skeletal structures of, VIII:294–295
stepwise coupling of pyrrolic precursors

and preparation of open-chain
oligopyrroles, VIII:376–377

522 Cumulative Index to Volumes 1–10

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 522



supramolecular assemblies and,
VIII:483–485

types of tri-/tetrapyrrolic species,
VIII:348–352

Tetrapyrrolic macrocycles. See Palladium-
catalyzed carbon-heteroatom C–C
reactions; Peripherally metalated
porphyrin derivatives

Tetraquinonoporphyrin, Diels-Alder reaction
in synthesis of, II:86, II:89

Tetraryl N-confused porphyrins, synthesis of
symmetrical vs. asymmetrical,
II:299–300

Tetrasubstituted compounds
1,8(11),15(18),22(25)-tetrasubstituted

compounds of phthalocyanines,
III:7–11

2,9(10),16(17),23(24)-tetrasubstituted
compounds of phthalocyanines,
III:10–16

adsorption of transition-metal
tetraaminophthalocyanines, III:114,
III:119

Tetra-tert-butyl-substituted TiPs/RuPcs with
carboxy groups at axial ligand, and dye-
sensitized solar cells, X:161–162

Tetrathiafulvalene (TTF),
porphyrin–nanocarbon composites and,
X:229

Texaphyrin, metalloporphyrin
structure/electron configurations and,
VI:16–17

Texaphyrins, IV:46–49, IV:98, IV:251–252,
IV:263–264

See also Expanded porphyrins; Lutex
Thallium, unsubstituted Pcs (UV-vis

absorption data) and, IX:113–114
Theraphthal, III:105–106
Thermoanaerobacter tengcongensis, TT-

SONO enzyme and, V:154
Thermodynamic behavior, of ligand binding,

V:9
Thermodynamics

and ideal electron transfer scenario, I:148
rate constant and reorganization energy,

I:139

Thermus thermophilus, and active site of
bacterial NOR, V:138

22-Thiaazuliporphyrin, crystal structure of,
II:152, II:154

Thiadiazolobenzoporphyrin, synthesis and UV
absorption spectra of, II:51–53, II:55

Thienylthiazole (boryl-substituted) as analogs,
BODIPYs and, VIII:148–150

Thiol-derivatized europium triple-decker
sandwich complexes, Sonogashira
C–C coupling reactions and,
III:342–343

Thiosens, III:176
Thiosphaera pantotropha, cytochrome cd1-

type and, V:129
Third-generation biosensor, defined, V:298
Third-generation biosensors, V:211–214
Third-generation photosensitizers, IV:124,

IV:330, IV:371–372
Thorium, unsubstituted Pcs (UV-vis absorption

data) and, IX:136
Threitol-strapped ligands and chiral strapped

porphyrins, X:64
Threitol-strapped porphyrins, X:37–38
Through-bond BODIPY energy transfer

cassettes
and polypyridine complexes with

accessory BODIPY chromophores,
VIII:77–80

and porphyrin-based systems as
photosynthesis models,
VIII:70–76

and potential biotechnology probes,
VIII:80–86

Through-space BODIPY energy transfer
cassettes, VIII:65–70

Thyroid peroxidase (TPO), as component of
superfamily of animal peroxidase,
VI:430

THz spectral region. See Far-infrared (FIR)
absorbance spectra

Time-correlated single-photon counting
(TCSPC), pentapyrrolic expanded
porphyrins and, I:517

Tin porphyrin, myoglobin/hemoglobin/HRP
and, V:28
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Tin porphyrins, Stille C–C coupling reactions
and, III:346–347

Tin(IV) (3-oxo-NCTPP3-)Cl.H2O, synthesis
under aerobic conditions of, II:334,
II:336

Tin(IV) complex of, [Me4N]+[(3-oxo-
NCTPP)Cl2]

-, II:335, II:336
Tin(IV)(NCTPP2-)Cl2, synthesis under

anaerobic conditions of, II:334
Tin, unsubstituted Pcs (UV-vis absorption

data) and, IX:131
TiPc/ZrPc/ZrPc2/HfPc absorption spectra,

IX:39–42
Tissue inhibitor of matrix metalloproteinase

(TIMP), IV:436
TlPc absorption spectra, IX:78–86
Tol-BINAP, III:373
Toluene, reorganization energy and, I:147
Toluene. See Solvents
TonB system, and bacterial acquisition of iron,

VI:340–341
Tookad (WSR09), IV:255, IV:257–258
Topoisomerase I, β-octabromo-meso-

tetrakis(4-carboxyphenyl)porphyrin as
potential inhibitor of, II:219

Total Correlation Spectroscopy (TOCSY), 2D
NMR techniques and, VI:64–69

Totally unsubstituted NCP, synthesis of,
II:300

Toxicity of NO, V:149
TPP (dianion of tetraphenylporphyrin),

VIII:300
(TPP)Fe derivatives

and empirical methods of spectral analysis,
VI:81–82

and resolution/assignment of spectral
analysis, VI:70–73

TPP, non-Aufbau orbital filling and, VI:42
TPPF20, and modification of porphyrin

macrocycle, III:512–513
Trans-(doubly N-confused porphyrin) (trans-

N2CP), synthesis and X-ray structure of
copper(III) complex of, II:350, II:351

Transfer reactions, I:133. See also Charge
transfer (porphyrin/phthalocyanines and
carbon nanostructures)

Transfer reactions. See Catalysts with B12

enzyme functions
Transferrin conjugates, IV:150–152, IV:346
Transferrin, and bacterial acquisition of iron,

VI:340–341
Transistor memory, hybrid electronics and,

X:302–303
Transition energy (intensity)

2H (unsubstituted Pcs) and, IX:102–103
aluminum (unsubstituted Pcs) and,

IX:103–104
antimony (unsubstituted Pcs) and, IX:131
beryllium (unsubstituted Pcs) and, IX:103
bismuth (unsubstituted Pcs) and, IX:134
cadmium (unsubstituted Pcs) and, IX:130
chromium (unsubstituted Pcs) and,

IX:114–115
cobalt (unsubstituted Pcs) and, IX:119–120
copper (unsubstituted Pcs) and,

IX:120–121
dysprosium (unsubstituted Pcs) and,

IX:136
europium (unsubstituted Pcs) and, IX:135
gadolinium (unsubstituted Pcs) and,

IX:135–136
gallium (unsubstituted Pcs) and, IX:122
germanium (unsubstituted Pcs) and,

IX:122
hafnium (unsubstituted Pcs) and,

IX:131–134
indium (unsubstituted Pcs) and, IX:130
iridium (unsubstituted Pcs) and, IX:134
iron (unsubstituted Pcs) and, IX:115–119
lead (unsubstituted Pcs) and, IX:134
lithium (unsubstituted Pcs) and, IX:103
lutetium (unsubstituted Pcs) and, IX:136
magnesium (unsubstituted Pcs) and,

IX:103
manganese (unsubstituted Pcs) and, IX:115
mercury (unsubstituted Pcs) and, IX:134
molybdenum (unsubstituted Pcs) and,

IX:127
neodymium (unsubstituted Pcs) and,

IX:134
nickel (unsubstituted Pcs) and, IX:120
osmium (unsubstituted Pcs) and, IX:134
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palladium (unsubstituted Pcs) and, IX:130
phosphorus (unsubstituted Pcs) and,

IX:113
platinum (unsubstituted Pcs) and, IX:134
rhenium (unsubstituted Pcs) and, IX:134
rhodium (unsubstituted Pcs) and, IX:130
ruthenium (unsubstituted Pcs) and,

IX:127–130
samarium (unsubstituted Pcs) and,

IX:135
silicon (unsubstituted Pcs) and,

IX:104–113
silver (unsubstituted Pcs) and, IX:130
sodium (unsubstituted Pcs) and, IX:103
tantalum (unsubstituted Pcs) and, IX:134
thallium (unsubstituted Pcs) and,

IX:113–114
thorium (unsubstituted Pcs) and, IX:136
tin (unsubstituted Pcs) and, IX:131
tungsten (unsubstituted Pcs) and, IX:134
of unsubstituted Pcs (UV-vis absorption

data), IX:102–136
uranium (3) and, IX:136
UV-vis absorption data of α-and/or β-

substituted Pcs and, IX:137–314
UV-vis absorption data of

naphthalocyanine/anthracocyanine/
ring-expanded Pc analogs and,
IX:383–396

UV-vis absorption data of Pc analogs with
heteroatoms inside aromatic skeleton
and, IX:415–448

UV-vis absorption data of Pc analogs with
triazole units and, IX:579–584

UV-vis absorption data of Pc derivatives
with crown-ether units and,
IX:449–479

UV-vis absorption data of Pc
dimers/oligomers and,
IX:538–578

UV-vis absorption data of Pc polymers and,
IX:585–601

UV-vis absorption data of sandwich-type
Pcs and, IX:489–537

UV-vis absorption data of sub-/super-Pcs
and, IX:397–414

UV-vis absorption data of TAPs and mono-/
di-/triaza porphyrin analogs and,
IX:315–382

UV-vis absorption data of tetraazachlorin
derivatives and, IX:480–486

UV-vis absorption data of triazacorrole
derivatives and, IX:487–488

vanadium (unsubstituted Pcs) and, IX:114
zinc (unsubstituted Pcs) and, IX:121–122
zirconium (unsubstituted Pcs) and,

IX:122–127
Transition metal catalysts

meso-/β-brominated porphyrins and, I:7
and porphyrin array synthesis, I:5

Transition metal complexes, β-
functionalization of meso-
tetraarylporphyrins using, II:206

Transition-metal 1,3,8(11),10(9),
15(18),17(16),22(25),24(23)-
octanitrophthalocyanine, synthesis of,
III:79, III:82

Transition-metal hexadecafluoro
phthalocyanines, as low-voltage thin-
film transistors, III:69

Transition-metal tetraaminophthalocyanines,
III:114, III:119

Transition-metal tetrabromophthalocyanines,
cyclotetramerization and, III:70–71

Transmetalation. See Metal complexes
Transverse relaxation-optimized spectroscopy

(TROSY), and HasA–HasR interaction,
VI:355

Trans-vinylene bridged hexaphyrin, I:529–534
Tri- and tetra-sulfonamidophenylporphyrins,

synthesis of, II:203
Triads for charge stabilization, tetrapyrrole-

nanocarbon hybrids, I:377–384
Trialkylsilyl-substituted phthalocyanines,

III:42–45
Trianions, guanidinocarbonyl-based anion

receptors and, VIII:173
Triazacorrole derivatives, UV-vis absorption

data, IX:487–488
Triazaporphyrin analogs. See TAPs and mono-/

di-/triaza porphyrin analogs, UV-vis
absorption data
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Triazole bisporphyrin, “click chemistry”
synthesis of, II:274, II:276

Triazole units of Pc analogs, UV-vis
absorption data, IX:579–584

1,2,3-Triazolo[4,5-b]porphyrins, synthesis of,
II:74–75

Tribenzoporphyrins, synthesis of mono-,
di(adj)-, di(opp)-, and, II:22, II:23,
II:24–27

Tribenzosubporphyrin, II:3
Trichoderma, and fungal NO reductase, V:143
2,4,6-triethylphenylcarbahexaphyrin,

II:179–180
Trifluoromethyl groups in substituted

phthalocyanines, solubility and, III:72
Trifluorosulfanyl-/trifluorosulfanyl-substituted

phthalocyanines, halogen-substituted
phthalocyanines and, III:76–77

Trimers
phosphite-bridged and metalloporphyrins,

I:97, I:101–102
Suzuki-Miyaura/Sonogashira coupling

reactions for, I:41, I:43–44
synthesis of tris(1,10-phenantrene) Ru(II)-

centered porphyrin timer, I:117–118
X-ray diffraction analysis of, I:85–87

Trimethylsilylphthalonitrile, preparation of,
III:42, III:44

Trimethylsilyl-substituted phthalocyanines
spectra, III:261

Trioxo N3CH, synthesis and X-ray structure of
acetylacetonato derivative of, II:360,
II:361, II:362

Triple decker Pc derivatives. See UV-vis
absorption data of sandwich-type Pcs

Triple-decker sandwich complexes,
III:342–343

Triplet quantum yields (ΦT) and lifetimes (τT)
basic photophysical parameters of,

VII:399–401
carboxylated derivatives and, VII:316–317
MPc(SO3)mix complexes (sulfonated

derivatives), VII:315–316
MPc(SO3)n complexes (sulfonated

derivatives), VII:316
quaternized derivatives and, VII:317–318

Triplet state quantum yields (ΦT)
basic photophysical parameters of,

VII:399–402
MPc/Pc parameters and, VII:275–277

Triplet state studies (photophysics), porphyrin
isomers, VII:407–409

Triply linked arrays, Resonance Raman
spectra (dihedral angle control) of,
I:469–472

Triply N-confused hexaphyrins (N3CH),
synthesis of, II:360, II:361

Triply-linked diporphyrins, as dipolarophile in
1,3-dipolar cycloaddition of azomethine
ylide, II:265–267

Triporphyrins, transition-metal-meditated
cycloaddition reaction for, I:57–58

Tripyrrin-/bai-based coordination polymers,
supramolecular assemblies and,
VIII:470–478

Tripyrrinone/tripyrrin metal chelates,
coordination chemistry of open-chain
oligopyrroles and, VIII:378–389

Tripyrrolemethane, amidopyrrole-based
receptors and, VIII:184–186

Tripyrroles
bis(arylimino)isoindolines [H(bai)] and

preparation of open-chain
oligopyrroles, VIII:356–360

bis(oxazolinyl)pyrroles [H(bop)] and
preparation of open-chain
oligopyrroles, VIII:359, VIII:361

prodigiosenes and preparation of open-
chain oligopyrroles, VIII:352–353

types of tri-/tetrapyrrolic species,
VIII:348–352

Tris(pentafluorophenyl)corrole, IV:57
Tris(pyrazolyl)borate(Tp) ligands, N-fused

porphyrinato ligands and, II:347, II:348
Trisquinoxalinoporphyrin, synthesis of,

II:88–89, II:92
Triton X-100, I:280, I:282
Tropiporphyrin, II:160

silver(III) coordinated complex and its
crystal structure of, II:161, II:162

Tryptophan 2,3-dioxygenase (TDO)
allosteric interaction of, V:90–92
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bacterial TDO compared with IDO
structure, V:112–114

biological/biochemical properties of,
V:73–75

biological functions of, V:73–74
catalytic properties of, V:75–76
endogenous reducing system for,

V:76–77
EPR study of rhTDO, V:92, V:94
importance of, V:80
metabolic importance of, V:73
and metabolic pathway of L-tryptophan,

V:73–74
physiological roles of, V:78
primary structures of, V:74–75
and resonance Raman spectra of rhTDO,

V:97–103
and structures of related enzymes (bacterial

TDO), V:108–109
and structures of TDO from X. campestris,

V:109–112
Tryptophan catabolism (heme dioxygenases)

and allosteric interaction of TDO,
V:90–92

bacterial TDO compared with IDO
structure, V:112–114

and biological/biochemical properties of
IDO/TDO, V:73–75

and catalytic properties of IDO/TDO,
V:75–76

and endogenous reducing system for
IDO/TDO, V:76–77

EPR study of rhTDO, V:92, V:94
EPR study of rlDO/rhlDO, V:92–93
and heme environment/binding mode of

L-Trp in xcTDP, V:111–113
heme environment of rhlDO,

V:105–107
IDO2 properties, V:75
importance of, V:73, V:80
mutagenesis study and rhlDO,

V:107–108
overall structure of IDO and rhlDO,

V:103–106
and pathological roles of IDO/TDO,

V:77–78

and proposed mechanism of dioxygenase
reaction, V:114–118

relevant abbreviations, V:72–73
and resonance Raman spectra of rhlDO,

V:94–97
and resonance Raman spectra of rhTDO,

V:97–103
and spectra of rabbit IDO, V:82–83, V:85,

V:87
and spectra of recombinant human IDO,

V:82–83, V:87
and spectra of rhTDP human, V:87–90
and structures of related enzymes (bacterial

TDO), V:108–109
and structures of TDO from X. campestris,

V:109–112
TT-SONO enzyme

crystal structure of, V:155
Thermoanaerobacter tengcongensis and,

V:154
Tuberculosis, IV:284–285
Tumor imaging

activatable photosensitizers, IV:281
histological techniques vs. noninvasive

imaging, IV:287–288
HPPH–cyanine dye (CD) for

fluorescence imaging and PDT,
IV:290–293

pyropheophorbide conjugates, IV:36,
IV:274

radiolabeled photosensitizers, IV:90–95
See also Fluorescence imaging;

Multifunctional agents; Positron
emission tomography (PET)

Tumor microenvironment and PDT,
IV:425–441

activator protein 1 (AP-1) element, IV:430
Akt phosphorylation, IV:437–438, IV:440
17-allylamino-17-methoxygeldanamycin

(17-AAG), IV:439–440
anti-angiogenesis treatment, IV:427,

IV:428, IV:432–435
Avastin (bevacizumab), IV:434–435
background, IV:426–427
CCAAT/enhancer-binding protein (C/EBP)

element, IV:430
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cyclic AMP response element 2 (CRE-2),
IV:430

cyclooxygenase-1 (COX-1), IV:427,
IV:428

cyclooxygenase-2 (COX-2), IV:427,
IV:428–429

cyclooxygenase-2 (COX-2) inhibitors,
IV:427–432

EMAP-II, IV:434
extracellular matrix metalloproteinase

inducer (EMMPRI), IV:436
extracellular signal-regulated kinase

(ERK1/2), IV:430
heat shock protein (Hsp), IV:439–440
HIF-1 responsive genes, IV:433
hypoxia induced by PDT, IV:426,

IV:432–433, IV:441
hypoxia-inducible factor (HIF-1α),

IV:432–433, IV:435, IV:440
hypoxia-inducible factor (HIF-1β),

IV:432
IM862, IV:434
interleukin-1 beta (IL1β), IV:432, IV:435
matrix metalloproteinase (MMP) activation

by PDT, IV:427, IV:435–437,
IV:440, IV:441

MEK1/2 inhibitor PD98059, IV:430,
IV:431

mitogen-activated protein kinase (MAPK),
IV:430–431, IV:435

N-(2-cyclohexyloxy-4-nitrophenyl)-
methane sulfonamide (NS-398),
IV:428–429

nuclear factor kappa B (NFκB), IV:430
nuclear factor kappa B (NFκB) inhibitor

SN50, IV:430
p38 MAPK inhibitors SB203580 and

SB202190, IV:430, IV:431
prostaglandin E2 (PGE2), IV:429, IV:432,

IV:435
protein kinase B induction by PDT,

IV:437–438
SAPK/JNK inhibitor SP600125, IV:430
stress-activated protein kinase/c-Jun N-

terminal kinase (SAPK/JNK),
IV:430

survivin expression following PDT,
IV:438–439

tissue inhibitor of matrix metalloproteinase
(TIMP), IV:436

tumor necrosis factor alpha (TNF-α),
IV:432, IV:435

vascular endothelial growth factor 2
(VEGF 2), IV:427, IV:432–435,
IV:440

See also Photodynamic therapy (PDT)
Tumor necrosis factor alpha (TNF-α), IV:432,

IV:435
Tumor tissue targeting. See Cellular targeting
Tungsten, unsubstituted Pcs (UV-vis

absorption data) and, IX:134
Tunneling, coherent double hydrogen

tunneling in isolated molecules,
VII:411–416

Twin-coronet porphyrins, X:27–28, X:30
Two-dimensional IR spectroscopy

approach to, VII:479–480
and estimation of angles/distances between

molecules, VII:481
importance of, VII:441
and OH stretching/H-bonding with water,

VII:480–481
Two-dimensional NMR techniques, VI:64–69
Two-electron-oxidized products of iron(III)

porphyrins
electronic structures of, VII:6–7
general considerations, VII:129
iron(III) N-oxides, VII:134
iron(III) porphyrin dications, VII:134
iron(V) porphyrins, VII:134–136
oxoiron(IV) cation radicals,

VII:130–134
Two-photon absorption (TPA) efficiency

expanded porphyrins and, I:508, I:510
hexapyrrolic expanded porphyrins and,

I:527
pentapyrrolic expanded porphyrins and,

I:513, I:518–519
self-assembling metalloporphyrins and,

I:92–93
Two-photon absorption (TPA)

of β-to-β-linked diporphyrins, I:20
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enhancement via double bridging strategy,
I:21

impact of conjugation length increase,
I:18

molecular engineering/rational synthesis
and, I:4–5

multiply linked porphyrin arrays and,
I:82–83, I:88–89

Two-point bound porphyrin-fullerene
conjugates (cation-crown ether),
tetrapyrrole-nanocarbon hybrids,
I:385–389

Two-point bound porphyrin-fullerene
conjugates (H-bonding), tetrapyrrole-
nanocarbon hybrids, I:369–377

Two-point bound porphyrin-fullerene
conjugates (π−π interaction),
tetrapyrrole-nanocarbon hybrids,
I:368–369

Type-III hemes, symmetrical with Type-XIII,
V:10

Tyrosine radical, molecular structures of,
V:310

U
235U-labeled phthalocyanines, IV:95
235U-labeled porphyrins, IV:95
Ultracentrifugation, circular dichrosim (CD)

and, I:234
Uncoupling, in catalytic cycle of cytochromes

P450, V:181–182
Undecyl 5-aminolevulinate (Und-ALA),

IV:366
Unsaturated porphyrins, Heck protocol in

synthesis of, II:232
Unsubstituted BODIPY 1, VIII:6–7
Unsubstituted Pcs, UV-vis absorption data

abbreviations for, IX:2–3
metal/solvent/transition

energy/remarks/reference number,
IX:102–136

Unsymmetrically substituted carboxy-
Zn(II)Pcs, and dye-sensitized solar
cells, X:162–163

Uranium, unsubstituted Pcs (UV-vis
absorption data) and, IX:136

Urease, IV:365
Ureido-substituted phthalocyanines,

III:115–118
Uroporphyrin, III:491–492
Ursodeoxycholic acid (UDCA),

IV:408–409
UV spectroscopy. See also Spectroscopy

and hemin insertion into heme pocket, V:6
and ligands O2/CO/N3

-/F-/CN-, V:8
UV-vis absorption data

of naphthalocyanine/anthracocyanine/ring-
expanded Pc analogs, IX:383–396

numbering system used in absorption
database for, IX:100–101

of Pc analogs with heteroatoms inside
aromatic skeleton, IX:415–448

of Pc analogs with triazole units,
IX:579–584

of Pc derivatives with crown-ether units,
IX:449–479

of Pc dimers/oligomers, IX:538–578
of Pc polymers, IX:585–601
of sandwich-type Pcs, IX:489–537
of sub-/super-Pcs, IX:397–414
of TAPs and mono-/di-/triaza porphyrin

analogs, IX:315–382
of tetraazachlorin derivatives, IX:480–486
of triazacorrole derivatives, IX:487–488

UV-vis absorption data of unsubstituted Pcs
abbreviations for, IX:2–3
metal/solvent/transition

energy/remarks/reference number,
IX:102–136

UV-vis absorption data of α-and/or β-
substituted Pcs

abbreviations for, IX:2–3
structure/metal/solvent/transition

energy/remarks/reference number,
IX:137–314

UV-vis absorption spectroscopy,
importance/relevance of, IX:3–4

UV-vis spectrum of
β, meso, β-anthracene triply fused

porphyrins, II:60
β, meso-anthracene doubly fused

porphyrins, II:60
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bacteriophins, II:208–209
chlorophins, II:208–209
dithiadiazuliporphyrin dication, II:170

V
Vacataporphyrin

as an annulene-porphyrin hybrid, II:141,
II:142

conformational changes and coordination
complexes of, II:147–149

crystal structure of, II:142
van der Waals forces

carbon nanohorns and, I:422
covalent bridge and, I:150
and three-dimensional compared with

two-dimensional acceptors of
electron transfer, I:144–145,
I:147

Vanadium, unsubstituted Pcs (UV-vis
absorption data) and, IX:114

Vanadium-substituted hemoproteins, V:27
Vapor deposition to incorporate Pcs into

OPVs, X:146–152
Vascular endothelial growth factor 2 (VEGF

2), IV:143, IV:427, IV:432–435,
IV:440

Vaulted binaphthylporphyrins, X:41–42
Verdohemes

abbreviations for, VIII:294
coupled oxidation and, VIII:296
formation by dehydration of bilindione,

VIII:301, VIII:304
formation by porphyrin oxidation,

VIII:296–302
heme catabolism and, VIII:295–296
and open-chain tetrapyrroles from ring

opening of, VIII:301–307
and ring skeletal structures of tetrapyrrole

ligands, VIII:294–295
Vernier assembling strategy, self-assembling

metalloporphyrins and, 
I:96, I:99

Verteporfin, IV:126, IV:142–143, IV:171,
IV:183, IV:185

See also Benzoporphyrin derivative
monoacid ring A (BPD-MA)

Vibration
metal-ligand vibrations and, 

VII:454–456
T-derivative spectroscopy and,

VII:456–458
Vilsmeier reaction, synthesis of

formylporphyrins using, II:78, II:79
Vilsmeier-Haack reactions, and electrophilic

substitution reactions of BODIPYs with
heteroatom substituents, VIII:28

Vinylchlorins, olefins and cross-metathesis in
modification of, II:237

Vinylporphyrins, olefins and cross-metathesis
in modification of, II:237

Visudyne, IV:30, IV:254
Vitiligo, IV:3
Vitreous carbon electrode, V:221
VO(OEP), lowest energy ionization of,

VI:42–43
Voltammetry. See Protein-film voltammetry

(PFV)
VPc/NbPc/TaPc absorption spectra,

IX:42–45

W
Wang resin, dendrimers/conjugated polymers

(macromolecules) and, III:348
Water soluble phthalocyanine complexes

aggregation behavior in, VII:278–281
fluorescence spectra/quantum yields (ΦF)

in, VII:281–314
photobleaching quantum yields (ΦP),

VII:320–321
singlet oxygen quantum yields (Φ∆),

VII:318–320
triplet quantum yields (ΦT) and lifetimes

(τT), VII:315–318
Water-soluble benzoporphyrins, II:29
Water-soluble BODIPYs

from coupling/substitution reaction,
VIII:40–42

from electrophilic substitution reaction,
VIII:39–40

Water-soluble carboxyphthalocyanine
derivatives and cancer treatment,
III:106–107
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Williamson ether synthesis, benzene-centered
porphyrin hexamers and, I:38–39

Wittig-Horner reaction sequences, and
alkenyl/alkynyl substituents of
phthalocyanines, III:41

Wolinella succinogenes, nitrite reduction and,
V:130

Wortmannin, IV:418–419, IV:437–438
WPc absorption spectra, IX:45–49

X
XAl(III)Pc complexes, quantum yields for,

VII:337
Xanthene porphyrins, Suzuki-type C–C

coupling reactions and, III:337–338
Xanthomonas pruni, and TDO

identification/characterization, V:81
X-confused porphyrins

concept of, II:113–114
coordinating properties of, II:120
coordination compounds of, II:120
flexibility of molecular and electronic

structure of, II:120
oxidation states of coordinated metal ions

and aromatic derivatives of, II:120
synthesis of, II:117–118

Xenobiotics
and catalytic cycle of cytochromes P450,

V:170
and cleavage of C–C bonds by cytochrome

P450, V:191–192
cytochrome P450 enzymes and, V:166

Xenon, main trapping site of porphycene in,
VII:398–399

XGa(III)Pc complexes, quantum yields for,
VII:337–339

XIn(III)Pc complexes, quantum yields for,
VII:337–339

X-ray crystal structure analysis
cytochrome P450 enzymes and,V:186–187
nonpropionated hemes and, V:21–22

X-ray diffraction analysis
of 5-p-pyridyl-15-(3,5-di-tert-butylphenyl)

Zn(II) porphryin, I:106
fully synthetic self-assembling BChl mimic

and, I:279

of isomers in R-CID, I:108–109
Karlsruhe Synchroton (ANKA) for BChl

mimics, I:263
metallotetrapyrrole-fullerene dyads and,

I:315
of multiply linked dimer/trimer arrays,

I:85–87
of porphyrin-fullerene held by π−π

interactions, I:340
of Pt-bridged cofacial diporphyrin,

I:117–118
X-ray structures of catalytic intermediates

of peroxidases (animal superfamily),
VI:431–432

peroxidases (plant/fungal/bacterial
superfamily) and, VI:412–414

X-ray structures of
acetylacetonato trioxo N3CH, II:360,

II:361, II:362
boron(III) complex of NFTPP, II:330,

II:332
cobalt(III) complex of NCTPP, II:316
copper(III) complex of cis- and trans-

N2CP, II:340, II:350, II:351
doubly N-confused sapphyrin derivative,

II:356
doubly N-fused porphyrins (N2FP), II:350,

II:352
etheno-bridged NCP, II:343–344
of ethyl chlorophyllide a dihydrate,

I:240–241
Fe(NCTPP3-)NO and Fe(NCTPP2-)NO,

II:314
iron(II) complex of NCTPP, II:310, II:312,

II:313
iron(III) complex of 21-oxo-NCTPP,

II:312, II:313, II:314
manganese(II) complex of NCTPP, II:307,

II:308
manganese(III) complex of NCTPP, 

II:308
molybdenum(II) complex of TPP, II:306
N-confused dithiasapphyrin, II:351,

II:353
nickel(II) and (III) complexes of NCTPP,

II:348–349, II:350

Cumulative Index to Volumes 1–10 531

FA
b867_Vol-01-10_Cumulative_Index.qxd  6/24/2010  8:54 AM  Page 531



phosphorus(V) complex of N-fused
isophrolin, II:348–349, II:350

rhenium(I) complex of domino-fused
sapphyrin, II:354, II:355

rhenium(I) complex of doubly N-confused
pentaphyrin, II:354, II:355

rhenium(I) complex of NCTPP, II:315,
II:319

rhenium(I) complex of N-Me-NPP,
II:309

rhenium(VII) complex of (NFTPP)O3,
II:345, II:346

rhodium-fastened N-confused gable
porphyrin, II:317, II:318, II:319

tetrabutyl ammonium salt of N-confused
sapphyrin, II:354

tin(IV) complex of 3-oxo-NCTPP, II:335,
II:336

ytterbium(III) complex of
(NCTPP)[CpCoII(P(OMe)2O3)],
II:337, II:338

ytterbium(III) complex of NCTPP, 
II:337

zinc(II) complex of 5,20-diphenyl-NCP,
II:330, II:332

See also crystal structure of

Y
Y2Pc3 absorption spectra, IX:24–28
YPc2 absorption spectra, IX:24–28
Ytterbium(III)(NCTPP2-)[CpCoII(P(OMe)2O3)],

synthesis and X-ray structure of, II:337,
II:338

Ytterbium-substituted hemoproteins,
myoglobin/hemoglobin/HRPand, V:28

Z
Zanamivir, inhibition of influenza and

tetravalent derivatives of, II:279
Zanamivir-porphyrin conjugate, “click

chemistry” synthesis of, II:279
Zeeman energy, and g-values of catalytic

intermediates, VI:423–424
Zero-field splitting (D), and multifrequency

EPR spectroscopy/reactivity of catalytic
intermediates, VI:422–423

Zero-field splitting contributions to
pseudocontact shift, and curvature in
Curie plot over temperature range of
measurement, VI:79

Zinc (Zn)
alkylated Zn tetraazaporphyrins, IV:71–72
alkyl-substituted benzenoid ZnPc

derivatives, IV:84
alkynyl-substituted ZnPcS4 derivatives,

IV:67–70
carbohydrate-substituted ZnPc, IV:74–76
β-cyclodextrin-substituted ZnPc, IV:74–75
deoxyribose-substituted ZnPc, IV:74,

IV:76
diethylaminoethanethiol-substituted ZnPc,

IV:82
dodecakis(trifluoroethoxy)ZnPc, IV:63–64
fluconazole-substituted ZnPc, IV:74
hexadeca-carboxy ZnPc, IV:73
octacarboxyl ZnPc complex, IV:73
octatriethyleneoxysulfonyl-substituted

ZnPc, IV:73
phosphate-substituted ZnPc, IV:71–72
pyridine ZnPc derivatives, IV:84
tetratriethyleneoxysulfonyl-substituted

ZnPc, IV:73
unsubstituted Pcs (UV-vis absorption data)

and, IX:121–122
zinc hexadecafluorophthalocyanine

(ZnPcF16), IV:62–63, IV:64,IV:65
65Zn-labeled zinc phthalocyanine (ZnPc),

IV:126
Zn(II) naphthobenzoporphyrazines,IV:86
zinc perfluorophthalocyanine (ZnPcF64),

IV:63
zinc phthalocyanine (ZnPc), IV:4,

IV:62–63, IV:126–127
Zinc acetate, synthesis of TBPs and Pcs and,

II:3
Zinc hemoproteins, reconstituted hemoproteins

and, V:26–27
Zinc insertion for metalloporphyrin formation,

I:17, I:93, I:97. See also Fully
synthetic self-assembling BChl mimic;
Semisynthetic BChl mimics

Zinc phthalocyanine π orbitals, III:281
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Zinc porphyrin carboxylic acid, synthesis of
naphthalene-fused, II:69–70

Zinc porphyrin monomer/dimers, X:190–191,
X:196–200

Zinc porphyrins, palladium catalysis in meso-
and β-amino substituted synthesis of,
II:239

Zinc tetraphenylporphyrin, synthesis of 
β-boronic acid substituted, II:221,
II:223

Zinc verdoheme, reactivity of, VIII:302–307
Zinc(II) cadmium(II) complex of (NCP)2,

II:333
Zinc(II) complex of

5,20-Ph2-NCP, II:330, II:332
S- and A-trimers of NCP, II:332, II:333

Zinc(II) porphyrin-[60]fullerene dyad, cross-
metathesis protocol in synthesis of,
II:237

ZINDO method of TAP calculations, 
IX:8–10

Zirconium, unsubstituted Pcs (UV-vis
absorption data) and, IX:122–127

ZN arrays
conformational heterogeneity, I:458
doubly linked arrays (dihedral angle

control) and, I:467–469
electrical conductance, I:449–452

and nonlinear optical properties of
porphyrin tapes, I:466–467

one-dimension linear, I:443–448
radiative coherent length, I:448–449
and resonance Raman spectra of strapped

diporphyrins, I:461–463
and resonance Raman spectra of triply

linked arrays, I:469–472
SMFS, I:452–458
strapped porphyrin dimers (dihedral angle

control) and, I:459–461
types of analysis, I:441–442
via coordination (dihedral angle control),

I:463–464
via host-guest interactions (dihedral angle

control), I:464–466
Zn porphyrins. See Fully synthetic self-

assembling BChl mimic; Zinc insertion
for metalloporphyrin formation

ZnPc complexes, quantum yields for,
VII:330–335

ZnPc/CdPc/Cd2Pc3/HgPc absorption spectra,
IX:74–78

ZrPc absorption spectra, IX:39–42
ZrPc2 absorption spectra, IX:39–42
Zwitterions

guanidinocarbonyl-based anion receptors
and, VIII:171–172, VIII:174
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