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Preface

A wide range of fields within supramolecular chemistry are of current and great
interest ranging from nanosciences, medicinal sciences, biosciences, and even
organic sciences and this is a mature and extremely active area of research. In
1978, Lehn defined this chemistry as the “chemistry of molecular assemblies
and of the intermolecular bond.” In other words, supramolecular chemistry is
noncovalent chemistry based upon covalent chemistry.

On the other hand, it is well known that replacing the carbon atom of cyclic
compounds can lead to dramatic changes in chemical and physical properties
and the principles of homocyclic chemistry are often of limited value and may
even lead to incorrect results. This is often indeed the case in supramolecular
chemistry. The modern explosion of nonochemistry is highly based upon
the fundamental recognition of intermolecular interactions engendered by
supramolecular scientists.

In this volume entitled Heterocyclic Supramolecules I, a part of the series
Topics in Heterocyclic Chemistry, some selected topics in noncovalent chem-
istry from the last decade are highlighted, with attention particularly focused
on heterocyclic supramolecules as well as heterocycle-based nanosciences.

The first chapter, “Molecular Recognition with designed Heterocycles and
their Lanthanide Complexes” by S. Mameri, S. Shinoda, and H. Tsukube de-
scribes various synthetic receptors for specific binding of cationic anionic
guests mainly in the solution states. Furthermore, special attention is directed
at the heterocycle-lanthanide complexes that worked as luminescent sensory
devices of biologically important anions. Thus, “rare” earth metals are making
the change into “hopeful” earth metals.

The second chapter, “Syntheses and Properties of Crownophanes” by S. Ino-
kuma, M. Ito, and J. Nishimura reviews a variety of crownophanes possessing
both crown ether and cyclophane moieties, the latter ranging from benzene to
condensed aromatic and heteroaromatic rings whose selective complexation
in the solution states principally toward the metal cations are reviewed. The
related rotaxanes and catenanes are also described in this chapter.

The third chapter, “Azacalixare: A New Class of Calixarene Family” by
H. Tsue, K. Ishibashi, and Rui Tamura presents recent developments in synthe-
ses, conformations, and inclusion properties of nitrogen-bridged calixarene
derivatives possessing a [1n]metacyclophane unit. Since just the replacement
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of hydrogen(s) of the methylene bridge with an appropriate group(s) would
offer wider functional variations as in the case of the crownophane family,
further developments in this field are surely anticipated.

The fourth chapter, “Chemistry of Calixfurans” by Kei Goto presents sum-
maries of the synthesis, reactions, structures, and host–guest chemistry of
calix[n]furans and their hybrid systems containing other aromatic units like
pyrrole and thiophene. Calixfurans appear to be a tactful supporting actor in
the chemistry of calixarenes. Regardless of their rather modest intrinsic bind-
ing abilities, the weak coordination by the furan units of calixfurans or hybrid
systems plays a crucial role in certain cases. More importantly, calixfurans can
be converted into a wide variety of macrocycles including those otherwise dif-
ficult to access since the furan unit serves as a versatile functional group such
as a masked 1,4-dicarbonyl equivalent and Diels–Alder diene. Further devel-
opment of the synthetic strategy of calixfurans as well as the novel methods for
their transformation to other functional molecules is highly anticipated. Since
the conformational behavior of calixfurans has not been sufficiently clarified
yet, the more sophisticated strategy for regulation of their conformational dy-
namics should be explored for the ready construction of the desired molecular
framework.

The fifth chapter, “Supramolecules based on Porphyrins” by H. Yamada,
T. Okujima, and N. Ono presents a review particularly focusing on the supra-
molecular architectures of porphyrins that enable their use as electronic and
optical functional materials such as third-order optical susceptibilities, pho-
toenergy conversion systems, and organic field-effect transistors. Although life
as we know it would be impossible without porphyrins, they are now charac-
terized not only as the “color of life” but also as a treasure house of material
sciences. For instance, photovoltaic cells are currently of broad interest as po-
tential low-cost approaches to solar energy conversion. Large-area electronic
devices and solution-processed organic semiconductors based on porphyrins,
phthalocyanines, and related molecules could have potentially a huge cost ad-
vantage over Si-based devices if conversion efficiency and durability can be
improved to the level of Si-solar cells.

The final chapter, “Heterocyclic Supramolecular Chemistry of Fullerenes
and Carbon Nanotubes” by N. Komatsu presents an extremely unique review
that focuses on the noncovalent chemistry of fullerenes and carbon nanotubes
with nitrogen- and/or oxygen-containing heterocyclic molecules such as por-
phyrin, DNA, protein, peptide, and carbohydrate. Not only exohedral but also
endohedral functionalization is reviewed, because the above guest molecules
can interact with both faces of the carbon nanotubes. The hurdles in struc-
tural separation, nanofabrication, and bioapplications of carbon nanotubes
will hopefully be addressed by the supramolecular strategy.

Finally, I hope, in the near future, that heterocyclic supramolecules could
figure in a practical generation of molecular machines and in highly effec-
tive production of useful materials at molecular levels, for example in a much
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more efficient artificial photosynthetic process than the natural one and in an
electronics revolution that will produce the carbon-heteroatom-based molec-
ular computer—probably more than 1000-times smaller and a million-times
more powerful than our present machines, via recourse to quantum mechanics
rather than classical Newton mechanics that would solve environmental as well
as energy problems.

Kyoto, May 2008 Kiyoshi Matsumoto
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Abstract Molecular recognition with designed heterocycles and their lanthanide com-
plexes in the solution states was mainly described. Various synthetic receptors for specific
binding of cationic and anionic guests were presented, in which several weak interac-
tions were combined to fit the size, shape, geometry, and electronic characteristics of
the specific guest species. The cation-ligating heterocycles were successfully organized in
the receptor molecules to exhibit high selectivity and efficiency in the cation recognition
and sensing. A series of N-protonated and substituted heterocycles had the potentials
as anion receptors effective in aqueous media. Furthermore, the designed heterocycle-
lanthanide complexes worked as luminescent sensory devices of biologically important
anions. The examples presented here clearly indicated that a variety of heterocycles acted
as useful building blocks in the receptor architecture. The sophisticated molecular syn-
thesis using potential heterocycles can provide specific recognition at the molecular and
supramolecular levels.
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Abbreviations
AMP Adenosine 5′-monophosphate
ADP Adenosine 5′-diphosphate
ATP Adenosine 5′-triphosphate
CD Circular dichroism
CPL Circularly polarized luminescence
DFT Density functional theory
ESI-MS Electrospray ionization mass spectrometry
IR Infrared
MRI Magnetic resonance imaging
NMR Nuclear magnetic resonance

1
Introduction

Heterocycles are widely employed as useful building blocks in the construc-
tion of molecular recognition and supramolecular assembly systems [1].
These provide hydrogen bondings, electrostatics, metal coordination bonds,
π–π interactions, and other attractive weak forces with various species both
in the solution and the solid states. Since several families of heterocycles
further exhibit electrochemical activities, photochemical reactivities, opti-
cal characteristics, and other functions, current heterocyclic chemistry offers
a robust basis for sophisticated molecular architectures toward molecular
recognition and supramolecular assembly.

There are two types of molecular architecture approaches based on hetero-
cyclic chemistry in this research field: the “convergent” approach that mainly
targets molecular recognition; and the “divergent” one that leads to supra-
molecular assembly. As illustrated in Fig. 1, oligopyridine derivatives were
often used in these two approaches. Sauvage et al. successfully employed 1,10-
phenanthroline derivatives in the metal-templated synthesis of catenane 1. In
this case, two 2,2′-bipyridine subunits cooperatively coordinated to the same
copper(I) center, and a subsequent ring-closure reaction smoothly occurred in
a pseudo-intramolecular fashion [2]. Fujita et al. used 4,4′-bipyridine deriva-
tives in the synthesis of metallocycle 2, so that each pyridine moiety worked
independently [3]. When cis-protected Pd2+ species were complexed with
the pyridine derivatives, a large-membered metallocycle 2 was derived from
four 4,4′-bipyridines and four Pd2+ centers. Both examples indicate promising
possibilities that metal-coordinative heterocycles are applicable in the devel-
opment of molecular recognition and supramolecular assembly systems.

Complementary hydrogen bondings are also involved in many natural and
artificial recognition and assembly systems. The photosynthetic reaction cen-
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Fig. 1 Convergent and divergent approaches based on heterocyclic chemistry

ter, tetrameric hemoglobin proteins, polyketide synthases, and viral coat as-
semblies are typical biological examples. Figure 2 illustrates other interesting
examples for biological anion recognition, in which complementary hydro-
gen bondings play crucial roles. In the Cl– anion channel of Salmonella ty-
phimurium (see 3), the Cl– anion is held in place by two O – H· · ·Cl– hydrogen
bonds and two N – H· · ·Cl– hydrogen bonds [4, 5]. Several synthetic anion
recognition systems have similarly been constructed based on complemen-
tary hydrogen bondings with heterocyclic compounds. Urea-functionalized
receptor 4 was built up on the cholapod scaffold to exhibit high Cl– an-
ion affinity. In this system, the multiple hydrogen bondings were provided

Fig. 2 Schematic illustration of Cl– anion channel of Salmonella typhimurium
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from three urea units to enhance the Cl– complex stability [6]. Davis et al.
demonstrated that synthetic guanosine derivatives formed hydrogen-bonded
quartet structures in the solution states. Since the resulting quartets 5 were
further stabilized by complexation with alkali metal cations, they acted as
self-assembled receptors of the metal cations [7].

In addition to metal coordination bonds, hydrogen bondings, electro-
statics, and π–π interactions, the attractive interaction between the curved
π-surface of a fullerene and the flat π-surface of a porphyrin was recently
reported [8, 9]. When the fullerene and the porphyrin were linked cova-
lently in the single molecule (see 6), the two functions interacted with each
other to form a supramolecular assembly in the solid state. In contrast to
this divergent system, macrocycle 7 was prepared from the fused zinc por-
phyrins for the convergent interaction with specific guests. Since 7 had space
to accommodate two fullerenes, this kind of interaction operated well in the
supramolecular assembly and molecular recognition systems.

Other sophisticated examples of molecular recognition were reported with
helical foldamers [10–12]. Foldamers 8 spontaneously formed helical struc-
tures through intramolecular solvophobic interactions, in which some guests
were nicely accommodated. Since the pyridine-containing foldamers 8b and
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8c provided effective hydrogen bondings with water and sugar derivatives, the
combination of potential heterocycles with three-dimensional helical struc-
tures offered unique molecular recognition phenomena.

This chapter focuses primarily on the molecular recognition with designed
heterocycles and their lanthanide complexes in the solution state. We present
various receptors specific for cationic or anionic guests, in which several weak
interactions were optimized to fit the size, shape, geometry, and electronic
characters of target guest species. The sophisticated molecular architecture
using heterocyclic building blocks was demonstrated to provide specific
recognition at the molecular and supramolecular levels. Although many in-
teresting examples have been reported to cover the divergent approaches to-
wards supramolecular assembly systems, we limit here our efforts to highlight
molecular recognition with heterocycles and their lanthanide complexes. Sev-
eral chapters of this volume deal with other interesting aspects of heterocyclic
supramolecules, and readers are recommended to refer to them.

2
Cation Recognition with Designed Heterocycles

Several effective strategies have been established based on heterocyclic chem-
istry to develop the cation-selective receptors. The incorporation of cation-
binding heterocycles into the receptor skeleton modifies cation complexation
behavior and tunes cation selectivity for specific guests. Furthermore, we can
learn many things from biological cation recognition phenomena. For ex-
ample, lasalocid, valinomycin, and other naturally occurring ionophores well
recognize the spherical alkali metal cations. Although these have too large
cyclic skeletons and/or too many asymmetric carbons to target the simple
metal cations, the following two strategies work well to offer high selectivity
and efficiency in biological cation recognition: (1) optimization of the ligand
geometry for the target cations, and (2) introduction of the chirality into the
receptor. Because each guest cation has shape and coordination characteris-
tics, both strategies are also effective in the development of artificial receptors
for cation recognition. After presenting some examples of the heterocycle-
based receptors, these two strategies are detailed in this chapter. Further
interesting extensions of cation recognition phenomena at the supramolecu-
lar level are also addressed.

2.1
Heterocycles for Cation Recognition

Since oxygen, nitrogen, sulfur, and other heteroatoms exhibit characteris-
tic cation coordination natures, incorporation of potential heterocycles into
the receptor molecule provides a simple but effective synthetic strategy for
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the development of cation-specific receptors. In addition to various hete-
rocrown ethers and related macrocycles [1], several heterocalixarenes were
presented [13–15]. The original type of calix[4]arene 9 is a meta-cyclophane
elaborating a cyclic array of phenolic rings joined at the 1,3-positions by
methylene bridges. Heterocalix[4]arenes 10 and 11 were typically designed
to replace the bridging methylene groups by heteroatoms. Since they exhib-
ited tunable cation-selectivity profiles depending on the donor combinations
and the ring sizes, the designed heterocalixarenes displayed new interesting
cation recognition functions.

2.2
Geometry Optimized Receptors

As frequently observed with naturally occurring ionophores, geometry opti-
mization of the cation-ligating donor array offered specific cation recognition
in artificial receptor systems [16]. The number of successful examples of
acyclic systems is still limited, but a series of Ag+ cation-selective podands 12



8 S. Mameri et al.

Fig. 3 Tridentate receptors 12 for selective Ag+ cation recognition. Reprinted with permis-
sion from [17]. © (1998), American Chemical Society

have been developed along this line (Fig. 3) [17]. The Ag+ cation usually has
a linear bidentate coordination mode, but occasionally forms tricoordinated
complexes. To develop a tridentate ligand specific for Ag+ cation, a series
of podands 12 were designed to accommodate the Ag+ cation via coopera-
tive coordination from three pyridine nitrogen atoms. As illustrated in Fig. 3,
our calculation using Spartan SGI version 4.0.1 (ab initio, STO-3G) suggested
tridentate complexation between Ag+ cation and podand 12a. 13C NMR titra-
tion experiments revealed that the three pyridine rings cooperatively bound
the Ag+ cation. The ester oxygen atoms were located close to the Ag+ cation,
but their lone pair electrons did not point to it. Podand 13 having two pyri-
dine moieties formed a 1 : 1 Ag+ cation complex, in which the bidentate
coordination occurred. Such Ag+ cation-selective receptors are of great utility
in 111Ag-based radioimmunotherapy and photographic techniques as well as
in the separation of Ag+ cation from a natural source or wastewater. The com-
petitive liquid-liquid extraction experiments of Ag+ cation with Pb2+, Cu2+,
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Ni2+, Co2+, and Zn2+ cations revealed that podands 12 efficiently extracted
Ag+ cation but rarely bound the other metal cations. Thus, the geometry
optimization of cation-ligating heterocycles provided highly selective cation
receptors.

2.3
Chirality Optimized Receptors

Many kinds of chiral ligands have been developed and applied to use
in asymmetric catalysis, enantiomer-selective extraction, chirality sensing,
biomimetic modeling, and other aymmetric processes. Since some chiral
bio-ligands also exhibit excellent functions in the non-asymmetric biolog-
ical processes, chirality optimization of the ligand is a promising strategy
for designing specific receptors of spherical metal cations [16, 18]. Natu-
rally occurring lasalocid ionophore 14a is known to mediate biomembrane
transport of spherical Na+ cation [19]. This has a series of asymmetric car-
bons in the acyclic polyether skeleton to promote the pseudo-cyclic metal
complexation. Erickson and Still demonstrated that biological lasalocid 14a
exhibited much higher binding constant than non-biological stereoisomers
14b–d (Fig. 4) [20]. Although it did not target the chiral substrates, the
optimization of ligand stereochemistry greatly enhanced the ionophoric
functions. Dai, Xu, and Canary prepared chiral ligand 15 (Fig. 4) having
a tris(2-pyridylmethyl)amine skeleton, which gave the optimized coordi-
nation geometry for specific transition metal cations [21]. These examples
strongly suggest that stereo-controlled ligands containing heterocyclic donors
can function as a new type of cation-selective receptors.

Kataoka et al. developed a series of N3,O-mixed donor tripode ligands
16 in a stereo-controlled fashion, and characterized their lanthanide cation
complexation behaviors [22]. They included two quinoline groups as soft co-
ordinating donors and intense chromophores, and also an amide function
for the effective binding of lanthanide cations. These formed 1 : 1 and 2 : 1
(tripode : lanthanide cation) complexes with lanthanide nitrates in solution,
but the attachment of – CH3 substituents on the tripode skeleton remark-
ably changed the preferred stoichiometry of the lanthanide complexation.
Unsubstituted tripode 16a formed more stable 1 : 1 complex than 2 : 1 com-
plex with La(NO3)3, while disubstituted tripode 16c preferred 2 : 1 complex
to 1 : 1 complex. The two – CH3 substituents caused severe steric hindrance
around the tertiary nitrogen atom and destabilized the 1 : 1 complexation.

Yamada et al. also prepared a series of stereoisomers of tris(2-pyridyl-
methyl)amines 17 by combining lipase-catalyzed optical resolution and SN2-
type replacement reaction [23]. When their log K1 values for Eu3+ com-
plexes were compared, un- and mono-substituted tripodes 17a and 17b gave
larger log K1 values than both diastereomers of disubstituted tripodes 17c
(Table 1). Although each tripode had three pyridine and one tertiary nitro-
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Fig. 4 Cation complexation of stereoisomers of lasalocid 14 and structure of synthetic re-
ceptor 15. Reprinted with permission from [16]. © (2000), American Chemical Society
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Table 1 Stepwise formation constants for the complexation between tris(2-pyridylme-
thyl)amine ligands 17 and Eu(CF3SO3)3. Reprinted with permission from [23]. © (2003),
American Chemical Society

17a (R)-17b (R, R)-17c (R, S)-17c

log K1 7.5±0.4 7.4±0.3 6.9±0.2 6.7±0.3
log K2 5.2±0.2 5.6±0.2 5.3±0.3 5.5±0.4
log K3 5.3±0.3 5.4±0.2 5.6±0.1 5.7±0.5

gen atoms as coordination sites, the two introduced – CH3 substituents of
disubstituted tripodes 17c destabilized the 1 : 1 complexation due to the steric
problems around the tertiary nitrogen atom. In contrast, the two diastereo-
mers of tripodes 17c had almost the same log K1 – K3 values with Eu3+ cation.
The stereochemical effect on the lanthanide complexation was not observed
among these diastereomers.

2.4
Designed Heterocycles for Supramolecular Cation Recognition

Extensions from cation recognition to supramolecular recognition have re-
cently been done in both natural and synthetic receptor chemistry. Four types
of receptor–guest complexes are generally postulated based on the molecular
sizes: (1) small receptor–small guest complexes, (2) small receptor–big guest

Fig. 5 Small receptor–big protein guest complexation. Reprinted with permission
from [144] © (2000), American Chemical Society
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complexes, (3) big receptor–small guest complexes, and (4) big receptor–big
guest complexes. Proteins are typically recognized by both small and big
receptors to offer very sophisticated functions in nature. Although several re-
ceptors to activate protein structures and further modify their functions have
been found, a chemo-genetic method has received recent attention, in which
small receptor molecules formed n : 1 (receptor : guest protein) complexes to
alter the biological protein structures and generated non-biological functions
(Fig. 5) [24, 25].

Several crown ether derivatives bound – NH3
+, – CO2

–M+, or other func-
tional moieties exposed on the protein surface, and formed n : 1 supramo-
lecular complexes. van Unen et al. [26] and Itoh et al. [27] have demon-
strated that the crown ether complexation remarkably enhanced reactivity
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and enantiomer-selectivity of the hydrolytic enzymes. Cytochrome c pro-
teins also behave as big cationic guests, because several protonated ly-
sine moieties locate on the surface. Odell and Earlam had reported earlier
that 18-crown-6 and related macrocycles solubilized the water-soluble cy-
tochrome c into organic solvents upon supramolecular complexation [28].
Julian and Beauchamp directly observed the supramolecular complexes be-
tween 18-crown-6 and cytochrome c using the ESI-MS method [29]. Paul et al.
further revealed that the cytochrome c complexes with various crown ethers
had uncommon heme features as synzymes in methanol [30]. Although cy-
tochrome c proteins mediate electron transfer processes in mitochondrial
respiratory chains and do not work as catalysts in nature, asymmetric ox-
idation of several sulfoxides occurred at low temperature with crown ether
complexes. Hamuro et al. designed calixarene receptor 18a having polycar-

Fig. 6 Dendrimer ligand 19 and Yb3+ cation recognition [35]. Reproduced with permis-
sion from The Royal Society of Chemistry
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boxylic acids to bind the positively charged cytochrome c [31]. Oshima et al.
further applied cytochrome c complex with calixarene 18b in the dye oxida-
tion reaction [32].

As nanoscale big receptors, dendrimer ligands simultaneously incorporate
several metal cations in the restricted domains, and provide unique cation
binding phenomena [33, 34]. Tsukube et al. constructed a dendrimer ligand
that worked as a lanthanide container exhibiting “on-off” switchable lumi-
nescence (Fig. 6) [35]. Dendrimer 19 had two different kinds of coordination
sites for the lanthanide cations. Each tripode unit on the dendrimer pe-
riphery included two quinoline nitrogen, a tertiary nitrogen, and an amide
oxygen donor atoms, and formed stable 1 : 1 complexes with Yb(NO3)3 to
give intense luminescence upon irradiation of its quinoline chromophore.
The inner polyamidoamine core provided pentadentate coordination for the
lanthanide cations, in which the quinoline chromophores stood apart from
the bound lanthanide center, and the energy transfer for lanthanide lumines-
cence rarely occurred. The addition of SCN– anion dramatically altered the
coordination environment around the lanthanide centers from inner to outer.
Thus, the present dendrimer dynamically switched the lanthanide coordina-
tion mode and luminescence profile in response to the external guest anion.
Although nano-scaled molecular recognition systems still have many syn-
thetic problems, several dendrimer ligands have successfully been presented
for this purpose. Heterocyclic chemistry provides further developments of the
nano-scaled cation receptors, molecular machines, functional devices, optical
probes, and related supramolecular assembly systems.

3
Anion Recognition with Designed Heterocycles

3.1
Heterocycles for Anion Recognition

Anions are ubiquitous in biological and artificial systems. They have a variety
of structural shapes: linear, trigonal planar, tetrahedral, spherical, and others.
In addition to inorganic anions, many biomolecules such as nucleic acids,
lipids, and ATP exist in the anionic forms. Molecular recognition chemistry
focusing on these anionic guests began following the development of cation
recognition chemistry with crown ethers and cryptands. Since the anions are
much larger in size than the isoelectronic metal cations, large macrocyclic
polyammonium cations have been reported to form anion inclusion com-
plexes 20–23 [36–40]. These earlier examples emphasized the significance
of the size matching between the receptor cavity and its target anion. How-
ever, Coulombic interaction between a receptor and its guest anion is not
always effective due to the low charge density of the anions. Hydrogen bond-



Molecular Recognition with Designed Heterocycles 15

ing between a receptor and an anion is also an important interaction in anion
recognition, but both interactions are weaker than the metal coordination
bond. Several Lewis acids such as metal ions and borates have been incor-
porated in anion receptors to effectively bind Lewis base types of anions. As
found in biological anion recognition systems, a proper arrangement of the
multiple interaction sites is required to construct a highly selective receptor
for a specific anion. Anion recognition chemistry has been greatly developed
in the last few decades, and its progress has been reviewed in many books
and review articles [41–43]. We focus here on organic receptors for specific
anions, in which heterocycles work effectively as anion binding sites.

Pyridine, imidazole, pyrrole, and other nitrogen-containing heterocycles
have been used as useful building blocks of anion receptors. They have several
advantages as anion binding sites: (1) the heteroaromatic increases recep-
tor rigidity to exhibit high anion selectivity, (2) the N-alkylated heterocycle
has positive charges delocalized to work as a soft binding site, and (3) the
hydrogen bonding is available at the designed position. When N-alkylated
pyridines and imidazoles were employed as quaternized heterocycles, the
proton connected to the carbon atom next to the quaternary nitrogen atom
formed a C – H· · · anion hydrogen bond with the guest anion (Fig. 7). Bryant-
sev and Hay recently pointed out the importance of such hydrogen bondings
in the anion binding process [44]. Since anion–π interactions with electron
deficient aromatic compounds were also recognized as a new anion binding
motif [45], the N-alkylated heterocycles can operate as effective binding sites
for electrostatic and hydrogen bonding interactions. Pyrroles are alternative
building blocks for anion receptors. Their N – H protons are relatively acidic
(pKa = 17) and bind several anions. Amides, ureas, and guanidines also have



16 S. Mameri et al.

Fig. 7 Hydrogen bonding interactions for anion binding

N – H bonds available for hydrogen bondings, and were incorporated in sev-
eral receptor molecules [46]. Since these hydrogen bondings are fairly stable
in highly polar media, the designed anion receptors had cooperative mul-
tipoint interactions with the specific guest anions. Thus, multiple hydrogen
bondings offer complementary pairings with bidentate anions and simultan-
eous bonding from several spatially separated sites (Fig. 8). Organization of
the multipoint hydrogen bonding sites in the macrocyclic skeleton provides

Fig. 8 Multiple hydrogen bonds toward anions
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high anion selectivity based on matching the size, direction, and shape. In the
following sections, recent examples of designed heterocycles as anion recep-
tors and their applications are summarized.

3.2
Cationic Heterocyclic Receptors

Multi-charged receptors offer effective anion recognition phenomena in
water, because they can strongly attract negatively charged species by
the Coulombic interaction [47, 48]. Cationic cyclophane 24, a quaternary
tetraammonium macrocycle containing rigid benzene rings, had been in-
troduced by Tabushi et al. [49]. This showed N+· · · oxoanion interaction
to effectively promote hydrolytic catalysis of aromatic esters, in which hy-
drophobic interaction between aromatic moieties further occurred [50].

Pyridine and imidazole work as bases in aqueous solutions, but the proto-
nated heterocycles do not operate well as anion receptors due to their weak
basicity (pKa(pyridine) = 5.25, and pKa(imidazole) = 6.82). In contrast, N-
alkylated pyridinium and imidazolium cations function as effective binding
sites, of which charged states are not dependent on the pH of the solution.
Cramer et al. prepared cyclic pyrimidinium tetramer 25a [51] and hexamer
25b [52] by degradation of thiamine (vitamin B1) in methanol (Fig. 9). Nucleo-
philic displacement of the thiazole unit gave oligomers of pyrimidinium salts.
Thiamine chloride and nitrate also formed cyclic tetramers, which accommo-
dated the anions via hydrogen bonding from the aromatic C – H bonds. Since
larger inorganic anions like [Ba(NO3)6]4– promoted the formation of cyclic
hexamers, the anions were thought to work as template ions during the cycli-
zation reactions [53, 54]. Unfortunately, they had low solubilities in water and
methanol, and their anion receptor functions were not characterized.

Shinoda et al. reported a similar cyclization reaction with 3-bromomethyl-
pyridine to give cyclic pyridinium tetramer 26 (Fig. 10) [55]. The protons of
the cyclic tetramer had acidic nature, and were rapidly deuterated in D2O so-
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Fig. 9 Synthesis of cyclic pyrimidinium tetramer 25a and hexamer 25b

lution. Crystal structure revealed that two of the four Br– anions located above
and below the 1,2-alternative macrocycle, and formed hydrogen bonding with
the aromatic protons. This tetramer bound tricarboxylate anions more strongly
than mono- and di-carboxylates in water. Due to the large electrostatic interac-
tions, this macrocycle showed large 1 : 1 binding constants (log K = 4 ∼ 5) for
tricarboxylate anions with highly negative charge densities.

A series of calixarene-type cyclic oligomers were systematically prepared.
Cabildo et al. synthesized dicationic macrocycles 27 from α, α′-dibromo-p-
xylene with pyrazole and imidazole [56]. The energy barrier of the ring
flipping interconversion was estimated in solution (∆G‡ = 17 kcal mol–1 for

Fig. 10 Cyclic pyridinium tetramer 26 and its Br– complex structure
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27a). Alcalde et al. determined the crystal structure of dicationic imidazolium
macrocycle 28 in which two Cl– anions formed two hydrogen bonds with the
C – H protons of the receptor (Fig. 11) [57]. The quantitative investigations
revealed that the ring closure reaction was promoted by Cl– complexation
with the monocationic linear precursor [58]. Recently, Chellappan et al. re-
ported the crystal structure of calix[4]imidazolium[2]pyridine 29–F– com-
plex (Fig. 11), where the imidazolium C-H protons participated in hydrogen
bonding with the F– anion [59].

When several cationic moieties were organized in the conformationally
regulated non-macrocycle to match the shape of a guest, the electrostatic
interactions operated in the specific binding of the anionic guests. 1,3,5-
Trisubstituted benzene provided an effective scaffold to arrange three func-

Fig. 11 Cyclic imidazolium receptors 28 and 29, and their crystal structures
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tional groups in a C3 symmetric fashion. Sato et al. reported that tripodal
receptor 30 having three imidazolium sidearms formed halide anion com-
plexes through C – H· · ·X– interactions [60]. Ihm et al. reported that tripodal
receptor 31 exhibited Cl– and H2PO4

– anion selectivity [61]. Yoon et al.
recently applied other imidazolium-containing anion receptors in fluores-
cence sensing [62]. Abouderbala et al. prepared a tripyridinium receptor 32
of which ortho-C – H protons offered cooperative C – H· · ·Br– interaction in
CH3CN solution [63]. The X-ray crystal structure of the complex indicated
that one Br– anion located within the cavity and was supported by three
3-aminopyridinium arms (Fig. 12) [64]. Ilioudis et al. synthesized the macro-
bicyclic receptor of halide anions based on the 1,3,5-trisubstituted benzene.
In its F– complex 33, the anion was completely encapsulated into the cage of
the protonated receptor supported by N+ – H· · ·F– and C – H· · ·F– types of
hydrogen bondings (Fig. 12) [65].

These cationic N-alkylated heterocycles attracted the specific anions by
electrostatic interactions even in highly polar solvents. C – H· · ·X– hydro-
gen bonding also played an important role in the cooperative binding of
the anions. The use of appropriate molecular scaffolds particularly enabled
three-dimensional arrangements of binding sites to provide cooperative bind-
ing of the specific anions.

3.3
Neutral Heterocyclic Receptors

As acidic N – H protons are good hydrogen bond donors for basic guest
anions, amide, urea, guanidinium, and pyrrole derivatives have been in-
corporated in macrocyclic receptors of various dimensions. Several neutral
receptors have successfully been designed to match the size and the shape of
their target anions. Since the hydrogen bonding interactions between recep-
tors and guests did not usually work in protic media, these anion receptors
have been characterized in aprotic media such as DMSO, CH3CN, and CHCl3.
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Fig. 12 Crystal structures of anion complexes with 32 and 33

Gale et al. recently reviewed designs of anion receptors [66–69], while amide-
based macrocyclic receptors were detailed by Kang et al. [70, 71].

Among the various heterocycles, porphyrins have most often been char-
acterized, which have two pyrrolic N – H groups inside the macrocyclic
π-conjugated system. Although these strongly bound various metal cations,
they did not work as effective anion receptors. Due to the rigid aromatic
framework and the limited space inside the porphyrin core, anions cannot
be incorporated into the center cavity. Sessler et al. developed a series of
expanded porphyrins in which more than four pyrrole rings were included
in conjugated macrocycles. Sapphyrin, a pentapyrrolic expanded porphyrin,
typically formed the F– inclusion complex 34 upon di-protonation [72], in
which the F– anion was located at the center of the flat di-protonated sap-
phyrin and bound by five N – H· · ·F– hydrogen bondings. Since the larger Cl–

anion was incompletely embedded in this macrocyclic plane, the ring size of
the expanded porphyrin determined the anion selectivity [73].
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Gale et al. presented calix[4]pyrrole 35 as an effective anion binding
agent [74]. The pyrrole rings of the calixpyrrole were connected at their
α-positions by quaternary carbon atoms. As observed in the crystal struc-
tures of both Cl– and F– complexes (Fig. 13), each pyrrole N – H group
worked independently as a hydrogen bond donor for the anion. Sessler et al.
prepared larger macrocyclic receptors 36–38 containing pyrrole and 2,2′-
bipyrrole units (Fig. 14) [75–77]. The replacement of a single carbon atom of
35 with benzene ring greatly enhanced the anion binding strength through
hydrogen bondings especially for the small Cl– and NO3

– anions (see 38).
A variety of hydrogen donor groups were combined with pyrrole to allow

cooperative bindings with anions. Gale et al. reported that acyclic amidopy-
rroles 39 worked as anion binding agents [78]. The crystal structures of their
anion complexes revealed complementary hydrogen bondings with carboxy-
late anions [79]. Chmielewski et al. employed carbazole to prepare a rigid
receptor 40, of which N – H groups cooperatively bound anions [80]. Maeda
et al. connected two pyrrole rings to a β-diketone unit [81]. The complexation
with BF3 gave anion receptor 41, which showed high binding constant with
acetate anion in CH2Cl2 via hydrogen bondings with the α-C – H proton [82].

Chang et al. developed indole-based macrocycles 42 that had four indole
N – H groups directed towards the inside of the large cavity (Fig. 15) [83]. The

Fig. 13 Calix[4]pyrrole 35 and crystal structure of its F– complex
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Fig. 14 Pyrrole-containing macrocycles 36–38 and crystal structures of their anion com-
plexes

association constants decreased in the order of F– > Cl– > Br– > I–. Because
the anion-induced 1H NMR signal shifts of the N – H protons were dependent
on the type of coordinating anion, and since different anion guests exhib-
ited separated NMR signals at the same time, receptor 42 acted as an NMR
probe to detect the anions. Katayev et al. prepared amide-imine macrocy-
cles 43, of which pyrroles effectively bound larger oxoanions such as acetate,
HSO4

–, and H2PO4
– anions [84]. Crystal structure analysis and DFT calcula-

tion revealed that the flexible macrocycle adopted conformations suitable for
hydrogen bondings to these large oxoanions (Fig. 15).
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Fig. 15 Macrocycles 42 and 43 with large cavities for anion binding
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3.4
Anion Detection with Designed Heterocycles

When a chromophoric group of the receptor is electronically perturbed by the
anion binding, anion can be detected by monitoring the color change of the
receptor [85, 86]. Black et al. reported that dipyrrolylquinoxaline 44 worked
as a chromogenic signaling agent for F– anion [87]. This receptor showed
high selectivity for F– over Cl– and H2PO4

– anions via cooperative action of
two pyrrole subunits. The introduction of a nitro group in the aromatic moi-
ety enhanced the anion binding constant with the F– anion, and also caused
a vivid color change from yellow to purple. Nishiyabu and Anzenbacher de-
rived chromogenic sensors 45 from calix[4]pyrrole 35, which strongly bound
F–, acetate, and HP2O7

3– anions and caused drastic color changes [88]. Since
these showed much higher affinity for acetate anion than Cl– and HPO4

2–

anions, they were used to detect carboxylates under physiological condi-
tions. Evans et al. prepared pyrrolylamideurea 46a as a colorimetric anion
receptor [89]. When F– or acetate anion was added, the hydrogen bonding in-
teractions caused color changes of receptor 46a to dark yellow. When thiourea
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46b was used, the addition of the anion gave a yellow-to-red color change due
to the deprotonation of the thiourea.

Indicator-displacement assay [90] is an effective method that allows op-
tical anion detection with optically inactive receptor. If a colorimetric or

Fig. 16 Displacement assay of non-chromophoric guest anions
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fluorescent indicator complexed with the receptor before the addition of ana-
lyte, a specific analyte displaces the indicator and causes an optical response.
Although various anion sensing molecules have been prepared by covalent at-
tachment of indicator molecules, several non-chromophoric receptors were
applicable in the displacement assay (Fig. 16).

Metzger and Anslyn applied this method in the citrate anion detection
using a tricationic tripode 47 [91], in which 5-carboxyfluorescein inter-
acted with guanidinium groups as the indicator. They also attached boronic
acid groups with the receptor that well sensed tartarate [92] and 3,4,5-tri-
hydroxybenzoate anions [93]. Gale et al. enabled the optical detection of F–

anion using a combination of p-nitrophenolate indicator and calix[4]pyrrole
receptor 35. The yellow color of the free indicator appeared only when it
was released from calix[4]pyrrole by the more strongly bound F– anion [94].
Tetracationic cyclic pyridinium receptor 26 was combined with 8-hydroxy-
1,3,6-pyrenetrisulfonate to allow fluorescence detection of ATP anion in wa-
ter [95]. Although the indicator bound to the cationic receptor showed weak
fluorescence, ATP anion displaced the indicator to cause the enhanced fluo-
rescence. Since ADP and AMP anions were not bound in aqueous solution,
this worked as a selective receptor for polyanionic species.

As described above, multiple hydrogen bonding interactions were signifi-
cantly involved in most anion recognition systems as well as complementary
electrostatic interactions. Pyrrolic N – H group particularly worked as an
efficient hydrogen bonding donor, while the significance of C – H· · · anion in-
teraction was recently recognized. Since these hydrogen bonding interactions
caused large changes in NMR chemical shifts and electronic states of the chro-
mophores, several anion detection systems have been constructed using the
designed heterocycles.

4
Anion Recognition with Designed Heterocycle–Lanthanide Complexes

When an anion-selective receptor is designed using metal complex, the shape,
geometry, charge, and hydrophobicity of its target must be considered. Var-
ious metal complexes have already been developed as anion receptors, in
which electrostatic interactions, hydrogen bonds, and metal coordinations
were effectively combined [96]. Recent attention has particularly focused on
luminescent lanthanide complexes applicable in biological systems [97]. Eu3+

and Tb3+ complexes are the promising families which have practical potentials
as luminescence anion-sensing probes [98–100]. This section covers the anion
recognition with receptors composed of 4f -metals and heterocyclic ligands.
Although a large number of target anions of natural origin are water-soluble,
some heterocycle–lanthanide complexes allowed their sensing at a practical
level. Their synthetic strategies and sensing characteristics are discussed.
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4.1
Heterocycle–Lanthanide Complexes for Anion Recognition and Sensing

The trivalent lanthanide cations possess characteristic 4f open-shell configura-
tions and exhibit interesting chemical and physical properties. Since these have
large ionic radii ranging between 0.89 Å and 1.16 Å in the octa-coordinated
complexes, most of them prefer high coordination numbers (8–10). When
the coordination number of the employed ligand does not match, the re-
maining coordination sites are occupied by counter-anions and/or solvent
molecules [98, 99]. In such a case, the lanthanide complex can form adducts
with external guest anions, which are called ternary, mixed, or highly coor-
dinated complexes. Since some lanthanide cations have characteristic Lewis
acidities, light emitting properties, and magnetic functions, a proper com-
bination of the lanthanide center with a designed heterocyclic ligand allows
precise anion recognition and highly selective sensing. Several anion recep-
tors of this type have been developed which had one or more free sites within
the first coordination sphere of the lanthanide center for incoming guests. Al-
though some heteroaromatics serve as photoantennae and coordination sites,
the sophisticated ligand for a lanthanide-based chemosensor should contain
(1) a chromophore or a signaling group, (2) adequate coordination sites close
to the saturation, and (3) high stability and solubility of the incompletely satu-
rated complex in solution.

Some kinds of heterocycle–lanthanide complexes are known as CD probes
for the efficient chirality detection of target guests [99]. The asymmetric ar-
rangement of the chromophoric heterocycles around the lanthanide center was
induced by highly coordinated complexation with chiral guests. The sign of the
observed CD signals at the ligand chromophore bands was dependent upon the
chirality of the guest [100]. Some Yb3+ complexes worked as near-IR CD probes
for chiral anions in the solution state [101], though CPL spectra were often
observed with Eu3+ and Tb3+ complexes [102]. NMR method is a valuable alter-
native for the efficient chirality detection of optically active anions [100, 103].
A series of chiral lanthanide complexes are commercially available as chiral
shift reagents for the enantiomeric purity determination. Most often the enan-
tiopure form of the lanthanide complex was used for resolving the enantiomeric
pair of a given substrate [100, 104–106], whereas only a few examples of racemic
lanthanide complexes discriminated enantiomers of the guests [107–109].

4.2
Luminescent Lanthanide Complexes

Luminescence analysis is a promising tool in analytical chemistry, biochem-
istry, and cellular biology [110, 111], because its simplicity and high sensi-
tivity offer the sensing and detection of chemical traces [112, 113]. While
most transition metal complexes act as quenchers, Eu3+, Tb3+, and other lan-
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Fig. 17 Schematic representation of “antenna-effect” principle in lanthanide luminescence

thanide complexes display long-lived, line-shaped, and position-fixed emis-
sion signals [114], which are sensitive to ligand characters and coordination
environments [98, 100]. Eu3+ and Tb3+ cations exhibit red and green lumines-
cence with millisecond lifetimes, while Nd3+ and Yb3+ cations have emission
with microsecond lifetimes in the near-IR region. The former are applicable
for detection by the naked-eye, while the latter can have in vivo applica-
tions [115–119]. Since the lifetimes of these lanthanide complexes are much
longer than those of most organic fluorophores (ca. 10 ns), several Eu3+ and
Tb3+ complexes have been employed as labeling reagents in time-delayed
fluorescence assays [120–123]. Their luminescent lanthanide centers were
completely shielded from the external environments. Thus, they exhibited in-
tense emission signals, but showed modest anion-responsiveness.

Owing to the Laporte-forbidden f –f transitions and low absorption co-
efficients of the lanthanide cations, excitation of the ligand chromophore
is usually required, followed by an energy transfer process (Fig. 17) [124].
The excited state of the lanthanide center is further vulnerable to quenching
by non-radiative decay processes such as O – H vibration. Since the energy
transfer efficiency is significantly affected by the highly coordinated complex-
ation with external guests, several luminescent lanthanide complexes oper-
ated well as anion receptors even in aqueous media [98, 100].

4.3
Lanthanide Complexes for Luminescence Sensing

4.3.1
Anion Sensing in Organic Media

Several types of heterocyclic ligands were reported to form luminescent lan-
thanide complexes exhibiting anion-selective responses in non-aqueous me-
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dia. Montalti et al. combined a hard phosphine oxide fragment with two soft
bipyridines to give acyclic hybrid ligand 48 [125]. This formed stable com-
plexes with Eu3+ and Tb3+ cations, in which two water molecules directly
coordinated with the lanthanide centers [126]. Addition of NO3

– anion greatly
increased the luminescence intensity of both Eu3+ and Tb3+ complexes, while
F–, Cl–, or acetate anion induced less pronounced changes. The displacement
of the water molecules by one NO3

– anion led to a ternary complex exhibit-
ing the enhanced luminescence intensity (A in Fig. 18). Addition of one more
equivalent of NO3

– anion dissociated one bipyridine, and produced another
type of ternary complex (B in Fig. 18). Finally, the coordination of a third
NO3

– anion decreased the luminescence intensity due to the release of the
second bipyridine arm (see C in Fig. 18).

Yamada et al. applied Eu3+ complex with 17b in anion sensing upon exci-
tation of pyridine antenna in acetonitrile [127]. Among F–, Br–, Cl–, I–, SCN–,
NO3

–, ClO4
–, acetate, HSO4

–, and H2PO4
– anions, only NO3

– anion gave rele-
vant emission enhancement of the Eu3+ complex (ca. 5-fold). On the contrary,
Cl– and acetate anions offered modest enhancements, and the other tested

Fig. 18 Proposed mechanism for the stepwise coordination of NO3
– anion to Eu3+–48

complex. Reprinted with permission from [126]. © (2002), American Chemical Society
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anions caused no significant change. When the Eu3+ complex with achiral
tripode 17a was employed, the same trend of selectivity was found with lower
sensitivity.

Kataoka et al. reported the N3,O-mixed donor tripodes 16 bearing two
quinoline chromophores [22]. In acetonitrile, tripode 16a formed lumines-
cent 1 : 1 (ligand:lanthanide) complexes with both EuCl3 and EuNO3, where
the tripode provided the cooperative coordination of soft quinoline nitro-
gen, apical nitrogen, and hard amide oxygen atoms to the lanthanide center.
In contrast, 16c formed a luminescent 1 : 1 complex with EuCl3, but a 2 : 1
non-luminescent complex with EuNO3. The relative luminescence intensity
at 616 nm was monitored after the addition of F–, Br–, Cl–, I–, SCN–, NO3

–,
ClO4

–, acetate, HSO4
–, and H2PO4

– anions. The disubstituted tripode 16c–
Eu(CF3SO3)3 complex exhibited a high selectivity for Cl– anion with a 63-fold
luminescence enhancement, though the unsubstituted tripode 16a showed
similar enhancements for Cl– and NO3

– anions.
Best and Anslyn presented hybrid-type receptor 49 (Fig. 19), in which

a luminescent Eu3+ complex and two quaternary ammonium units were

Fig. 19 Luminescent Eu3+–49 complex for sensing of phosphate anions
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combined [128]. In a methanol–acetonitrile (1 : 1) solution, addition of
2-phosphoglycerate, 3-phosphoglycerate, phosphoenolpyruvate, 2,3-bisphos-
phoglycerate, or phenyl phosphate anion decreased the Eu3+ luminescence.
The stability constant of the ternary species with 2,3-bisphosphoglycerate an-
ion was three times greater than that with phenyl phosphate anion, indicating
that 2,3-bisphosphoglycerate anion was bound to both the Eu3+ ion and the
two ammonium subunits, whereas phenyl phosphate anion only coordinated
to the Eu3+ center.

4.3.2
Anion Sensing in Aqueous Media

Dickins and coworkers have developed a series of cyclen–lanthanide com-
plexes as luminescent anion receptors working in aqueous solutions. Cyclens
50 functionalized with three coordinative pendant arms were confirmed to
provide 7-coordination to the Eu3+ and Tb3+ cations, while two sites were
available for external anions [129, 130]. Displacement of the two coordinated
water molecules by the guest anions rapidly occurred. In the pH range of
5.5–6.5, these complexes exhibited changes in the luminescent properties in
response to acetate, F–, SO4

2–, citrate, lactate, or malonate anion, while Cl–,
Br–, I–, and NO3

– anions gave no significant response.

Mameri et al. developed acyclic ligand 51 containing bipyridine carboxylic
moieties, which gave high stability and hydrophilicity of the lanthanide com-
plex [131]. This formed luminescent 1 : 1 complexes with Eu3+ and Tb3+

cations, where two water molecules located in the first coordination sphere of
the lanthanide centers. The efficient ligand-to-metal energy transfer was en-
sured by the bipyridine photoantenna. Upon addition of ATP anion, the Eu3+

luminescence intensity decreased to 20% of its initial value. Since the lumi-
nescence lifetime increased from 0.28 to 0.58 and 0.65 ms with the addition
of 10 and 20 equivalents of ATP anion, the two bound water molecules were
replaced by the external ATP anion. In contrast, ADP, AMP, and NO3

– an-
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ions did not induce any significant change. The ternary complex of Eu3+–51
with ATP anion was detected by ESI-MS and 31P NMR, and also supported by
quantum mechanical calculations [132].

Ziessel et al. developed ligand 52, in which two soft 6-carboxy-2,2′-
bipyridine arms were directly tethered to a hard phenylphosphine oxide [133].
Its 1 : 1 complexes with Eu3+ and Tb3+ cations exhibited characteristic lu-
minescence at neutral pH. Addition of hydrogen phosphate, ADP, and ATP
anions increased the luminescence intensities and lifetimes of both Eu3+ and
Tb3+ complexes, while AMP and NO3

– anions induced no obvious change.
ATP-induced luminescence enhancement was assigned to a diminution of the
non-radiative deactivation processes due to the bound water molecules.

Magennis et al. prepared two azacrown ether derivatives 53 and 54, which
formed 1 : 1 complexes with Eu3+ and Tb3+ cations [134]. Addition of pi-
colinate anion to a solution of Eu3+–53 or Tb3+–53 gave 250- or 170-fold
enhancement in the emission signals. Eu3+–54 exhibited similar augmenta-
tions upon the addition of picolinate anion (120-fold). Since these crown
ethers were non-chromophoric, the coordinated aromatic carboxylate guests
worked as antennae “switching on” the lanthanide luminescence.

Gunnlaugsson et al. isolated the luminescent diaqua Eu3+ and Tb3+ com-
plexes with cyclens 55 [135]. The X-ray analysis revealed that cyclen 55b
worked as a heptadentate ligand. These non-chromophoric complexes were
“photophysically silent” upon excitation at 300 nm, but their Tb3+ com-
plexes displayed characteristic emissions via highly coordinated complex-
ation with chromophoric salicylate anion. The excited coordinated sali-
cylate anion sensitized the lanthanide center, and luminescence enhance-
ment factors of ca. 680 and 220 were observed with the two Tb3+ com-
plexes. Since acetylsalicylate anion gave no sensitization, both complexes
worked as effective chemosensors for salicylate anion under physiological
conditions.

Leonard et al. prepared a luminescent ternary complex from ligand 55b,
Eu3+ cation, and an aromatic β-diketonate anion [136]. Addition of F–, ac-
etate, HCO3

–, and tartarate anions gave gradual luminescence changes at
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Fig. 20 Heptadentate ligands 55 and ternary Eu3+ complex with a β-diketonate ligand

neutral pH, while Br–, PF6
–, NO2

–, and ClO4
– anions induced no significant

response. Parker et al. developed the sophisticated cyclen derivatives 56 and
57 bearing a phenanthridinium pendant arm as a sensitizer. The resulting
Eu3+ complexes exhibited dual emission signals upon excitation of the an-
tenna (at 320 nm) [130, 137, 138]. When Cl–, Br–, or I– anion was added to
the Eu3+ complex solution, both phenanthridinium fluorescence (at 405 nm)
and europium luminescence (at 616 nm) decreased. A similar luminescence
quenching was observed with Cl– anion at pH 1.5–9, while the addition of bi-
carbonate, citrate, lactate, or phosphate anion had no such effect. Thus, this
type of Eu3+ complexes is a potential candidate as Cl–-sensing material effect-
ive in water.

Yu and Parker prepared cyclen derivatives 58 and 59 bearing a pyri-
dothioxanthone for the photosensitization of luminescent Eu3+ cation, which
provided a 6- (N4O2) and a 7-coordination (N5O2) mode [139]. Addition
of malate anion to a solution of Eu3+–58 increased the intensity of the
∆J = 2 bands, but decreased that of ∆J = 0 transition. Eu3+–59 exhibited
a pronounced sensitivity for citrate anion [140]. Therefore, these were appli-
cable in the ratiometric analysis or imaging of the aforementioned anions.
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4.4
Lanthanide Complexes for NMR Sensing

Although MRI is practically applied in clinical fields, interesting examples of
NMR sensing with lanthanide complexes were reported. Terreno et al. em-
ployed cyclen 60–lanthanide complexes. This class of complexes yielded two
stereogenic centers (Fig. 21): one generated from the two possible conforma-
tions of the four ethylenediamine groups of the cyclen ring (δδδδ or λλλλ),
and the other arising from the two possible orientations of the coordinating
three pendant arms (∆ or Λ) [141]. 60–Yb3+ complex exhibited sharp 1H-
NMR signals (278 < T < 298 K) indicating that two enantiomers dynamically
exchanged in solution. Proton relaxation enhancement experiments revealed
that Gd3+ and Yb3+ complexes with 60 had affinity following the order tar-
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Fig. 21 Stereochemistry of cyclen–lanthanide complex with four pendant arms. Reprinted
with permission from [119]. © (2002), American Chemical Society

tarate > lactate > malate > trifluorolactate (Fig. 22). The higher affinity was
recorded with tartrate anion having two α-hydroxy-carboxylates. The ternary
adducts between Yb3+–60 complex and these (S)-substrates exhibited sharper
resonances with a split into two peaks of each signal. The intensity ratio of pro-
ton signals of the two diastereoisomers (∆(λλλλ) + (S)-substrate vs Λ(δδδδ) +
(S)-substrate) provided a clear indication of the enantio-selective interaction:
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Fig. 22 Structures of (S)-isomers of α-hydroxy-carboxylate anions

1 : 1 for lactate and mandelate anions, 1.7 : 1 for malate anion, 2 : 1 for gluconate
anion, 2.7 : 1 for tartrate anion, and 3 : 1 for trifluorolactate anion (Fig. 22).
While lactate and mandelate anions coordinated the two enantiomers of Yb3+–
60, the other anions interacted preferentially with a specific enantiomer. The
– CF3, – OH, and – COOH moieties of the anions were thought to stabilize one
diastereoisomer through the hydrogen bond formation.

Dickins et al. prepared Ho3+ and Yb3+ complexes with chiral cyclens 50a
and 61, which had two vacant sites for external anions [142, 143]. Upon add-
ition of an equivalent of (S)-lactate anion to a solution of Yb3+–50a complex,
two additional singlet 1H-NMR resonances for CH and CH3 protons of the
guest appeared. Although CH3 signals were broadened due to paramagnetic
ion effect, the observed paramagnetic shifts suggested that the CH group of the
lactate anion lay closer to the principal axis of the complex than its CH3 group.
This was interestingly consistent with the X-ray crystal data of the Λ(δδδδ)
form. Addition of racemic lactate anions to a solution of Yb3+–50a gave a 1 : 1
mixture of diastereomeric complexes. The CH and CH3 resonances of the lac-
tate anion were clearly resolved for the (R)-and (S)-diastereomers. A closely
similar response was observed with related α-hydroxy acids, but mandelate
anion offered no enantio-selectivity in complex formation. Yb3+–61 complex
also provided a bidentate chelation mode for the lactate anion. The resonance
of the lactate anion was clearly resolved for the (R)-and (S)-diastereoisomers,
while the cyclen protons were also resolved. In the 1H NMR spectra, the order
of magnitude shifts of the axial ring protons was in the arrangement CO3

2–

< oxalate < citrate < acetate < PO4
3–. These Yb3+ complexes further allowed

additional CD and emission signals of the aforementioned anions.
Several heterocycle–lanthanide complexes provided attractive, imagina-

tive, and suggestive approaches to anion sensing, in which ligand architecture
based on heterocyclic chemistry played important roles. Cyclen-lanthanide
complexes have several advantages of facile design and systematic synthe-



38 S. Mameri et al.

sis, while the designed acyclic ligands also have promising applications for in
vivo anion detection. The next practical goal should be design of heterocycle–
lanthanide complexes capable of absorbing and emitting in the near-IR re-
gion, in which many heterocycles can work as useful building blocks.

5
Conclusion

This chapter summarized recent advances in the chemistry of the heterocycle-
based receptors used in molecular recognition and supramolecular assembly
systems. Because of their unique chemical and physical properties, the de-
signed heterocyclic compounds provided specific recognition of targeted
cationic or anionic guests. Since they varied widely in their structural, elec-
tronic, and interaction properties, their molecular recognition profiles were
optimized through molecular architecture. In addition to the heterocyclic
compounds, their lanthanide complexes also acted as effective receptors for
specific anions. The synthetic strategies for these specific receptors further
provided interesting extensions of heterocyclic chemistry to heterocyclic
supramolecular chemistry. Since heterocyclic chemistry is one of the most
established chemical sciences, its advances can offer more sophisticated
molecular recognition and supramolecular assembly systems of the next gen-
eration.
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Abstract A variety of crownophanes possessing both crown ether and cyclophane moi-
eties are reviewed and their specific complexation are described. Aromatic nuclei includ-
ing benzene, naphthalene, anthracene, pyridine, and other condensed polyaromatic rings
are dealt with as components of crownophanes. Crownophanes containing nitrogen and
sulfur atoms as ligating parts in the tethers of the aromatics are also described. Oxygen-
containing crownophanes show high affinity toward alkali and alkaline metal cations with
high selectivity. For example, three-bridged crownophane 25 extracted Li+ with excel-
lent selectivity and high efficiency in the competitive system containing Na+ and K+.
Four-bridged crownophane 26b showed extraordinarily high selectivity toward Na+ with
high efficiency compared with commercially available 15-crown-5 and benzo-15-crown-
5. Crownophane 1 having pyridine nuclei as secondary ligating sites on the benzene
rings efficiently complexed Ag+ ion with perfect selectivity. Di(p-phenylene) crown 60,
1,5-dinaphtho crown 61, and 1,5-naphtho-p-phenylene crown 62 have been widely em-
ployed for donor components of catenanes and rotaxanes. Characteristic behaviors of
typical and important crownophanes including above-mentioned ones are summarized
in Table 1.
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1
Introduction

Since the synthesis and properties of crown ethers like dibenzo-18-crown-6
were published by Pedersen in 1967 [1] and developed by Cram, Lehn and
other eminent researchers in the 1970s, the parent hosts have been exten-
sively applied to the supramolecular chemistry in a variety of ways [2–4].

Scheme 1 Cyclization methodologies for crownophanes
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In this highly potential materials group there is a characteristic (but rather
small) subgroup named crownophanes. The name was coined from the crown
ether and the cyclophane [5, 6], which is another major group covering many
materials listed in the supramolecular chemistry. The crownophanes literally
means “crown ether moieties having cyclophane moieties” [7–13]. Although
the meaning of the former is understandable, the latter needs an explana-

Table 1 Typical and important crownophanes and their properties

Category of crownophanes Remarks

Ag+-binding crownophane Crownophane 1 efficiently complexed Ag+ ion
with perfect selectivity

Zn2+-complexing crownophanes Crownophanes 2a and 2b efficiently complexed
Zn2+ ion

Li+-binding crownophane Crownophane 25 showed extraordinarily high
extraction selectivity for Li+ toward Na+ and K+

Na+-binding crownophane Crownophane 26b exhibited selective
Na+-extraction compared with commercially
available crown ethers

K+-binding crownophane Crownophane 27b extracted K+ extensively
with high selectivity compared with commercially
available 18-crown-6

Receptors for neutral molecules Crownophane 31b formed a 1 : 1 complex
with urea at – 50 ◦C
Crownophane 33 complexed H2CO3 generated
from H2O and CO2

Anion-binders Crownophanes 34a and 34b recognized H2PO4
–

Crownophane 67 Complexed 1,3,5-benzene-
tricarboxylate anion

Ammonium-binding crownophanes Crownophanes 38a and 38b strongly complexed
dibenzylammonium cation than the corresponding
dibenzocrown ethers

Water-soluble crownophane Crownophane 42 were cationic water-soluble
pyrenophane with strong recognition toward
anionic arenas including nucleotides in water

Rotaxanes and catenanes Crownophanes 60–62 were of donors components
of rotaxanes and catenanes
Rotaxanes 72 were prepared via covalent
bond formation

Alkali metal-binding rotaxanes Rotaxane 74 had Li+-binding ability
Rotaxane 78 was the first [1]rotaxane having
selective Li+-complexing ability
[3]Rotaxane 79 formed 1 : 2 Li+-complex
and 1 : 1 Cs+-complex
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tion. Cyclophane moieties are defined as those possessing some overlapping
between aromatic ring faces or between an aromatic ring face and tether, as
exemplified in [2.2]paracyclophane and in [5]metacyclophane, respectively.
Moreover, even though the overlapping area is quite narrow and/or instanta-
neous during conformational movement, such a compound can also be called
a cyclophane.

Generally speaking, when the crown ethers are modified by adding the cy-
clophane moieties, they become naturally more hydrophobic, open narrower
orifice by pinching with cyclophane part, and become more functional than
the original crown ether because the cyclophane part provides a variety of
platforms or sites for functional groups assisting their supramolecular prop-
erties such as lariats, etc.

For the preparation of crownophanes, two major strategies are usu-
ally taken: one is the method from linear precursors using [2+2] photo-
cycloaddition or tandem Claisen rearrangement, and the other is of the
addition of oligo-oxyethylene tethers to the preorganized aromatic mo-
tifs such as paracyclophane, 1,8-naphthalenes, and so on. Of course, al-
most all the conventional bond-formation methodologies are applied to the
purpose, especially facile heteroatom-to-carbon bond formation reactions
(method A in Scheme 1). Some template effects are also occasionally used in
order to make cyclization practical. In Scheme 1, three useful syntheses are
summarized.

In this chapter the scope and limitation of crownophanes are reviewed, fo-
cusing on supramolecular functions as ionophores and receptors. Most are
designed for the recognition of metal cations and some organic cations, and
done partly for neutral organic materials. Their structures are classified into
five groups from benzene nuclei to heteroaromatic nuclei. In the individual
section their supramolecular properties are summarized and the properties
are mainly focused on metal ion-binding and chiral and/or achiral neutral
molecule complexation. Rotaxanes and catenanes are also included in this
chapter. Their preparation almost always accompanies some supramolecular
complexation. Some typical and important crownophanes are summarized in
Table 1.

2
Benzene Ring(s) Containing Crownophanes

Inokuma et al. have developed a synthetic method of crownophanes by in-
tramolecular [2+2] photocycloaddition of linear precursors (method C). It
was anticipated that they would bring about the specific complexing ability
due to their crown ether-cyclophane hybrid structures. This photocycload-
dition has been applied to the synthesis of crownophanes possessing hy-
droxyl groups on the aromatic nuclei. They are easily derived to such a lariat
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type of crownophanes as 1. In the liquid–liquid extraction of heavy metal
cations, crownophane 1 showed perfect selectively and high efficiency toward
Ag+ [14].

On the other hand, crownophanedicarboxylic acids 2a–c showed low affin-
ity toward alkali metal cations, though both 2b and 2c showed extraordinary
high affinity toward Zn2+ ion among heavy metal cations examined [15].

A conformationally restricted polyoxygenated crownophane 3 was pre-
pared by McMurry pinacol reaction, though their recognition has not yet
been examined [16].

1,3,5-Triaroylbenzene-based crownophane 4 was prepared from regios-
elective cross-benzannulation between bis(arylethynyl) ketone and enami-
none [17].

The crownophanes 5, 6, 9 and 10 [18] showed some affinity to alkali metal
and ammonium cations in gas phase (ESI mass spectrometry), but failed to
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Scheme 2 Preparation of compound 4

exhibit ionophoric properties in solution. For example, paracrownophanes 5
and 6 interacted almost equally with Na+, K+, and Cs+ in gas phase, while
they hardly interacted to Li+ or NH4

+. In contrast, meta-isomer 10 exhibited
similar affinity for all the cations. Crownophane 9 showed a preference for
Na+ over all other cations. Although there is no information regarding the site
of cation–crownophane interaction, it seems that structural differences on the
number of ether oxygen atoms, position isomerism regarding phenoxycar-
bonyl moieties are important factors that affect the binding abilities of 5–10
in the gas phase.

Hiratani et al. prepared a new type of crownophane 11 and 12 having two
hydroxyl groups by using tandem Claisen rearrangement (method B) [19]
and found that they form stable complexes with water (1 : 1 stoichiom-
etry) [20]. The crownophane synthesis has become a unique and excellent
method for the rotaxane synthesis described later Sect. 7.
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Crownophanes having sulfur atom(s) in the polyether linkage, thiacrowno-
phanes 13–17, were conveniently prepared from linear precursors (method C).
These compounds showed high extractability toward Ag+ [21, 22].

Inokuma et al. have prepared nitrogen-containing crownophanes, aza-
crownophane 18 and cryptocrownophane 19, by the photocycloaddition
(method C) in the presence of γ -cyclodextrin in aqueous phase, employing
the repression of amino group-quenching effect by the inclusion of styrene
moieties in γ -cyclodextrin. In the liquid–liquid extraction, azacrownophane
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18 and cryptocrownophane 19 showed moderate affinity to Ag+ and Pb2+

cations [23, 24]. Thus, the crownophane synthesis by the intramolecular [2+2]
photocycloaddition of styrene derivatives is widely applied and recognized as
one of the powerful methods for functionalization of heterocrownophanes.

Electrochemical properties of Wurster’s crownophanes 20 and 21 were
determined by cyclic voltammetry. The smaller crownophanes showed no
electrochemical response to alkali metal cations, whereas 20c showed modest
selectivity for alkaline earth metal cations and ammonium cation in the order
NH4

+ < Ca2+ < Sr2+ < Ba2+ [25].

The complexation with Pt(II) for traditional crown 22 and Wurster’s thi-
acrownophanes 23 was investigated by various techniques including 1H NMR
spectroscopy, electrospray mass spectrometry, cyclic voltammetry, and single
crystal X-ray analysis. The crownophane geometry was proved to form un-
stable endocyclic complexes with Pt(II), compared with the traditional nest
crown geometry [26].

Benzidine derivatives 24 strapped with a polyether unit at the 2,2′-
positions was prepared by benzidine rearrangement of N,N′-diarylhydrazide
derivatives in 45–47% yield. Characterizations were made on acetamide
derivatives of 24, because compounds 24 were not purified enough by silica-
gel column chromatography due to the interference of unidentified decom-
posed byproducts [27].

Rigid three-bridged crownophanes 25, e.g., crownopaddlanes possessing
two cyclobutane rings were efficiently and selectively prepared (method C).
Their complexing abilities toward Li+, Na+, and K+ were evaluated by solid–
liquid extractions. Crownopaddlanes 25 exclusively and quantitatively ex-
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tracted Li+ in single solid–liquid extraction. Upon a competitive extraction,
25 showed a higher selectivity toward Li+ than toward Na+ and K+ (percent
extraction for Li+/percent extraction for Na+ = 610, percent extraction for
Li+/percent extraction for K+ = 980). The structural factors that influenced
the complexation of the crownopaddlane were examined by X-ray crystallo-
graphic analysis [28]. The cavity diameter of 25 was found to be ca. 1.22 Å,
which is quite appropriate for binding to Li+. Furthermore, the cyclobutane
blades of 25 may act as a steric barrier to 2 : 1 sandwich complexation.

Almost perfectly rigid four-bridged crownophane 26b was prepared in
52% yield with the addition of NaBF4 in the photoreaction system [29]. As
this template effect suggests, 26b showed extraordinarily high Na+-selectivity
with high efficiency in the liquid–liquid extraction of alkali metal picrates,
while compound 26a having four ethereal oxygen atoms did not extract any
alkali metal cations in this system. The high Na+-selectivity of 26b was fur-
ther clarified by the equilibrium stability constants (log Ka) for Na+ (5.85)
and K+ (2.91) in acetonitrile solution. The log Ka value for Na+ is 1000 times
larger than that of commercially available benzo-15-crown-5. The complex-
ation of 26b to Na+ cation was also examined by X-ray crystallography. It
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Fig. 1 Crystal structure of sodium picrate-26b complex [29]: selected bond distances
(Å) and angles (deg): Na–O(1) 2.45; Na–O(2) 2.37; Na–O(3) 2.49; Na–O(4) 2.38; Na–O(5)
2.39; O(1)–Na–O(2) 70.4; O(2)–Na–O(3) 68.3, O(3)–Na–(4) 69.1; O(4)–Na–O(5) 71.7;
O(5)–Na–O(1) 80.1 [29]

has perfectly layered aromatic nuclei that prevents itself from forming any
sandwich-type complexes.

Crownopaddlane 26c bearing six ethereal oxygen atoms also more ef-
ficiently and selectively extracted alkali metal cations, compared with 18-
crown-6 derivatives [29]. The intramolecular photocycloaddition was also
applied to prepare three- and four-bridged crownophanes. The yields were
moderate or excellent (52%, 93%) in spite of one-pot reactions. The cyclobu-
tane rings acted to not only make the phanes rigid but also control the
complexation behavior due to their bulkiness.

Xu et al. have prepared a dithia[3.3]metacyclophane 27a bridged by
a tetra(ethylene glycol) (method A) and found to form complexes with alkali
metal cations in the affinity order of Na+ > K+ > Rb+ > Cs+. The NaClO4-
MeOH complex of the phane formed a hydrogen-bonded polymer in the solid
phase, which is a supramolecular assembly stabilized via an intermolecular
S· · ·H–C (benzylic proton) interaction [30]. A dithia[3.3]metacyclophane
27b strongly complexed with K+ cation. Phane 27b formed a novel one-
dimensional coordination polymer or supramolecular assembly with KClO4
using anions as the linkers, while the complex of the phane with NaClO4 took
a dimeric structure [31].
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The complexing behavior of dithia[n.3.3](1,3,5)crownophanes 28a–c ex-
hibits an unusual ion-selectivity due to so-called “breathing” process of the
dithia[3.3]metacyclophane moiety. The process is of induced fit. Thus, when
a small ion comes, it shrinks the cavity, but when a large ion comes, it en-
larges the cavity. The crown cavity of phane 28a is thought to be too large
for Li+ but too small for the other alkali metals. The breathing flexibility in
phane 28a may be restricted due to the relatively short polyether linkage. For
phane 28b, the order of the association constants is K+ > Na+ > Rb+ > Cs+.
For phane 28c, the order of the association constants is Cs+ > Rb+ > K+ >
Na+. This breathing mechanism is also supported by X-ray crystallographic
analysis [32].

3
Naphthalene Ring(s) Containing Crownophanes

Without high-dilution techniques, compounds 29 and 30 were obtained
in overall ca. 30% yield (method A). Crownophanes 29 and 30 with
28–150 atoms were isolated. It was found by X-ray structural analysis that
compound 29d (n = 1) formed a complex with CH2Cl2 [33].

Hiratani et al. synthesized chiral crownophanes 31a and 31b having a bi-
naphthyl unit and two naphthol units via tandem Claisen rearrangement
(method B) in quantitative yields. From the association constants of the
crownophanes with the enantiomers of phenylaranine, phenylglycinol, and
phenylaraninol determined by 1H NMR titration, crownophane 31a has a chi-
ral recognizability for the (R)-form of phenylglycinol over the (S)-form [34].
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It was found by 1H NMR analysis that phane 31b formed 1 : 1 complex with
the urea at – 50 ◦C [35].

They also synthesized crownophanes 32 having two hydroxyl groups in
addition of two naphthalene rings in high yields via Claisen rearrange-
ment [36].

Crownophane 33 having two amido groups in a polyether linkage in add-
ition of two naphthol moieties was prepared by the same method. Phane 33
gives a stable 1 : 1 complex with carbonic acid formed from carbon dioxide
and water at room temperature [37–39].

Amindocrownophanes 34a and 34b, composed of 28-membered ring hav-
ing two hydroxy groups, two amide groups, and naphthalene rings were pre-
pared by method B from compounds 35a and 35b, respectively. It is strange
that compounds 34 recognized anions in the following order; H2PO4

– > F– >
CH3COO– > Cl– � Br– and I–, whereas not only compounds 35 and 36 hav-
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ing no hydroxy group but also compound 37 having 27-membered ring have
no ability for anion recognition. Hence, amide groups, hydroxy groups, and
m-phenylene or 1,6-pyridyl rigid moiety synergically play an important role
for recognition ability [40].

Thus, the tandem Claisen rearrangement developed by Hiratani et al. is an
elegant method to prepare functional crownophanes.

4
Other Condensed Polyaromatic Ring(s) Containing Crownophanes

4.1
Fluorenone and Stilbene Ring(s) Containing Crownophanes

Crownophanes 38 containing of fluorenone and stilbene fragment bridged
by diethylene glycol and triethylene glycol unit were synthesized by a con-
ventional method. The crystal structure and complexation behavior of these
crownophanes were studied. They form much stronger complexes with
dibenzylammonium hexafluorophosphate (log Ka value in CH3CN: 3.92 ±



56 S. Inokuma et al.

0.06 for 38a and 4.40±0.05 for 38b) than do the corresponding dibenzocrown
ethers [41].

4.2
Anthracene Ring(s) Containing Crownophanes

Crownoanthracenophane 39 was designed to control their photoemission and
photoreaction when Na+ ions was incorporated in the crown rings. The pho-
tochemically interesting properties of 39 were reviewed [42].

Crownoanthracenophane 39 is known to be an excimer-type fluorosensor
for Na+ ions and to encapsulate electron-deficient species such as paraquat.
Its bis-1,4-endoperoxide 40 is a tetraoxapaddlane. The molecular and crystal
structures of 39 and 40 were reported [43].
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4.3
Pyrene Rings Containing Crownophanes

Crownopyrenophanes including 41 were prepared (method A), whose com-
plexing behavior with anionic (naphthalene sulphonate derivative, DNA)
and cationic aromatic (1,1′-dimethyl 4,4′-bipyridiniums) compounds was ex-
plored by UV and fluorescence spectroscopic analyses in MeOH and water-
ethylene glycol mixed solvent. It was suggested that the binding affinities
of the pyrenophanes for aromatic compounds were mainly governed by hy-
drophobic and/or π-stacking interaction [44].

Similarly, water-soluble pyrenophanes having polycationic or amphiphilic
side chains have been prepared to study hydrophobic and/or π-stacking in-
teractions whose typical example is depicted in 42. The hexaammonium-,
bis(diazoniacrown)-, and tetrakis[octa(oxyethylene)] derivatives were solu-
ble in pure water. The cationic pyrenophane 42 strongly recognized an-
ionic arenes including nucleotides. The recognition ability for nucleotides by
the bis(diazoniacrown)phane 42 depends on the number of phosphate moi-
eties [45]. This is thought to become useful architecture for bioorganic field
since phane 42 showed very high complexing ability toward ATP in water (the
association constant is 1.0×106 M–1).
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5
Heteroaromatic Ring Containing Crownophanes

5.1
Pyridine Ring(s) Containing Crownophanes

Inokuma et al. have prepared a new type of crownopyridinophanes 43 by
method C. They were of cis-configuration with respect to the cyclobutane ring.
According to ESI-MS analysis, compounds 43 formed the 1 : 1 complexes with
Ag+ cation. All compounds showed three sets of aromatic proton peaks, which
were high-field shifted compared to those of compounds 44 (∆δ = 0.25–0.39),
indicating the phane structure having well-overlapped layer aromatic nuclei.
In a liquid–liquid extraction, 43 showed the highest affinity toward Ag+ cation
among several heavy metal cations (Ag+, Pb2+, Cu2+, Mn2+, Zn2+, Ni2+, Co2+

and Fe3+). In this series, 43b possessing four ethereal oxygen atoms was found
to show the highest Ag+-affinity, according to the liquid–liquid extraction and
determination of stability constant with the cation [46, 47].

Crownopyridinophanes 45 and 46 (prepared by method C) with three
pyridine moieties exhibited high efficiency toward Ag+. By comparing the
high extractability and complexing stability constant for Ag+ to those of



Syntheses and Properties of Crownophanes 59

the corresponding pyridinocrownophanes 47 and 48 and observing the 1H
NMR spectra in the presence of Ag+, the ethereal oxygen atoms and the
three nitrogen atoms were found efficiently and cooperatively to act as ligat-
ing sites [48]. In this way, the intramolecular photocycloaddition of styrene
derivatives could be equally applied to vinylpyridine derivatives. This pho-
tocycloaddition was thought to be a promising method for more excellent
extracting agent like bipyridine rings containing crownophanes described
later because the crownopyridinophanes were efficient Ag+-ligands as men-
tioned above.

The crownophanes possessing pyridine-nitrogen and sulfur atoms ex-
tracted Ag+ with high efficiency. For example, crownophanes 49 and 51 ex-
tract Ag+ 172 and 602 times more than Pb2+, respectively [49].

5.2
Bipyridine Ring(s) Containing Crownophanes

Bipyridine 56 formed dinuclear double helicate ([Hg2L2Na2]6+) in the pres-
ence of Hg2+ and Na+, whereas a mononuclear species is formed ([HgLBa]4+)
in the presence of Hg2+ and Ba2+ exclusively [50].

The ligand 57 formed a dinuclear double helicate with Cu+ [Cu2L2]2+,
but upon addition of Ba2+ to the system a side-by-side species,
{[Cu2L2Ba2](ClO4)4(MeCN)4}2+, was formed both in solution and the solid
state. In the presence of Na+ both the helicates and side-by-side species,
[Cu2L2Na2]4+, were formed in roughly equal amounts in solution [51].

Typical cyclophane structures having layered bipyridine nuclei have been
dealt with in a few papers to the best of our knowledge, so that we pre-
pared bipyridinocrownophanes 58a and 58b by method C [52]. As illustrated
in Fig. 2, the solid-state structure of free ligand 58a have layered aromatic
nuclei. In the liquid–liquid extraction of heavy metal cations, 58a and 58b
exhibited perfect selectively toward Ag+ with high efficiency. It was found
that the ethereal oxygen atoms and the four nitrogen atoms in 58a and
58b acted as ligating sites, according to the high extractability and com-
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plexing stability constant for Ag+ compared to those of the corresponding
pyridinocrownophanes 43c and 43d. 13C NMR and ESI-MS analysis suggested
that the crownophanes formed a 1 : 1 complexes with the Ag+ ion.)

5.3
Phenanethroline Ring(s) Containing Crownophanes

Recently, binding constants (log K) of ligand 59-4H+ with a variety of di-
and tricarboxylate anions were examined by 1H NMR technique in D2O
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Fig. 2 ORTEP drawing of 58a [52]
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at 298 K. The order was 1,3,5-benzenetricarboxylate anion (> 5.0) > 1, 3-
benzenedicarboxylate anion (4.77) > 1, 2-benzenedicarboxylate anion (3.23) >
1, 3, 5-cyclohexanetricarboxylate anion (3.08) > oxalate anion (2.59) [53].

6
Catenanes and Rotaxanes

In earlier works di(p-phenylene) crown such as di(p-phenylene)-34-crown-
10 60 was principally employed as a host molecule for alkali metal, alkaline
earth metal and ammonium [54] and pyridinium cations including paraquat
and diquat dications [55, 56]. In recent years, it has been exclusively used as
donor components for rotaxanes or catenanes having secondary ammonium,
bipyridinium rod or bipyridinium macrocycle [57–75].

A large number of catenanes and rotaxanes bearing 1,5-dinaphtho-38-
crown-10, e.g. 61, as a donor have been reported. As seen in recent papers,
paraquat and diquat dication macrocycles or some rod derivatives as acceptor
components are often utilized [76–85].

Some of them used diazapyrenium-based [86–88], TTF-based [89, 90], and
diimide-based rods or diimide-based macrocycles including two kinds of di-
imides as acceptor parts [91–98], e.g., compounds 64–67.

Rotaxanes bearing both 1,5-naphtho-38-crown-10 and TTF as donor parts
have been reported [86]. 1,5-Naphtho-p-phenylene-36-crown-10 62 was also
employed as donor component of catenanes, e.g., compound 68 [99–101] and
roraxanes [102, 103] having ammonium or bipyridinium cations as acceptor
moieties.

Catenane 69 was obtained via ring-closing metathesis from starting ma-
terial 70 in high overall yield (51%) from commercially available 1,10-
phrenanthroline [104].
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Hiratani et al. developed a new excellent methodology to make rotaxanes
71 via covalent bond formation. The rotaxanes 71 composed of crownophanes
having two naphthol moieties as a rotor and an axle having diamide moieties
were prepared via three steps: Claisen rearrangement (method B), diesterifi-
cation, and aminolysis. The best yield of the rotaxane (56%) was recorded in
the reaction of 72 with 9-aminomethylanthracene [105].

Rotaxanes 73 were prepared by treating macrocyclic monoesters 74 with
R2(CH2)nNH2 in good yields. The association constant of rotaxane 73 with
Li+ was 4.2×104 M–1 [106].

Chiral rotaxanes 75–77 composed of the asymmetric crownophane incor-
porating two hydroxyl groups as a rotor moiety and asymmetric axis were
effectively synthesized via covalent bond formation, i.e., tandem Claisen re-
arrangement as described above, esterification, and aminolysis [107].

The [1]Rotaxane 78 via covalent bond formation was firstly prepared by
Hiratani et al. It was found that only Li+ cation among alkali metal cations
could change the chemical shift of the rotaxane in 1H NMR spectrum. As-
tonishingly, only Li+ ion drastically enhanced the fluorescence intensity due
to energy transfer occurred perfectly from the naphthalene ring of the rotor
to anthracene ring of the axle. This might make it a candidate for a Li+ ion
sensor [108].

The [3]Rotaxane 79 composed of two 25-membered crownophanes and
one axle molecule having two anthryl end groups was successfully syn-
thesized via the covalent bond formation followed by aminolysis. It made
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a 1 : 2 complex with Li+ ion, whereas it incorporated Cs+ ion into the space
between the two macrocycles as a 1 : 1 sandwich-type complex with the
stability constant of 6.3×105 M–1 [39, 109]. The excellent yields of rotax-
anes by the covalent bond formation were recently rationalized by Hirose
et al. [110]. Thus, the presence of the crown ether ring significantly acceler-
ates the aminolysis, presumably because it stabilizes the tetrahedral interme-
diates by hydrogen bonding [111]. As mentioned above, Hiratani’s research
group has elegantly prepared [3]rotaxane 79 via tandem Claisen rearrange-
ment (method B).

7
Concluding Remarks

Simple crown ethers may be being examined extensively, but crownophanes
will become more important as components in the supramolecular chemistry,
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because they can provide much more sites for modification by simple and
facile reactions as mentioned above. For example, rotaxanes and catenanes at-
tract much attention in contemporary research fields, whose building blocks
are definitely some of the crownophanes.
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Abstract Calixarenes, together with crown ethers and cyclodextrins, play an import-
ant role in supramolecular chemistry. A variety of calixarene analogues involving het-
eroatoms as the bridging units have been reported because the substitution of the
carbon bridges with heteroatoms can impart novel properties and functions to molecules.
This is typified by, for example, thiacalixarenes. In recent years, nitrogen-bridged calix-
arene analogues have emerged as a new calixarene family. While the diversity is still
limited as compared with carbon- and sulfur-bridged calixarenes, intriguing structure-
property relationships based on the introduction of nitrogen atoms as the bridging units
have been reported. This review summarizes the recent reports on the preparations,
conformations, and inclusion properties of nitrogen-bridged calixarene analogues with
a [1n]metacyclophane skeleton.

Keywords Azacalixarene · Conformation · Crystal structure · Inclusion property ·
Macrocyclization

Abbreviations
dba trans,trans-1,5-diphenyl-1,4-pentadien-3-one
DMA N,N-dimethylacetamide
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DMPSCl dimethylphenylsilyl chloride
DPEphos bis[2-(diphenylphosphino)phenyl] ether
dppp 1,3-bis(diphenylphophino)propane
Xantphos 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene

1
Introduction

“Calixarene” is the term coined for a series of macrocyclic phenol con-
densates connected with methylene bridges, and are playing a significant
role in supramolecular chemistry together with crown ethers and cyclodex-
trins [1–4]. The chemistry of calixarenes has been extensively studied over
the last three decades, and the accumulated diverse knowledge of their con-
formations, complexation abilities, and chemical modifications renders them
further intriguing. Replacement of the carbon bridges by heteroatoms of-
fers a broad option to create calixarene analogues with both chemically and
physically peculiar properties [5–7]. This has been clearly exemplified by
thiacalixarenes that exhibit interesting structure-property relationships re-
flecting the substitution of the methylene-bridges with sulfur atoms [6, 7].
A variety of calixarene analogues involving heteroatoms other than sulfur
atoms as the bridging units have been reported [4, 5], however, the chemistry
of such analogues is still under investigation due to their limited accessibil-
ity. In this review, we will focus on less common nitrogen-bridged calixarene
analogues since they have recently emerged as a new calixarene family by
breaking a long and complete silence that has persisted since the first pa-
per was published in 1963 on the X-ray crystallographic analysis of 1 [8].
In the following sections, a more familiar name, “azacalix[n]arene”, is used
to indicate nitrogen-bridged calixarene analogues with a [1n]metacyclophane
skeleton, and the current knowledge of their preparations, conformations,
and inclusion properties are summarized.

For clarity, the following letters in Table 1 will be added to compound
numbers of azacalix[n]arenes to identify ring size unless otherwise noted. For
example, the above azacalix[4]arene 1 is designated as 1b.
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Table 1 Letters attached to the compound numbers of azacalix[n]arenes to identify ring
size

n 3 4 5 6 7 8 10

letter a b c d e f g

2
Syntheses of Azacalixarenes

For the synthesis of azacalixarenes, three typical synthetic strategies have
thus far been employed that are substantially identical to those established
in the calixarene chemistry; i.e., (1) single-step synthesis, (2) non-convergent
stepwise synthesis, and (3) convergent fragment coupling synthesis [1–3]. In
the following subsections, the preparations of azacalixarenes are described
from these three strategic points of view.

2.1
Single-step Synthesis

A single-step procedure is the most efficient approach to azacalixarenes
consisting of one single type of aromatic unit, as in the case of carbon-
bridged calixarenes. However, a significant difference lies between the synthe-
ses of calixarenes and azacalixarenes. Base-induced one-step procedures were
established as standard protocols for preparing p-tert-butylcalix[n]arenes
(n = 4, 6, and 8) [9–11], whereas palladium-catalyzed aryl amination reac-
tions called “Buchwald-Hartwig reactions” [12–15], are often exploited as
a key reaction for synthesizing azacalixarenes. As shown in Scheme 1, the
Buchwald-Hartwig aryl amination reaction proceeds through the catalytic cy-
cles involving (1) oxidative addition of aromatic halide to a palladium(0)
catalyst, (2) coordination of aromatic amine to the palladium(II) species,
(3) deprotonation of the coordinated NH group by a base, and (4) the final
reductive elimination of N, N-diarylamine as a coupled product.

The first application of the single-step procedure to the synthesis of azacalix-
arenes was launched by Ito et al., who prepared a series of azacalix[n]arenes
4a–f with different ring sizes (n = 3 to 8) [16, 17]. As shown in Scheme 2,
starting from the N-methylation of 3-bromoaniline (2) in 3 steps, the resul-
tant 3-bromo-N-methylaniline (3) was subjected to the Buchwald-Hartwig
aryl amination reaction to yield azacalixarenes 4a–f , which were isolated by
medium-pressure liquid chromatography.
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Scheme 1 Catalytic cycle of Buchwald-Hartwig aryl amination reaction of aromatic halide
with N-alkylaniline [12]

Scheme 2 Single-step approach to azacalixarenes [16, 17]

Another application of the single-step procedure was made by Miyazaki
et al., who utilized the Buchwald-Hartwig aryl amination reaction for the
preparation of azacalix[6]pyridine 7d [18], in which all the benzene rings of
the above azacalix[6]arene 4d were replaced by pyridine rings (Scheme 3).
Azacalix[n]pyridines 8a–f (n = 3–8) with tolyl groups on the nitrogen bridges

Scheme 3 Single-step synthesis of azacalixpyridines. Reaction conditions a, b, and c were
used for preparing 7d, 8a–f , and 8a, respectively. The number in square brackets indicates
the reaction yield of 8a prepared under condition c [18, 19]
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were also produced in a similar manner by Suzuki et al. [19]. Azacalix-
pyridines 7d, 8a, 8b, 8d, and 8f were prepared not only by the single-step
procedure, but also by the convergent fragment coupling procedure, as de-
scribed in Sect. 2.3.

2.2
Non-convergent Stepwise Synthesis

Historically, the non-convergent stepwise strategy was first devised by Hayes
et al. in 1956 in order to synthesize carbon-bridged calixarenes from linear
phenol oligomers [20, 21]. Only one application has thus far been reported
for the non-convergent synthesis of azacalixarene. Tsue et al. prepared ex-
haustively methylated azacalix[4]arene 13b [22] by applying the Buchwald-
Hartwig aryl amination reaction for the intramolecular cyclization of linear
tetramer 12 which was prepared from monomers 9 and 10 in four steps
(Scheme 4).

Scheme 4 Stepwise approach to azacalix[4]arene 13b [22]

In principle, the non-convergent stepwise strategy can provide a versatile
synthetic approach to azacalixarenes with different substituents on the aro-
matic rings and the nitrogen bridges, although thus far, the application of this
strategy has been limited to the previously mentioned example.

2.3
Convergent Fragment Coupling Synthesis

In 1979, Böhmer et al. introduced a convergent fragment coupling strategy
in which two different molecules were coupled in the cyclization step in
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order to yield carbon-bridged calixarenes [23]. This strategy can also pro-
vide a flexible synthetic approach to azacalixarenes, as the non-convergent
stepwise method does (Sect. 2.2). In fact, a wide variety of azacalixarenes
even with different aromatic π-systems have been prepared by applying this
strategy.

As mentioned in the Sect. 2.1, azacalixpyridines 7d, 8a, 8b, 8d, and 8f were
prepared by using convergent fragment coupling as an additional method [18,
19] The macrocycles were synthesized by the Buchwald-Hartwig aryl amina-
tion reaction of two component monomers 14 and 15 or by the copper(I)-
catalyzed coupling of 16 and 17 and of 14 and 17, as shown in Scheme 5.
It is worth noting that the fragment coupling synthesis of 7d gave a slightly
higher yield of 10.1% as compared with 8.0% of the single step synthesis
of the same compound (Scheme 3 in Section 2.1). A similar outcome was
obtained for the copper(I)-catalyzed syntheses of azacalixpyridines 8a, 8d,
and 8f .

Scheme 5 Fragment-coupling approach to azacalixpyridines [18, 19]

Azacalixpyridines 7b and 7f were also independently prepared by Gong
et al. [24], who used the convergent fragment coupling of linear pyridine
trimer 18 and monomer 15 (Scheme 6). Trimer 18 was further coupled with
pyridine dimer 21 in a similar manner to synthesize azacalixpyridines 7c and
7g [25]. Wang et al. studied the reaction conditions in detail and then suc-
ceeded in preparing “mixed” azacalixpyridines 20b and 20f designated as
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Scheme 6 Fragment-coupling synthesis of azacalixpyridines and azacalixarenepyrid-
ines [24–26]

azacalix[m]arene[m]pyridines [24, 26], in which benzene and pyridine rings
were alternately linked by nitrogen bridges.

Another type of “mixed” azacalixarenes 25b, 26b, and 27b were also re-
ported by Wang et al. [27], who reported an efficient and convenient approach
not only to these macrocycles, but also to oxygen-bridged analogues. As
shown in Scheme 7, linear triazine trimer 22 was subjected to the aromatic
nucleophilic substitution reaction with monomer 24 in order to yield aza-
calix[2]arene[2]triazine 25b. The other analogues 26b and 27b were similarly
prepared by the reactions of 22 and 15, and of 23 and 15. Larger homo-
logues 28c and 29d were also produced in a similar manner by Graubaum
et al. [28, 29].

Azacalixarenes 35b, 35d, 35f , 36b, and 36d, which had no substituents on
the nitrogen bridges, were successfully prepared by Fukushima et al. [30], as
shown in Scheme 8. In contrast to the synthetic success of these macrocy-
cles, they failed to prepare the parent azacalix[4]arene with no alkoxy groups.
As indicated by these experimental facts, intramolecular NH· · ·OR hydrogen
bonding interactions lead to the folding and preorganization of the backbone
of the uncyclized precursors (Fig. 1) and allow the intramolecular cyclization
to efficiently afford azacalixarenes.

Azacalix[8]arene 38f with partial NH bridges (Scheme 10) was prepared
by a combination of the convergent fragment coupling method and a tem-
poral N-silylation protocol [31], the latter of which was devised by Ishibashi
et al. for suppressing an undesirable β-elimination reaction in the Buchwald-
Hartwig aryl amination (Sect. 2.1). As shown in Scheme 9, β-elimination takes
place as a side reaction when N-alkylaniline is used as a substrate [12, 32]. In
the temporal N-silylation protocol, however, a silyl group without any hydro-
gens on the silicon atom is attached in situ onto an amino group in place of
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Scheme 7 Fragment-coupling synthesis of azacalixarenetriazines [27–29]

Scheme 8 Fragment-coupling synthesis of azacalixarenes with NH bridges. Numbers
in parentheses indicate the reaction yields in the fragment-coupling syntheses using
monomers 30 and 32, or 31 and 32 as substrates. Those in square brackets represent the
yields in the reaction of 33 and 34 [30]

alkyl groups, thereby directing the favorable reductive elimination pathway
to give the cross-coupling product. By applying this protocol, regioselectively
N-methylated azacalix[8]arene 38f was produced [31], as shown in Scheme 10.
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Fig. 1 Folding of the uncyclized precursor by intramolecular NH · · · OR hydrogen bond-
ing interactions [30]

Scheme 9 β-Elimination reaction as a side reaction in the Buchwald-Hartwig aryl amina-
tion reaction [12]

Scheme 10 Fragment-coupling synthesis of regioselectively N-methylated azacalix[8]arene
38f [31]
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3
Structural Investigations of Azacalixarenes

3.1
Conformations in the Solid State

X-ray crystallographic analysis is the most powerful technique for provid-
ing information not only about molecular structures, but also about the key
factors controlling their conformations. Until now, solid state structures of
azacalix[n]arenes where n = 3, 4, 5, 6, 8, and 10 have been reported. In the
following subsections, X-ray crystal structures of azacalixarenes will be de-
scribed according to the ring sizes.

3.1.1
Azacalix[3]arene

Presently, the only known example is azacalix[3]pyridine 8a [19]. In the solid
state, it adopts a triangular shape with approximate Cs symmetry (Fig. 2).
One pyridine ring is oriented to a different direction from the remaining two
pyridine rings to avoid the electrostatic repulsion between the pyridine lone
pairs in the cavity.

Fig. 2 X-ray crystal structure of azacalix[3]pyridine 8a [19]

3.1.2
Azacalix[4]arene

The molecular structures of nine azacalix[4]arenes have been studied by X-ray
crystallography. Intriguingly, all the reported azacalix[4]arenes exclusively
adopt a 1,3-alternate conformation in the solid state, irrespective of the type of
the aromatic π-systems involved in the macrocycles. Nonetheless, variations
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for the same 1,3-alternate conformation exist which can be classified, though
arbitrarily, into three types on the basis of the molecular shapes.

The first type is a clip-like conformation observed in six azacalix[4]arenes.
A typical example is azacalix[2]arene[2]triazine 25b [27], which adopts a 1,3-
alternate conformation with C2v symmetry (Fig. 3). All the bridging nitro-
gen atoms conjugate with the triazine rings rather than with the benzene
rings because of the electron-withdrawing nature of triazyl. Thus, the macro-
cycle can be viewed as a cyclic array comprised of two isolated benzene
rings and two conjugated 2,6-bis(methylamino)triazine planar segments.
As a result, a pair of opposite triazine rings is roughly coplanar, whereas
a pair of benzene rings is almost parallel face-to-face, forming the clip-like
conformation, as shown in Fig. 3. A similar conformation was also found
in the other azacalix[2]arene[2]triazines 26b [27] and 27b [27], and aza-
calix[2]arene[2]pyridine 20b [26]. Interestingly, azacalix[4]pyridines 7b [24]

Fig. 3 X-ray crystal structures of azacalix[4]arenes with a clip-like 1,3-conformation [19,
24, 26, 27]
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and 8b [19] have an all-pyridine-based structure, but adopt a clip-like con-
formation.

The second type is a twisted 1,3-conformation observed in two azacalix[4]
arenes, 4b [16] and 35b [30]. In the crystalline state, azacalix[4]arene 4b
adopts a twisted conformation with S4 symmetry (Fig. 4). The benzene rings
are alternately located upward and downward with respect to the molecular
mean plane. Each bridging nitrogen conjugates with one of the neighbor-
ing benzene rings, and thus the macrocycle can be regarded as a cyclic array
of four conjugated N-methylaniline planer units. Azacalix[4]arene 35b also
adopts a similar twisted 1,3-alternate conformation, though slightly distorted
from S4 symmetry because of the intramolecular NH· · ·OMe hydrogen bonds.

Fig. 4 X-ray crystal structures of azacalix[4]arenes with a twisted 1,3-conformation [16, 30]

Fig. 5 X-ray crystal structure of azacalix[4]arene 13b [22]
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The third type is an ideal 1,3-alternate conformation with D2d symme-
try, and only one instance has been reported in azacalix[4]arene 13b [22]. As
shown in Fig. 5, it adopts a 1,3-alternate conformation with approximate D2d
symmetry in the solid state. Each bridging nitrogen atom adopts a planar sp2

hybrid configuration and conjugates equally with two adjacent benzene rings.
In addition, the methoxy groups are properly arranged so as to reduce steric
hindrance as much as possible. As a result, a combination of electronic and
steric effects render the macrocycle highly symmetrical.

3.1.3
Azacalix[5]arene

The only known example is azacalix[5]pyridine 7c [25]. In the solid state,
it adopts a distorted 1,3-alternate conformation, as shown in Fig. 6. Four
pyridine rings are directed outward from the cavity, and the one remaining
pyridine ring is inward. All the bridging nitrogen atoms adopt approximate
sp2 hybrid configurations and partially conjugate with both of their adjacent
pyridine rings, as in the case of azacalix[4]arene 13b (Sect. 3.1.2).

Fig. 6 X-ray crystal structure of azacalix[5]pyridine 7c [25]

3.1.4
Azacalix[6]arene

Two azacalix[6]pyridines, 7d [18] and 8d [19], have thus far been investigated.
In the solid state, both azacalix[6]pyridines adopt roughly triangular shapes,
though the molecular geometries are different from each other to some ex-
tent, as shown in Fig. 7. The pyridine rings of 7d and 8d are arranged to
minimize the electrostatic repulsion between the pyridine lone pairs, as in the
case of azacalix[3]pyridine 8a (Sect. 3.1.1).

3.1.5
Azacalix[8]arene

Three compounds have been studied involving azacalix[8]arene 38f [31],
azacalix[8]pyridine 7f [24], and azacalix[4]arene[4]pyridine 20f [26]. As
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Fig. 7 X-ray crystal structures of azacalix[6]pyridines [18, 19]

shown in Fig. 8, azacalix[8]arene 38f possesses a roughly ellipsoidal shape
with C2 symmetry in the crystalline state. All the benzene rings nearly lie
on one plane, except for two opposite benzene rings that are tilted per-
pendicularly to the plane. The molecular geometry of 38f is controlled by
the intramolecular bifurcated MeO· · ·NH· · ·OMe hydrogen bonding interac-
tions.

While azacalix[8]pyridine 7f adopts a double-ended spoon-like conform-
ation with Ci symmetry, azacalix[4]arene[4]pyridine 20f possesses a pleated
loop conformation with the same symmetry. In 7f , four bridging nitrogen
atoms partially conjugate with the two adjacent pyridine rings, whereas the
remaining four bridging nitrogens are conjugated with one of the neigh-
boring pyridine rings. In contrast, all the bridging nitrogen atoms of 20f
conjugate with pyridine rings rather than the benzene rings. The peculiar
conjugation of the nitrogen bridges with aromatic rings shape the confor-
mations of 7f and 20f , as in the case of azacalix[2]arene[2]triazine 25b
(Sect. 3.1.2).
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Fig. 8 X-ray crystal structures of azacalix[8]arenes [24, 26, 31]

3.1.6
Azacalix[10]arene

Only one example has been reported in azacalix[10]pyridine 7g [25]. As
shown in Fig. 9, it adopts a parallelogram shape with Ci symmetry. The four
corner pyridine rings outwardly project from the cavity and are located on al-
most the same plane. The remaining six pyridine rings point to the oblique
directions with respect to the plane. Each bridging nitrogen atom adopts an
approximate sp2 hybrid configuration and equally conjugates with two adja-
cent pyridine rings, as in the cases of azacalix[4]arene 13b (Sect. 3.1.2) and
azacalix[5]pyridine 7d (Sect. 3.1.3).
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Fig. 9 X-ray crystal structure of azacalix[10]pyridine 7g [25]

3.2
Conformations in Solution

All of the parent calixarenes with carbon bridges are conformationally flexi-
ble in solution [1, 3]. For instance, the cone conformation of calix[4]arene is
transformed to its inverted cone conformation in solution at ambient tem-
perature (Scheme 11).

Scheme 11 Ring inversion of calix[4]arene [1, 3]

As in the case of carbon-bridged calixarenes, conformational behaviors of
azacalixarenes in solution have been investigated by means of temperature
dependent 1H NMR spectroscopy. It was reported that azacalixarenes 4a–f ,
7b–d, 7f , 7g, 8a, 20b, and 20f were conformationally flexible in solution [17–
19, 24, 25]. Gong et al. pointed out from their NMR studies of compounds 7b,
7f , 20b, and 20f that the lack of steric hindrance and intramolecular hydrogen
bonds were responsible for their high conformational mobility in solution, as
compared to carbon-bridged calixarenes [24].

Conversely, azacalixarenes with conformational inflexibility in solution
were reported. Fukushima et al. [30] reported that the NH protons of azacalix-
arenes 35b, 35d, 35f , 36b, and 36d were observed at δ 5.6–5.8 ppm as broad
signals at room temperature and were sharpened at –50 ◦C. It was suggested
from the NMR studies that intramolecular NH· · ·OR hydrogen bonding inter-
actions brought about their stiff conformations (cf. Fig. 4 in Sect. 3.1.2), which
thus existed in a single conformation at the lower temperature.
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Further interesting is azacalix[4]arene 13b with a 1,3-alternate conform-
ation, which has been demonstrated to be inflexible in solution [33]. Confor-
mational behavior of 13b in solution was examined by means of relaxation
time measurements (Fig. 10). A much smaller longitudinal relaxation time of
1.03 s was observed for the aromatic protons of 13b, as compared with 2.51 s
reported for conformationally flexible p-tert-butylthiacalix[4]arene [34],
demonstrating that the 1,3-conformation of 13b was inflexible in solu-
tion. This result was further supported by two additional experimental
facts. First, 1H NMR spectra of 13b were temperature independent [22,
33]. Second, the observed nuclear Overhauser effects were properly ex-
plained by considering a sole contribution of an inflexible 1,3-conformation
of 13b [22]. X-ray crystallographic analysis revealed that a small annu-
lus of 13b was responsible for the conformational immobilization by the
small, but yet sufficiently bulky O-methyl groups [33], which were too
small for carbon-bridged calix[4]arenes to keep their conformations in
solution [1, 3, 35, 36].

Fig. 10 1H NMR spectra from an inversion recovery experiment for azacalix[4]arene 13b
in CDCl3 [33]
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4
Inclusion Properties of Azacalixarenes

One of the most intriguing properties of carbon- and sulfur-bridged calix-
arenes is their ability to form complexes with a variety of organic and inor-
ganic guest species. Inclusion properties of azacalixarenes remain relatively
unexplored as of yet, appearing in only seven papers. In six of them, com-
plexation behaviors of azacalix[n]pyridines 7b–d, 7f , 7g, and 8a as well as
azacalix[m]arene[m]pyridines 20b and 20f were studied [18, 19, 24–26, 37].
In the remaining paper, azacalix[4]arene 13b was investigated [33].

Tsue et al. investigated the host ability of azacalix[4]arene 13b for alkali-
metal cations [33]. Complexation behavior of 13b for the cations was exam-
ined by 1H NMR spectroscopy. As shown in Fig. 11, NMR signals of 13b were
drastically changed upon complexation with K+ ion. Strong signal broaden-
ing was observed for the methoxy groups at 25 ◦C, and the resonances of the
aromatic and tert-butyl protons were also broadened at –30 ◦C. Upon further
decreasing the temperature to –60 ◦C, each of the broadened NMR signals
was split into three, one of which corresponded to free 13b and the remaining
two were assigned to a 1 : 1 potassium complex [K 13b]+ depicted in Fig. 11.
Na+ and Li+ ions were similarly examined, but no spectral changes were ob-
served. As a result, azacalix[4]arene 13b exhibited selective complexation for
the K+ ion on the basis of the inflexible 1,3-alternate conformation in solution
(cf. Sect. 3.2).

Fig. 11 Partial 1H NMR spectra of azacalix[4]arene 13b (0.50 mM) in the presence of
potassium picrate (0.50 mM) in CDCl3/CD3OD (4 : 1, v/v). Open and solid circles represent
the NMR resonances of free 13b and those of potassium complex [K 13b]+, respectively.
Peaks marked with an asterisk are due to solvent impurities [33]
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Miyazaki et al. and Suzuki et al. reported that azacalixpyridines 8a and 7b
were capable of forming copper(I) and zinc(II) complexes, respectively [18,
19]. X-ray crystallographic analysis of the copper complex of 8a revealed
three interesting structural features. First, as shown in Fig. 12, conformation
of the complex is similar to that of free 8a (Fig. 2 in Sect. 3.1.1). Second, the
copper(I) ion is coordinated to two of the pyridine nitrogens. Third, the cop-
per(I) ion is in a distorted trigonal-planar arrangement rather than a typical
tetrahedral geometry. In the zinc complex of 7b, the zinc(II) ion is embedded
in the cavity in a slightly elongated octahedral coordination geometry with
two water molecules as axial ligands (Fig. 12). The complex adopts an approx-
imate S4 conformation in which each pyridine ring is located alternately on
both sides of the molecular mean plane. The zinc(II) ion is coordinated to
four pyridine nitrogen atoms, and no bridging nitrogens participate in the
coordination. Complexation behaviors of 8a and 7b with the relevant metal
ions in solution were also studied by 1H NMR spectroscopy, and these macro-
cycles as well as azacalix[6]pyridine 7d were demonstrated forming metal
complexes in solution [18, 19].

Fig. 12 X-ray crystal structures of metal complexes of azacalixpyridines [18, 19]
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Kanbara et al. further studied the proton affinity of azacalix[3]pyridine 8a,
which behaved as a proton-sponge-like organic superbase [37]. To examine the
basicity of 8a, transportation experiments on 8a, guanidine 39 (pKBH+ = 23.3 in
MeCN), and proton sponge 40 (pKBH+ = 18.2–18.7 in MeCN) were carried out
by 1H NMR spectroscopy. As schematically represented in Scheme 12, both free
8a and the protonated species [H 8a]+ were detected in the NMR experiments
using 1 : 1 mixtures of 8a and [H 39]+PF–

6 and of [H 8a]+PF–
6 and 39 in CD3CN,

whereas no free 8a was observed in the similar experiments using proton
sponge 40. These results clearly indicated that azacalix[3]pyridine 8a was more
basic than proton sponge 40. On the basis of the titration experiments using
guanidine 39, the pKBH+ value of azacalix[3]pyridine 8a was determined to be
23.3±0.1, implying that the basicity of 8a was greater by a factor of 108 than

Scheme 12 Proton transportation experiments of azacalix[3]pyridine 8a [37]

Fig. 13 X-ray crystal structures of monoprotonated azacalix[3]pyridine [H 8a]+ [37]
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those of the component monomers such as 2-aminopyridine (pKBH+ = 14.26–
14.66) and 2,6-diaminopyridine (pKBH+ = 14.56). This strong synergistic effect
on protonation was demonstrated by the X-ray crystallographic analysis of the
protonated species [H 8a]+PF–

6, in which one proton was embedded in the cav-
ity and chelated by the nitrogen lone pairs of the pyridine rings, as shown in
Fig. 13.

Gong et al. also investigated the protonation abilities of azacalix[n]pyr-
idines 7b and 7f as well as azacalix[m]arene[m]pyridines 20b and 20f [24].
For studying protonation behavior, UV-vis titration experiments were car-
ried out in order to estimate the protonation constants (log Ki, where i = 1
to 8), as summarized in Table 2. Depending on the number of pyridine rings
present, 7b, 7f , 20b, and 20f captured up to four, eight, two, and four pro-
tons, respectively. The more the pyridine rings present within a macrocycle,
the larger the log Ki value. The bridging nitrogens exhibit low basicity, and
no protonations were observed on them because of the conjugation and the
steric hindrance. Exclusive protonations onto the pyridine nitrogens were
supported by the X-ray crystallographic analyses of the protonated species of
azacalix[4]pyridine 7b (Fig. 14).

Also interesting are the fullerene-complexation properties of azacalix[n]
pyridines 7b, 7c, 7f , and 7g as well as azacalix[m]arene[m]pyridines 20b
and 20f [24–26]. Depending on the size of the macrocyclic ring, aza-
calix[5]pyridine 7c, azacalix[8]pyridines 7f , azacalix[10]pyridine 7g, and
azacalix[4]arene[4]pyridine 20f strongly interacted with fullerenes C60 and
C70 in toluene, whereas smaller analogues 7b and 20b had no affinity to-
wards them. The interaction between 7f or 20f and C60 was detectable even
with the naked eye; the color of a toluene solution of C60 changed from its

Table 2 Protonation constants (log Ki) of azacalix[n]pyridines and azacalix[m]arene[m]-
pyridinesa

i Protonation log Ki
7b (n = 4) 7f (n = 8) 20b (m = 2) 20f (m = 4)

1 L + H+�[HL]+ 8.4±0.2 9.9±0.3 5.84±0.08 7.1±0.7
2 [HL]+ + H+�[H2L]2+ 5.5±0.7 7.6±0.9 1.3±0.0 4.9±0.0
3 [H2L]+ + H+�[H3L]3+ 3.4±0.2 6.1±0.1 –b 2.8±0.9
4 [H3L]+ + H+�[H4L]4+ 0.9±0.2 5.0±0.7 –b 1.0±0.1
5 [H4L]+ + H+�[H5L]5+ –b 3.7±0.3 –b –b

6 [H5L]+ + H+�[H6L]6+ –b 2.2±0.3 –b –b

7 [H6L]+ + H+�[H7L]7+ –b 1.6±0.4 –b –b

8 [H7L]+ + H+�[H8L]8+ –b 1.3±0.6 –b –b

a Quoted from [24]
b No protonation
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Fig. 14 X-ray crystal structures of mono- and diprotonated species of azacalix[4]pyridine
7b [24]

characteristic purple to a light brown. Fluorescence titration experiments
were performed in order to estimate the stability constants (Table 3). As a re-
sult, azacalix[n]pyridines 7c, 7f , and 7g as well as azacalix[4]arene[4]pyridine
20f exhibited much higher stability constants than those obtained for the
complexations of fullerenes with other mono-macrocyclic receptors thus re-

Table 3 Stability constants (105 mol–1 dm3) for the complexation of fullerenes with
azacalix[n]pyridines and azacalix[m]arene[m]pyridinesa

Compound Fullerene
C60 C70

7b (n = 4) –b –b

20b (m = 2) –b –b

7c (n = 5) 2.6±0.01 1.2±0.03
7f (n = 8) 4.6±0.02 1.1±0.02
20f (m = 4) 7.1±0.02 13.7±0.04
7g (n = 10) 3.0±0.008 1.3±0.03

a Quoted from [24–26]
b No complexation



Azacalixarene: A New Class in the Calixarene Family 95

ported. The efficient complexations of fullerenes by these macrocycles were
interpreted in terms of the complementarity between the host and guest.

5
Concluding Remarks

A variety of azacalixarenes have been produced by applying three different
synthetic strategies that are essentially the same as those established in calix-
arene chemistry. The diversity is still limited as compared with carbon- and
sulfur-bridged calixarenes, however, structural perturbations imparted by
the bridging nitrogen atoms have been clearly disclosed, especially through
investigations regarding the solid state structures. The reason for this is ob-
vious; the bridging nitrogen atoms are allowed to effectively conjugate with
the aromatic π-systems due to the allocation of the nitrogen lone pair to the
2p orbital with a substantially identical shape to that of carbon atom. This
electronic effect is also reflected to the complexation properties of azacalix-
arenes, in particular, with electron-deficient fullerenes. However, in order for
azacalixarene chemistry to progress, a broader knowledge of this new calix-
arene family has to be further accumulated and organized, as the history of
calixarenes and thiacalixarenes has demonstrated.
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Abstract The extensive development of the studies on calixarenes has promoted a grow-
ing interest in exploring the chemistry of heterocalixarenes in which the phenolic units
of calixarenes are replaced by heterocycles. Calixfurans, or tetraoxaporphyrinogens, con-
stitute a major class of heterocalixarenes. In addition to their potential capability as
receptor molecules, they have been employed as a versatile molecular platform for further
chemical transformation into a variety of macrocyclic compounds by taking advantage
of the chemical lability of the furan units. This review summarizes the synthesis, reac-
tions, structures, and host–guest chemistry of calix[n]furans and their hybrid systems
containing other aromatic units such as pyrrole and thiophene.

Keywords Calixfurans · Conformation · Crystal structure · Heterocalixarenes ·
Inclusion Properties
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1
Introduction

Calixarenes are cyclic compounds made up of benzene rings connected by
methylene bridges in meta-positions, which were named by Gutsche from the
Greek calix meaning “vase” or “chalice” [1–5]. They have been widely uti-
lized as versatile building blocks in supramolecular chemistry. The extensive
development of studies on calixarenes has promoted a growing interest in
exploring the chemistry of analogues of this class of macrocycles, in which
the phenolic units are replaced by heterocycles [6–9]. Among such hetero-
calixarenes, calixpyrroles have attracted a lot of attention because of their
applications in designing receptors and molecular devices, their oxidation to
porphyrins, and the fact that many review articles have been published about
their chemistry [10–12]. Calixfurans, or tetraoxaporphyrinogens, also con-
stitute a major class of heterocalixarenes, the history of which dates back
to the beginning of 1900s. The cyclic array of furan rings forms a relatively
π-electron-rich cavity. The structures of calixfuran macrocycles somewhat
resemble those of crown ethers, although the donor ability of furan oxygen
is weaker than that of ether oxygen. In addition to the potential capability
of calixfurans as receptor molecules, the furan rings in their framework have
high chemical lability, which enables them to be used as a building block in
organic synthesis [13, 14]. Containing such reactive rings as the main com-
ponents, calixfurans can serve as a versatile molecular platform for further
chemical transformation into a variety of macrocyclic compounds. In the
present review, the synthesis, reactions, structures, and host–guest chemistry
of calix[n]furans are discussed. For simplicity, the cyclic oligomers of furan
units, i.e., calix[n]furans, and the linear oligomers are denoted as Cn and Ln
in some parts of this article.
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2
Syntheses of Calix[n]furans

2.1
Syntheses of Calix[4]furans

2.1.1
Single-Step Synthesis

The preparation of calixfurans by one-pot condensation of furan with ketones
has been investigated since the 1950s. It was revealed, however, that the first
single-step synthesis of a calixfuran was unintentionally carried out in the be-
ginning of 1900s, when Hale et al. treated ethyl furoate with ethyl magnesium
iodide [15]. The product was originally characterized as 3-furyl-2-pentane by
Hale et al. but later identified to be calix[4]furan 1 by Ackman et al. [16], as
well as Beals et al. [17].

In 1955, Ackman et al. reported the preparation of calix[4]furans by acid-
promoted condensation of furan with ketones [16]. When acetone and furan
were condensed in the presence of hydrochloric acid, calix[4]furan 1 was ob-
tained in 18% yield. Chastrette et al. found that the addition of metal salts
increased the yield of 1, e.g., 25% in the presence of LiClO4, suggesting that
a template effect may be operating [18]. However, by close examination of
the reaction conditions, Rest et al. proposed that the action of metal salts can
be explained in terms of their effect on the acidity of the reaction medium
rather than the ion template effect [19, 20]. They also found that the yields of
calix[4]furans are dependent on the concentration of hydrochloric acid used
for condensation. The maximum yields of 35% and 16% were obtained for
the acetone-condensed product 1 and the cyclohexanone-condensed prod-
uct 2, respectively. Jurczak et al. reported that the use of highly concentrated
sulfuric acid afforded the calix[4]furanes 1 and 2 in yields of 71% and 49%,
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respectively, although no metal salt was added [21]. Also in these cases, a sub-
stantial effect of acid concentration on the reaction yield was observed. The
highest yields were obtained for concentration of sulfuric acid 90.5% and
87.6% for 1 and 2, respectively. However, cyclocondensation reactions under
similar conditions using other ketones (such as chloroacetone, various methyl
alkyl ketones, acetophenone, as well as higher symmetric ketones) were un-
successful. For example, successful one-pot synthesis of 3 from furan and
2-butanone has never been described in the literature.

While the first synthesis of the parent calix[4]furan 4 was carried out by
the stepwise procedure [22], Vogel et al. reported the single-step synthesis
of 4 by cyclocondensation of furfuryl alcohol (5), not by the reaction of fu-
ran with formaldehyde or its derivatives (Scheme 1) [23]. They reported that
treatment of 5 with ZnCl2/HCl produced 4, which was isolated only in 1%
yield but was made tolerable for a preparative scale reaction through an easy
purification procedure. Cyclocondensation of 5 catalyzed by BF3·Et2O also
afforded 4 in 1.3% yield. The high yield synthesis of 4 was achieved by the
stepwise procedure using BF3·Et2O (vide infra) [24].

Scheme 1 Syntheses of calix[4]furans 4 and 7 [23, 24]

When furfuryl alcohol 6 bearing ethyl groups on the furan ring was sub-
ject to cyclocondensation reaction in the presence of p-toluenesulfonic acid,
the corresponding calix[4]furan 7 was obtained in 16% yield (Scheme 1) [25],
which is much better than that of the conversion of 5 to the parent macro-
cycle 4. This yield enhancement was explained in terms of the “helical effect”,
in which the ethyl groups promote ring closure to form the macrocycle on
conformational grounds. In addition to 7, the larger cyclocondensation prod-
ucts with five or more furan components are formed (total 2–3%).

Another unique one-pot synthesis of calixfuran analogues is that of the
silicon-bridged calixfurans. Treatment of furan with two equimolar amounts
of n-BuLi/TMEDA/t-BuOK followed by slow addition of Me2SiCl2 afforded
the cyclic tetramer 8 and hexamer 9 in 16% and 10% yields, respectively
(Scheme 2) [26, 27].
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Scheme 2 Syntheses of the silicon-bridged calixfurans 8 and 9 [26, 27]

2.1.2
Stepwise Synthesis

In the article describing the single-step synthesis of calix[4]furans, Ack-
man et al. also reported the HCl-promoted cyclocondensation of the linear
tetramer 10 bearing isopropylidene bridges with acetone, 2-butanone, and
3-pentanone to produce calix[4]furans 1, 13, and 14 in 47–53% yields
(Scheme 3) [16]. The cyclocondensation of the L4 unit 10 with other car-
bonyl compounds such as chloroacetone, levulinic acid, ethyl levulinate, and
cyclohexanone afforded the corresponding non-symmetric calix[4]furans
such as 15 (Scheme 3) [28, 29]. The isobutylidene-bridged calix[4]furan 3,
which was not accessible by the single-step procedure, was also obtained by
the L4 unit 11 bearing isobutylidene bridges with 2-butanone in 65% yield
(Scheme 3) [30]. The same product was obtained in 37% yield at the highest
by the fragment coupling method with the corresponding L2 unit 17 and
2-butanone [16].

The parent calix[4]furan 4 was first isolated by Vogel et al. in the reaction
of the L2 fragment 18 with formaldehyde in the presence of LiClO4 and per-
chloric acid, albeit in low yield of 0.5–1% [22]. Preparation of 4 in reasonable
yield was attained by the Lewis acid-catalyzed cyclization of the L4 precur-
sor 12. Musau and Whiting reported that the linear tetramer 12 was converted
into 4 by using CH2(OMe)2 instead of formaldehyde as the bridging reagent in
the presence of BF3·OEt2 in dichloromethane [24]. The analysis of the crude
product showed that the reaction was essentially quantitative. However, the
chromatographic purification caused considerable product decomposition to
reduce the isolated yield of 4 to 34%. In the reaction of the L2 fragment 18
with CH2(OMe)2 under similar conditions, calix[4]furan 4 was obtained only
in 6% yield. They noted that the use of HCl as a condensation catalyst resulted
in the decomposition of the CH2-bridged linear oligomers.

Although the cyclization of the L4 precursor is promising in general, the
coupling of L2 fragments also provides an efficient route to calix[4]furans be-
cause a variety of L2 units are easily accessible in comparison with longer
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Scheme 3 Syntheses of calix[4]furans by the stepwise methods [16, 22, 24, 28–30]

oligomers. This approach was first described by Ackman et al. again, who re-
ported the HCl-catalyzed condensation of the L2 units 16 or 17 bearing an
isopropylidene or isobutylidene bridge with acetone or 2-butanone [16]. The
corresponding calix[4]furans 1, 3, and 19 were obtained in 37–43% yields.
By cyclocondensation of L2 units with ketones under similar conditions,
Brown et al. synthesized calix[4]furans with various bridging unit such as
cyclohexylidene bridges and chloromethyl-substituted bridges [17, 28, 30, 31].
Jurczak et al. also used highly concentrated sulfuric acid for the cycloconden-
sation of L2 fragments with ketones [29]. Calix[4]furans 19-23 with various
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substituents as well as the octamethyl derivative 1 were obtained efficiently
in 11–66% yields, which are generally higher than those of the corresponding
HCl-catalyzed reactions.

There was no report on the synthesis of calixfurans by cyclocondensation
of furan with aldehyde in the single-step procedure. However, the condensa-
tion of the L2 unit 24 with acetaldehyde in the presence of LiClO4/HClO4 af-
forded the calix[4]furan 25 bearing ethylidene bridges in 31% yield as a mix-
ture of the stereoisomers (Scheme 4) [32, 33]. Calix[4]furans bearing propyl-
idene or benzylidene bridges were also prepared by similar methods [33, 34].

Scheme 4 Synthesis of calix[4]furan 25 by the condensation of the L2 unit with alde-
hyde [32, 33]

Other types of L2 fragment coupling involves the reaction of L2 units
bearing hydroxymethyl or alkenyl groups at both ends. Thus the reaction of
diol 26 and difurylalkane 16 in the presence of hydrochloric acid afforded
calix[4]furan 1 although in low yield (Scheme 5) [31]. Calix[4]furan 2 was ob-
tained by the coupling of the L2 unit 27 bearing cyclohexenyl groups with
difurylalkane 28 [28].

Scheme 5 Syntheses of calix[4]furans by the L2 fragment coupling method [28, 31]

Such methodology has been conveniently employed in the synthesis of
hybrid calixfuran systems containing other aromatic units such as pyrrole
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and thiophene. In the chemistry of heterocalixarenes, incorporation of var-
ious kinds of heterocycles as a part of the parentmacrocycle has been an
effective means to modulate the binding properties of the receptors. A var-
iety of hybrid calixfurans have been synthesized by the coupling of linear
oligomers with their counterparts bearing α-hydroxyalkyl groups at both
ends. In 1958, Brown et al. reported the first synthesis of hybrid calix[4]furans
by the reaction of diol 26 with furylpyrrolylmethane 29 or dipyrrolylmethane
30 to produce calix[3]furan[1]pyrrole 31 or calix[2]furan[2]pyrrole 32, re-
spectively [35]. Lee et al. synthesized various kinds of hybrid calix[4]furans
containing pyrrole and/or thiophene rings by BF3-catalyzed (2 + 2) con-
densation of the L2 unit with the L2-derived diol [36] or (3 + 1) con-
densation of the L3 unit with the L1-derived diol [37, 38]. For example,
calix[1]furan[2]pyrrole[1]thiophene 37 was prepared by the BF3-catalyzed
condensation of the hybrid L3 unit 35 with diol 36 in 39% yield (Scheme 6).

Scheme 6 Syntheses of hybrid calixfurans by the L2 fragment coupling method [38]
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In this reaction, the corresponding cylic octamer 38 (11%) as well as hexamer
39 (2%) was also obtained. The formation of hexamer 39 was explained in
terms of acid-catalyzed, reversible cleavage of the starting material during the
reaction. The unsubstituted calix[1]furan[3]pyrrole 33 and calix[4]pyrrole 34
were isolated for the first time by Taniguchi et al in the similar BF3 catalyzed
(3 + 1) condensation [39].

2.2
Syntheses of Calix[5]furans, Calix[6]furans, and Larger Homologues

2.2.1
Single-Step Synthesis

In the acid-catalyzed condensation of furan and acetone, not only calix[4]-
furan 1 but also the larger homologues are generated. With the furan to
acetone ratio of 1 : 6, the reaction products included C4 1, C5 40, and C6 41
in the ratio of ca. 12.5 : 1 : 1.2 [40]. An analysis of different crude mixtures
obtained by varying the ratio of furan to acetone indicated that an excess of
acetone favors the formation of C4 1 over linear oligomers, and it also re-
vealed that C4 1 is always the major cyclic component with respect to the
larger macrocycles 40 and 41.

2.2.2
Stepwise Synthesis

Calix[5]furan 40 with isopropylidene bridges was prepared by the HCl-
catalyzed cyclocondensation of the L5 unit 49 with acetone in 45% yield
[32, 41]. An approach to 40 by the coupling of the L2 and L3 units was not
very successful. In the condensation of the L2 unit 16, the L3 unit 48, and ace-
tone with and without LiClO4·(DME)2, the ratios of C4 1 : C5 40 : C6 41 were
2.8 : 1 : 1.8 and 4.2 : 1 : 1.4, respectively [40]; C5 40 is always the least favored
product. This result also indicates that the efficient synthesis of the larger
calixfurans directly from furan and acetone is hampered by the fact that C4 1
constitutes a sink for the growing oligomeric chain. The parent calix[5]furan
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44 was obtained by cyclocondensation of the L5 unit 53 with CH2(OMe)2 in
the presence of BF3·OEt2 in 3–5% yield [24].

Calix[6]furan 41 with isopropylidene bridges was also obtained by the
cyclocondensation of the linear precursor 50 with acetone in 52% yield [32].
Addition of LiClO4 or CsClO4 showed essentially no effect on the yield in the
hydrochloric acid-promoted synthesis of 41 [20].

Preparation of C6 41 by the condensation of the L3 unit 48 and acetone was
first reported by Ackmann et al., although in low yield [16]. Kohnke et al. im-
proved the procedure and isolated C6 41 in 25–28% yield [40, 42]. While the
yield is not so high, their protocol does not require chromatographic purifi-
cation, which is suitable for a large-scale preparation. Jurczak et al. reported
the condensation of L3 48 with cyclohexanone or ethyl levulinate in the pres-
ence of 90.5% sulfuric acid to produce the corresponding non-symmetric
calix[6]furans 55 and 56 (Scheme 7) [29]. The parent calix[6]furan 45 was
obtained by cyclocondensation of the L6 unit 54 with CH2(OMe)2 in the pres-
ence of BF3·OEt2, although only in 1% [24].

Scheme 7 Syntheses of calix[6]furans 55 and 56 by the condensation of the L3 unit with
ketone [29]

Isolation of calix[7]furan derivatives has never been reported to date al-
though the parent calix[7]furan 46 was detected in the crude mixture of the
reaction of the L2 unit 18, the L3 unit 52, and CH2(OMe)2 in the presence of
BF3·OEt2 [24].

Calix[8]furan derivatives have only been obtained as minor products in the
condensation of L4 units [20]. In the HCl-promoted condensation of the L4
unit 10 and acetone, which afforded C4 1 as the major product, C8 42 was also
obtained, albeit only in low yield. Similarly, the parent calix[8]furan 47 was
obtained in 2% yield in addition to C4 4 (34%) in the condensation of the L4
unit 12 with CH2(OMe)2 in the presence of BF3·OEt2 [24].

Calix[9]furan 43 with isopropylidene bridges was prepared by the HCl-
promoted cyclocondensation of the L9 precursor 51 with acetone in 45%
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yield [40]. Under the same conditions, the condensation of the L3 unit 48 and
acetone afforded C6 41 and C9 43 in 18% and 6.5% yields, respectively.

For the preparation of larger family of calixfurans, the cyclization of the
corresponding linear oligomers is considered to be the most promising way
when such precursors are available. Although not reported yet, the cyclization
of the L7 and L8 units with isopropylidene bridges, which were prepared

Scheme 8 Syntheses of hybrid calixfurans by the coupling of linear oligomers [43, 44]
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by Rees et al. by a rational approach [41], would afford the corresponding
calix[7]furan and calix[8]furan, respectively, in reasonable yields.

Similar to hybrid calix[4]arenes, the larger family of hybrid calixfu-
rans containing pyrrole and/or thiophene rings in various patterns have
been prepared by the condensation of linear oligomers with their coun-
terparts bearing α-hydroxyalkyl groups. Lee et al. reported the BF3 cat-
alyzed (3 + 2) condensation of the L3 unit 57 with the L2-derived diol 58
to produce calix[3]furan[2]pyrrole 59 (55%), in which the corresponding
calix[6]furan[4]pyrrole (15%) was also obtained by (3 + 2 + 3 + 2) condensa-
tion (Scheme 8) [43]. In the (4 + 2) condensation of the L4 unit 60 and diol
58, calix[4]furan[2]pyrrole 61 and the corresponding calix[8]furan[4]pyrrole
were obtained in 53% and 11% yield, respectively. The cryptand-like
calix[2]furan[4]pyrrole 63 having a polyether strap was synthesized by the
condensation of bis(bipyrrylmethane) 62 with diol 36 in the presence of tri-
fluoroacetic acid in 22% yield [44].

3
Reactions of Calix[n]furans

3.1
Transformations to Other Heterocalixarenes

One of the synthetic utilities of furans is their ability to function as
masked 1,4-dicarbonyl compounds. In 1981, Le Goff and Williams re-
ported the oxidative ring-opening of the furan units of calix[4]furan 1 and
calix[6]furan 41 [45]. Oxidation of calix[4]furan 1 by bromine in aqueous
acetic acid resulted in the furan-ring opening to produce bis(trans-enedione)
64 (Scheme 9). In this reaction, the use of 4 equimolar amount of bromine
did not open more than two of the furan rings. However, oxidation of 1
by 4.2 equimolar amount of m-chlorobenzoic acid (MCPBA) afforded the
tetra-ring-opened octaketone 65, in which cis-enediones were formed stere-
ospecifically. Likewise, treatment of calix[6]furan 41 with 6.3 equimolar
amount of MCPBA produced dodecaketone 67. Similarly, decaketone 66 was
also obtained by MCPBA oxidation of calix[5]furan 40 [46].

By varing the stoichiometry of MCPBA in these reactions, partially ring-
opened products can also be obtained. For example, calix[4]furan 1 reacted
with 3.1 equimolar amount of MCPBA to afford the tri-ring-opened prod-
uct 68, while treatment with 2.2 equimolar amount of the peracid produced
a mixture containing the di-ring-opened regioisomers 69 and 70, as well as
68 [45]. Oxidation of calix[6]furan 41 with 4 equimolar amount of MCPBA
gave a mixture of the enediones 71, 72, and 73 [42].

The endiones such as 64–73 obtained by bromine- or MCPBA-mediated
ring opening of calixfurans can be reduced to the corresponding saturated
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Scheme 9 Oxidation of calixfurans [45, 46]

derivatives, such as 74 and 75, which accomplishes formal hydrolysis of
the furan units in the macrocycle to 1,4-diketones. The 1,4-diketone deriva-
tives thus obtained can be subjected to the Pall–Knorr pyrrole synthesis
to produce a macrocycle containing pyrrole rings. Tetraketone 75 derived
from calix[4]furan 1 via 64 was treated with ammonium acetate to give
calix[2]furan[2]pyrrole 76 [47].

By homologation of the furan rings of calix[5]furan 40 and calix[6]furan
41 to pyrrole, Kohnke et al. reported the syntheses of the larger family of
calixpyrroles, which otherwise are not readily obtainable, as well as the hy-
brid systems. In contrast with calix[4]pyrroles such as 77, the larger fam-
ily of calixpyrroles such as 78 and 79 tend to undergo a facile mitosis
reaction to the cyclic tetramer even under mild acidic conditions. Reduc-
tion of the calix[5]furan-based enedione 66 followed by Pall–Knorr reac-
tion afforded calix[5]pyrrole 78, which was found not to be so unstable as
originally envisaged (Scheme 10) [46]. Similarly, calix[1]furan[5]pyrrole 80,
calix[2]furan[4]pyrrole 81, calix[3]furan[3]pyrrole 82, and calix[6]pyrrole 79
were derived from the calix[6]furan-based enediones 71, 72, 73, and 67, re-
spectively [42, 48].

Kohnke et al. also reported the conversion of calixfurans to hetero-
cyclophanes containing isopyrazole units via cyclic polyketone deriva-
tives such as 74 [49]. Treatment of polyketone 74 with hydrazine hy-
drate gave the isopyrazole-based macrocycles 83. The corresponding hex-
amer was also prepared by the same protocol. The transformation of
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furans into thiophenes with hydrogen sulfide in acidic media is a well-
established reaction in furan chemistry. By applying this reaction to the
parent calix[4]furan 4, Vogel et al. succeeded in the first synthesis of
the parent calix[4]thiophene 84, which has not been obtained by coup-
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Scheme 10 Conversion of calixfurans to calixpyrroles and hybrid systems [42, 46, 48]

ling suitable 2,2′-dithienylmethane derivatives [23]. They also synthesized
calix[4]selenophene 85 by the reaction of 4 with hydrogen selenide [23]. Ree
et al. reported the conversion of calix[4]furan 1 and calix[6]furan 41 into
macrocyclic isothiazoles, such as 86, where the recently developed transform-
ation of 2,5-disubstituted furans into 5-acyl-3-substituted isothiazoles was
applied [50].

Oxidation of calix[4]furans 4 and 7 by nitric acid, cerium(IV) ammo-
nium nitrate, or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) followed
by subsequent treatment with HClO4 provided the corresponding dications
87 and 88, respectively (Scheme 11) [23, 25, 51]. Catalytic hydrogenation of
calixfurans on Raney nickel, Ru/C, or Ru–Rh/C produces the corresponding
calixtetrahydrofurans, such as 89 [18, 32].

Scheme 11 Syntheses of the dication salts 87 and 88 [23, 25, 51]
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3.2
Modification via Cycloaddition Reactions

The furan units of calixfurans are readily subjected to Diels–Alder reac-
tions with various dienophiles. In 1982, Hart et al. reported the reaction of
calix[4]furan 1 with 4 equimolar amount of benzyne (generated from benzene-
diazonium carboxylate hydrochloride) to give the adduct 90 (Scheme 12) [52].
Deoxygenation of 90 to produce the corresponding calix[4]naphthalene 91
was unsuccessful probably because of the rigidity or steric hindrance of 90.
On the other hand, such transformation from the furan ring to naphthalene
was performed in the partially ring-opened calix[4]furan derivative 75 with
a more flexible framework. Calix[2]furan[2]naphthalene 94 was prepared by
benzyne addition to the bisfuran macrocycle 69 to produce adduct 92 followed
by catalytic hydrogenation and subsequent acid-promoted dehydration [52].

Scheme 12 Modification of calix[4]furan 1 and its derivative 75 via benzyne addition [52]

Chemical modification of calix[6]furan 41 by Diels–Alder reactions with
benzyne and dimethyl acetylenedicarboxylate (DMAD) was studied by
Kohnke et al. (Scheme 13) [53]. The reaction of 41 with benzyne afforded
the adduct 95, which was converted to calix[5]furan[1]naphthalene 96 by
hydrogenation and subsequent dehydration. Two isomeric calix[4]furan[2]-
naphthalenes 97 and 98 were obtained by similar chemical transformation
starting from the corresponding bis-benzyne-adducts. Preparation of the
tris-benzyne-adduct 99 was also reported.
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Scheme 13 Modification of calix[6]furan 41 via benzyne addition [53]

The Diels–Alder reaction of calix[6]furan 41 with DMAD afforded the
mono-adduct 100 and four isomeric bis-adducts 101 and 102 (syn and anti
isomers for each) (Scheme 14) [53]. The oxanorbornadiene units of the
adducts 100–102 were converted into 3,4-furandicarboxylate by the selective
hydrogenation of the double bonds without the methoxycarbonyl groups fol-
lowed by the retro Diels–Alder reaction. Thus, the calix[6]furan derivatives
103–105 were obtained via 3 steps starting from 41. It is notable that cal-
ixfurans containing 3,4-furandicarboxylate units cannot be obtained by the
condensation of 3,4-furandicarboxylate due to the electron-withdrawing de-
activating effect of these groups.

4
Structures and Inclusion Properties of Calixfurans

4.1
Structures of Calixfurans

In general, there are four typical conformations for calix[4]arene derivatives,
i.e., the cone, the partial cone, the 1,2-alternate, and the 1,3-alternate con-
formations (Fig. 1). It has been indicated that the parent calix[4]arene 106
predominantly takes the cone conformation both in the solid state and in so-
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Scheme 14 Syntheses of substituted calix[6]furans via cycloadducts [53]

lution [3]. Heterocalix[4]arenes such as calix[4]furans and calix[4]pyrroles
can also have these four typical conformations, and sometimes they show
conformational preference different from that of calix[4]arenes.

It was reported that the parent calix[4]furan 4 crystallizes from ethanol
in monoclinic and triclinic forms [22]. In the monoclinic form, 4 adopted

Fig. 1 Four typical conformations of calix[4]arene 106
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Fig. 2 Crystal structure of calix[4]furan 4 in monoclinic form (a), and two independent
structures in triclinic form (b and c) [22]

a 1,3-alternate conformation with approximately D2d symmetry (Fig. 2a). In
another single crystal (triclinic), two conformations were observed (Fig. 2b
and c), both of which differ significantly from that in the monoclinic form.

The DFT calculations (BLYP/6-31G∗∗) on the four conformers of 4 indi-
cated that the 1,3-alternate structure is the most stable, followed by the partial
cone and the cone structures, while the 1,2-alternate structure is the least sta-
ble [54]. The calculated 1,3-alternate structure of 4 showed good agreement
with the crystal structure observed in the monoclinic form. The calculations
indicated that the 1,3-alternate conformation is also the most stable for the
parent calix[4]pyrrole 34 and the parent calix[4]thiophene 84. The preference
of the 1,3-alternate conformation in these heterocalix[4]arenes was mainly
explained in terms of the adjacent ring–ring electrostatic interaction. The cal-
culated relative energies (BLYP/6-31G∗∗) between syn- and anti-conformers
of the substructures of heterocalix[4]arenes 4, 34, and 84 are shown in Fig. 3
(unit: kcal mol–1). In all cases, the anti structure is more favorable than the
syn structure. With the increase in the dipole moment of the heteroaromatic
ring, from furan (0.91 D) to thiophene (0.98 D) and pyrrole (2.32 D), the
energy difference becomes larger, and the cone conformation is more desta-
bilized by the ring–ring electrostatic repulsion.

Calix[4]furan 1 with isopropylidene bridges also adopted the 1,3-alternate
conformation, which is similar to that found in the monoclinic form of the
parent calix[4]furan 4 [55]. The diameter of the central cavity of 1 is 2.02 Å,
cf. 1.8 Å for 15-crown-5 and 2.8 Å for 18-crown-6 [56]. The crystal struc-

Fig. 3 Calculated relative energies (kcal mol–1) between syn- and anti-conformations of
substructures heterocalix[4]arenes (BLYP/6-31G∗∗) [54]
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Fig. 4 Crystal structures of calix[4]furans 1 and 2 [55, 57]

ture of calix[4]furan 2 with cyclohexyl units showed a similar 1,3-alternate
conformation [57]. In this structure, the furan rings of 2 are oriented in
a nearly orthogonal up-down-up-down geometry. The angles between the
mean plane of the macrocyclic ring and the furan-ring planes are 87–93◦.
These values are closer to orthogonal than those of calix[4]furans 4 (76–80◦
for monoclinic form) and 1 (77–80◦). This tendency was attributed to the
bulky cyclohexyl units interacting with the hydrogen atoms of the furan rings.
The silicon-bridged calix[4]furan 8 also showed a 1,3-alternate structure in
the crystal [27].

Among the larger family of calixfurans, only the crystallographic analysis
of calix[6]furan 41 with isopropylidene bridges has been reported so far [40,
53]. The crystal structure of 41 has a crystallographic C2 axis of symmetry
passing through the two furan rings in the distal positions (Fig. 5). These two
furan rings are oriented codirectionally and are approximately coplanar with
the mean plane of the macrocycle. The other four furan rings adopt a near
orthogonal up-down-up-down geometry. Such conformation of the macrocy-
cle leaves almost no central void, despite the relatively large ring size.

Fig. 5 Crystal structure of calix[6]furan 41 [40, 53]
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4.2
Inclusion Properties of Calixfurans and Their Derivatives

Although the structures of calixfurans resemble those of crown ethers, their
complexing abilities are generally poor due to the weak donor ability of the
furan oxygen. Floriani et al. reported the synthesis of a unique silver complex
of calix[4]furan 107 bearing ethyl groups on the bridges [58]. The reaction of
107 with silver triflate produced the dimeric complex, [107·AgSO3CF3]2, the
structure of which was characterized by X-ray analysis (Fig. 6). The equatorial
plane around a pseudo-octahedral silver cation of the complex is determined
by two oxygen atoms of the ligand 107 with a 1,3-alternate conformation and
another two oxygen atoms of triflate anions. Interestingly, two axial coor-
dination sites are filled by two C–H bonds, showing a (C–H)–M triangular
arrangement, characteristic of a three center–two electron interaction. While
there have been numerous examples of C–H agostic interactions, this com-
plex presents an unprecedented type of side-on interaction of a C–H bond. It
is probable that the poor binding ability of the calixfuran ligand plays a key
role on the observation of such type of interaction.

In contrast with usual calixfurans with carbon bridges, the silicon-bridged
calix[4]furan 8 was found to act as a good and specific chelator for Hg2+ ions,
while its larger analogue, calix[6]furan 9, did not show any significant metal
binding ability [27]. A rationale for the metal affinity and specificity of 8 has
not been given.

Compared with calixfurans, their saturated derivatives, i.e., calixtetra-
hydrofurans, such as 89 were found to show better binding abilities for metal
cations [18, 20, 32]. Some calix[4]tetrahydrofuran derivatives have been em-
ployed as ionophores of lithium ion-selective membrane electrodes [34, 59].

Fig. 6 Crystal structure of complex [107·AgSO3CF3]2 [58]
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Fig. 7 Crystal structure of complex 108 [47]

Hybrid calixfuran systems containing other heterocycles have also been
utilized as the ligands for metal cations. The dianionic ligand derived from
calix[2]furan[2]pyrrole 76 forms the cobalt complex 108 in the reaction with
CoCl2(THF)1.5, the structure of which was established by X-ray analysis
(Fig. 7) [47]. The Co–O (furan) and Co–O (THF) bond lengths are 2.302(4)
and 2.242(5) Å, respectively. There is a very weak Co–O interaction between
the cobalt center and the furan oxygen, and the macrocyclic ligand set masks
a dicoordinate cobalt in the cavity.

Some hybrid calixfurans containing pyrrole rings can serve as anion re-
ceptors. Kohnke et al. investigated the anion binding properties of hybrid
calix[n]furan[m]pyrroles (n + m = 6) 80–82 as well as calix[6]pyrrole 79 [48].
As expected, the binding constants for halogen anions increased with the
number of the pyrrole rings. The binding constants Ka (mol–1 dm3) for
Cl– (tetrabutylammonium salt) in wet CD2Cl2 are 1.2×104 ± 103 for 79,
5.5×103 ± 600 for 80, and 65 ± 8 for 81 while no detectable binding was
observed for 82. Calix[1]furan[5]pyrrole 80 and calix[2]furan[4]pyrrole 81
showed complexing ability for chloride and fluoride anions, respectively,
whereas calix[3]furan[3]pyrrole 82 did not undergo a detectable complexa-
tion with halogen anions. The structure of the complex [80·Cl–][18-crown-
6·K+] is shown in Fig. 8. The binding constant of the hybrid cyclic hexamer
81, containing four pyrrole units and two furan units, with fluoride is larger
than that of calix[4]pyrrole 77, indicating the favorable effect of a larger cav-
ity size when the number of pyrrole units is kept constant. It is also notable
that 81 exhibits considerably greater selectivity between fluoride and chloride
than 77.

The strapped calix[2]furan[4]pyrrole 63 with a cryptand-like structure
showed moderate binding ability for fluoride. It was suggested that 63 can
possibly bind CsF as an ion pair in the cavity [44].
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Fig. 8 Crystal structure of complex [80·Cl–] [48]

5
Concluding Remarks

Calixfurans appear to be a tactful supporting actor in the chemistry of cal-
ixarenes. Although their intrinsic binding abilities are rather modest, the
weak coordination by the furan units of calixfurans or hybrid systems plays
a crucial role in some cases. More importantly, calixfurans can transform
themselves into a wide variety of macrocycles including those otherwise dif-
ficult to access. Further development of the synthetic strategy of calixfurans
as well as the novel methods for their transformation to other functional
molecules is expected. Since conformational behavior of calixfurans has not
been sufficiently clarified yet, the more sophisticated strategy for regulation
of their conformational dynamics should be further explored for the ready
construction of the desired molecular framework.
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Abstract As porphyrins and phthalocyanines possess unique electronic, magnetic and op-
tical properties, supramolecular assembly based on them is subject to intense research
targets. Herein, the reviewers focus on the supramolecular architectures of porphyrins,
which enable their use as electronic and optical functional materials such as third-order
optical susceptibilities, photoenergy conversion systems, and organic field-effect transis-
tors.
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BCOD Bicyclo[2.2.2]octadiene
BCP 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
CP BCOD-fused porphyrin
CT Charge transfer
D Donor
DNA Deoxyribonucleic acid
DSSC Dye-sensitized solar cell
EDOT 3,4-ethylenedioxythiophene
Fc Ferrocene
F16Pc Fluorinated phthalocyanine
IPCE Incident photon to photocurrent efficiency
ITO Indium tin oxide
LB Langmuir–Blodgett
NLO Nonlinear optics
OEP 2,3,7,8,12,13,17,18-octaethylporphyrin
OFET Organic field-effect transistor
OLED Organic light emitting diode
Pc Phthalocyanine
PCBM [6,6]-phenyl-C61-butyric acid methyl ester
PCBNB [6,6]-phenyl-C61-butyric acid n-butyl ester
PEDOT Poly(3,4-ehylenedioxythiophene)
PSS Poly(styrene sulfonate)
Py Pyridyl group
PyP meso-pyridyl porphyrin
SAM Self-assembled monolayer
SWNT Single-wall carbon nanotube
TBP Tetrabenzoporphyrin
TPA Two-photon absorption
TPFP Tetra(pentafluorophenyl)porphyrin
TPP Tetraphenylporphyrin
Vth Threshold voltage
XRD X-ray diffraction

1
Introduction

1.1
General Aspects of Supramolecules of Porphyrins and Phthalocyanines

Control of molecular self-assembly to generate supramolecular architectures
that are organized in well-defined geometries is important in various fields of
science and technology [1, 2]. As porphyrins and phthalocyanines (Pcs) serve
as components of molecular materials that possess unique electronic, mag-
netic and optical properties [3, 4], supramolecular assembly based on them
is subject to intense research targets. In this section the basic elements of
supramolecules based on porphyrins are described and the creation of op-
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tical and electronic functional properties will be discussed in the following
sections.

Porphyrins and Pcs tend to align into one-dimensional aggregates to create
supramolecular architectures such as nanowires, discotic liquid crystals, heli-
cal ribbon structures, etc. The major driving forces are considered to be π–π

stacking and/or van der Waals interaction [3]. Our daily life benefits from such
supramolecular architectures of porphyrins and Pcs. Pcs as aggregates in the
solid state or thin films absorb light in near red regions (600–850 nm) and are
practically used as photoconductors. In particular, PcTiO is useful as a charge
generation material for laser printers. The photocarrier efficiency depends not
only on the central metal atoms but also on the crystal structure [5].

In nature, chlorophylls self-aggregate to form the main light-harvesting
antennae of photosynthetic green bacteria [6]. Tetrapyrrole dyes are placed
in a precise and specific arrangement as found in photosynthesis, where the
proteins serve as templates. For example, circularly arranged chromophoric
assemblies are found in the light-harvesting complex employed for photo-
synthesis by green plants and purple bacteria [7]. Since its discovery, many
efforts have been directed towards the synthesis of cyclic porphyrin arrays
to study excitation energy transfer along the cyclic arrays [8, 9]. In order to
construct such cyclic porphyrin arrays, a supramolecular approach is attrac-
tive. For example, Zn chlorophyll with a meso-pyridyl group (Py) 1 is self
assembled to form tetramers, where ultrafast energy transfer within cyclic
tetramers is observed (Fig. 1) [10].

Fig. 1 Structure of Zn chlorophyll 1 and its tetramer [10]
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1.2
Metal–Ligand Coordinative Interactions

Porphyrin assemblies induced by metal–ligand coordinative interactions have
been the subject of numerous studies in suprachemistry. In order to or-
ganize porphyrin chromophores into well-defined supramolecular architec-
tures, various classes of peripheral substituents are introduced as coordina-
tion sites for metalloporphyrins. Pyridyl, imidazolyl, aminopyrimidyl, amino,
and phosphoryl groups have been used as ligands to construct cofacial, linear,
branched, cyclic, dendric and polymeric metalloporphyrins [11–15]. Among
them, meso-pyridyl porphyrins (PyPs) have been most widely used to con-
struct geometrically well-defined molecular assemblies by coordination of the
pyridyl groups. The peripheral N atom of PyPs can be in either the 4′- or
3′-position. In general, the exocyclic coordination bonds are established in
the plane of the porphyrins with 4′-PyPs, and with 3′-PyPs, the coordination
bonds are directed out of the plane of the porphyrin as shown in Fig. 2 [16].
Pyridine–zinc ligation provides a useful tool for template-directed synthe-
sis of cyclic porphyrin oligomers. Carefully designed templates containing
pyridines with a proper symmetry afford porphyrin oligomers in good yields.
Two recent examples of template-directed synthesis of porphyrin nanowires
are presented in Figs. 3 and 4 [17, 18].

Self organization induced by imidazolyl groups affords slipped cofacial
dimers. Kobuke et al. have used this strategy to construct assemblies of slipped
cofacial porphyrins 6 showing strong electronic coupling (Fig. 5) [19, 20].
Kameyama et al. have extended this strategy to metallophthalocyanines to
obtain highly fluorescent self-coordinated phthalocyanine dimers 7 [21].

The Pd-catalyzed amination reaction of meso-hexynyl Zn(II) porphyrin
with 4-amino-3-iodopyridine provides meso-(5-azaindolyl)-substituted Zn(II)
porphyrin 8, which assembles to form a slipped cofacial dimer by the co-
ordination of the pyridine moiety to the Zn(II) center (Fig. 6) [22]. The
condensation reaction of meso-amino Zn(II) porphyrin with cinchomeronic
anhydride affords meso-cinchomeronimide-substituted Zn(II) porphyrin 9,
which forms a cyclic trimer and its meso–meso linked Zn(II) diporphyrins as-
semble to form a discrete cyclic trimer, tetramer, and pentamer (Fig. 7) [23].

Fig. 2 Coordination interaction of meso-Py and metal
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Fig. 3 Template-directed synthesis of porphyrin nanoring 3 [17]

Another approach to such a slipped dimer is self organization of meso-
phosphorylporphyrins 10 through P-oxo-Zinc coordination (Fig. 8) [24].

1.3
Hydrogen-Bonding Interactions

Hydrogen bonding is also important to construct supramolecular architec-
tures of porphyrins, which is well summarized in the review by Satake
and Kobuke [14]. For example, self-assembly of a porphyrin–fullerene dyad
through Watson–Click hydrogen bonding offers a good model of photoin-
duced electron transfer in supramolecular assembly (Fig. 9) [25]. Shirakawa
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Fig. 4 Template-directed synthesis of porphyrin nanoring 5 [18]

Fig. 5 Self-coordinated dimers of porphyrin 6 and phthalocyanine 7 [19, 21]
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Fig. 6 Dimeric assembly of porphyrin 8 [22]

Fig. 7 Cyclic trimer of porphyrin 9 [23]

Fig. 8 P–O–Zn coordination of porphyrin 10 [24]

et al. reported on the interesting hydrogen bond-assisted control of the J- vs.
H-aggregation mode of porphyrin-stacks in an organogel system. Porphyrins
with amide groups as peripheral hydrogen bonding sites act as a gelator
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Fig. 9 Self-assembly of porphyrin–fullerene dyad [25]

forming a one-dimensional aggregate; a J-aggregate by aggregation of por-
phyrin 11 or an H-aggregate by porphyrin 12, depending on the positions
of the amide groups [26]. In the presence of C60, porphyrin 11b assem-
bled to form a one-dimensional (C60)n(11b)2n aggregate as illustrated in
Fig. 10 [27, 28].

Fig. 10 a Structure of amino-appended porphyrins 11 and 12; b J- and H-aggregate of por-
phyrins 11 and 12, respectively, and c one-dimensional aggregate of C60 and 11b [26, 27]
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2
Optical Applications

2.1
Two-Photon Absorption (TPA)

In this section, porphyrin supramolecules indicating strong third-order op-
tical susceptibility are discussed. Materials with large third-order optical
susceptibility have numerous applications in nonlinear optics, such as ul-
trafast optical switching and modulations. Especially two-photon absorption
(TPA) has been focused on due to the large number of potential applications,
such as photodynamic therapy, optical power limiting, three-dimensional
microfabrication, two-photon-excited fluorescence spectroscopy, and so on.
TPA is a phenomenon where excitation occurs by the simultaneous absorp-
tion of two photons at wavelength 2λ using strong laser pulses, instead of
a single-photon excitation at a wavelength of λ. TPA efficiency is quan-
tified by the two-photon absorption cross-section σ (2) in GM, which cor-
responds to 10–50 cm4 sec–1 molecule–1 photon–1. Strong third-order nonlin-
earity is exhibited by materials with highly π-conjugated systems. Hence,
porphyrins and Pcs are good candidates for nonlinear optical materials. As
Pcs have remarkable chemical and thermal stability, they are ideal materials
for nonlinear optics (NLO). O’Flaherty et al. have provided a comprehen-
sive review on Pcs for optical limiting and NLO [29]. Covalently linked or
self-assembled porphyrin array systems with enhanced TPA have also been
reported [30]. Here porphyrins with large third-order optical nonlinearity are
focused upon.

2.2
Porphyrin Monomers and Covalently Linked Oligomers for TPA

Before proceeding to a discussion of supramolecules of porphyrins we will
provide a brief description of porphyrin monomers and connected dimers as
materials for TPA. Several π-conjugation expanded acetylene- or butadiyne-
linked porphyrin dimers have been prepared and their TPA properties have
been investigated (Fig. 11) [31–33]. Porphyrin 13 shows 400-fold larger in-
trinsic (femtosecond) TPA cross sections (6.0×103 GM), compared to the
parent monomer. Ahn et al. controlled the dihedral angles of directly linked
porphyrin dimers and arrays 14–18 to explore the relationship between the
π-conjugation effect of the adjacent porphyrin planes and the TPA values
(Fig. 12) [34]. The enhancement in electronic interactions in various por-
phyrin arrays upon reduction of the dihedral angle is strongly correlated
with the large TPA cross section. The same group have reported triply
linked porphyrin dimer, trimer, and tetramer 19 (n = 2–4) which exhibits
larger TPA cross sections (1.2×104–9.4×104 GM) compared to the por-
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phyrin monomers owing to much larger TPA cross section values induced
by nearly complete π-electron delocalization without interruption through-
out the whole array skeleton (Fig. 13) [34, 35]. Triply linked dibenzoporphyrin
dimer 20 also shows a large TPA cross section (1.5×104 GM) because of its
expanded π-conjugation by peripheral benzene rings [36].

Fig. 11 Molecular structure of butadiyne-linked porphyrin dimer 13 [31–33]

Fig. 12 Molecular structure of dihedral angle controlled, directly linked porphyrin dimers
and arrays 14–18 [34]
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Fig. 13 Molecular structure of triply linked porphyrin dimer, trimer, tetramer 19, and
benzoporphyrin dimer 20 [35, 36]

2.3
Supramolecules of Porphyrin Oligomers for TPA

Linearly expanded porphyrin oligomers and polymers with enhanced third-
order susceptibilities have also been reported. In solution the conjuga-
tion lengths of single-strand chains can be strongly limited by rotation
and disorder. The self-assembly of double-strand ladder complexes of por-
phyrin butadiyne oligomers 21 achieves amplification in the nonlinearity

Fig. 14 Molecular structure of single- and double-strand butadiyne-linked porphyrins
21 [37, 38]
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of these polymers by holding the π-systems in the planar conformation
(Fig. 14) [37, 38]. For example, the TPA cross section of butadiyne-linked
porphyrin polymer 21d achieves amplification by self-assembly of a double-
strand ladder [(21d)2·BiPyn, 1.15×105 GM] from the single strand (21d,
8.3×104 GM) [38]. The TPA maximum peaks have red-shifted about 340 nm
upon transition from a single- to double-strand structure for butadiyne-
linked oligomers (n = 4, 8, and 13).

To enhance the TPA cross section, molecular designs involving donor/
acceptor (D/A) sets intervened with a π-conjugation system in a sym-
metrical (D–π–D or A–π–A) or asymmetrical arrangement (D–π–A) have
been proposed (Fig. 15). Ogawa et al. have investigated the A–π–A sys-
tem using self-assembled porphyrin tetramer 22 of butadiyne-linked zinc-
free base porphyrin dimers, with a TPA cross section of 7.6×103 GM by
excitation with a 120 fs pulse and 2.1×105 GM with a 5 ns pulse. The
TPA cross section of self-assembled porphyrin tetramer 23 of meso–meso
linked porphyrin dimers (3.7×102 GM with the 120 fs pulse) is 20-times
smaller than that of porphyrin tetramer 22. It has been revealed that
for a larger TPA cross section, a coplanar orientation like the butadiyne-
linked dimer is more profitable than the orthogonal conformation of
a meso–meso linked porphyrin dimer [39, 40]. The self-assembled poly-
mer 24 of a butadiene-linked zinc porphyrin dimer shows 4.4×105 GM

Fig. 15 Self-assembled porphyrin arrays 22–24 by complementary coordination of imida-
zole moiety to zinc [39, 40]
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with a 120 fs pulse and 2.2×107 GM with a 5 ns pulse (Fig. 15) [40].
When ferrocene (D) or acceptors (A) or both (D/A) are placed at the
end of the tetramers (25, 26, and 27 for D–π–D, A–π–A, and D–π–A, re-
spectively), the order of TPA cross sections is D–π–A (2.0×105 GM) >
A–π–A (1.7×105 GM) > D–π–D (1.5×105 GM) (Fig. 16) [41]. The results
suggest that the asymmetric D–π–A structure is advantageous for enhanc-
ing TPA in this series of molecules. Recently, self-assembled water-soluble
porphyrin tetramers 28 and 29 have been reported to show 7.9×103 and
3.3×104 GM, respectively, with a 5 ns pulse at 870 nm in aqueous solution
(Fig. 17) [42, 43]. These porphyrins might be potential candidates for TPA-

Fig. 16 Self-assembled porphyrin arrays 25–27 with electron donor and acceptor [41]
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Fig. 17 Water-soluble porphyrin tetramers 28 and 29 [42, 43]

photodynamic therapy because they may allow deeper cancer treatment with
a high spatial resolution without damaging healthy cells.

Fig. 18 Molecular structure of tetrakis(4-sulfonatophenyl)porphyrin diacid 30 and push-
pull porphyrins 31 [44, 45]
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Aggregation of porphyrins has been reported to enhance the TPA cross
section. Collini et al. have reported 30-fold enhancement of the TPA cross
section (about 103 GM) of tetrakis(4-sulfonatophenyl)porphyrin diacid 30
by J-type aggregation in water, compared to the corresponding monomer
(Fig. 18) [44]. Ray et al. have theoretically predicted the enhancement of TPA
cross section (5.0×103–9.0×103 GM) by J-aggregation of push-pull type
porphyrins 31 (ZINDO/CV/SCRF) [45].

3
Artificial Photosynthesis

3.1
Dye-Sensitized Solar Cells and Thin-Film Organic Photovoltaic Cells

Photochemical energy conversion is one of the most promising renewable
energy resources. Great efforts have been made to create an organic pho-
tochemical energy conversion system due to its low cost and low energy
consumption for the large-area, in place of current inorganic photovoltaic
cells using silicon semiconductors [46, 47]. This section describes a photoen-
ergy conversion system using supramolecules of porphyrins.

Photoenergy conversion efficiency is the most important indicator of solar
cells and is evaluated by energy conversion yield (η) described in Eq. 1;

η = JscVocFF/Io , (1)

where Jsc is short-circuit photocurrent density, Voc open-circuit photovoltage,
FF fill factor, which is described in Eq. 2, and Io light intensity.

FF = JmaxVmax/JscVoc , (2)

where Jmax and Vmax are the photocurrent density and photovoltage for the
maximum power output. Another important indicator is the incident photon-
to-current conversion efficiency (IPCE), which is measured as a function of
the incident photon current density and is estimated following Eq. 3;

IPCE(%) = (1240jph/λIo)×100 , (3)

where jph is the photocurrent density (A/cm2), λ monochromatic light, Io

light intensity (W/cm2).
Before going into detail, the most promising organic solar cells, dye-

sensitized solar cells (DSSC) and thin-film organic solar cells using por-
phyrins are mentioned briefly. DSSC have attracted much attention over the
past decade because of their low production cost and relatively high perform-
ance. In TiO2-based dye-sensitized nanocrystalline solar cells, efficiencies up
to 11% have been obtained using Ru dyes [48]. However, the limited availabil-
ity of these dyes together with their undesirable environmental problems has
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led to the use of cheaper and safer organic-based dyes. Porphyrins have been
extensively studied as good candidates for the dyes for DSSC [49]. Schmidt-
Mende et al. have reported DSSC using porphyrins 32a and 32b instead of Ru
dyes and their cell efficiency was 5.2 and 7.1%, respectively (Fig. 19). They
revealed that the nature of the carboxylic acid linker to the porphyrin, a com-
bination of a conjugated ethenyl or diethenyl linker in the β-pyrrolic position
and a carboxylic binding, had a significant influence on the light-harvesting
and photovoltaic properties of the device [50–52].

Fig. 19 Molecular structure and cell efficiencies of porphyrin sensitizers 32

Thin-film organic photovoltaic cells are also promising candidates for
renewable and alternative sources of electrical energy, and therefore in-
creased efforts have been put into the development of solar cells based on
small molecules [53] and conjugated polymers [54]. As described in the
following section in detail, porphyrins and Pcs tend to form face-to-face
aggregates through π–π stacking interaction. Therefore, they are ideal for

Fig. 20 Structure of p–i–n organic photovoltaic cell
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electronic conduction and have been extensively used for plastic organic
photovoltaic cells [47, 55–58]. To construct devices using small conducting
molecules like porphyrins and Pcs, vacuum deposition is one of the most
commonly used procedures [53, 59–61]. For example, Shao et al. have re-
cently developed a heterojunction photovoltaic cell by vacuum deposition
using PtOEP and C60, ITO/PEDOT/PtOEP/C60/BCP/Al. The fill factor was
0.57 and power-conversion efficiency was 2.1% [62]. Very recently, Sato et al.
have reported p-i-n organic photovoltaics based on solution-processed ben-
zoporphyrin, ITO/PEDOT:PSS/TBP/TBP:fullerene/fullerene/BCP/Al, by spin
coating of a soluble precursor of TBP followed by thermal conversion of the
precursor to TBP as a film (Fig. 20). The power conversion efficiency was
3.0% [63]. Further details relating to the solution-processed electronic device,
organic field-effect transistors (OFETs), and using TBP are presented in the
next section.

3.2
Donor–Acceptor Systems by π–π Interactions

Inspired by nature, many kinds of covalently linked D–A compounds includ-
ing porphyrins and Pcs have been prepared to investigate the mechanism of
electron or energy transfer systems [64]. Recently, supramolecules containing
porphyrins, Pcs, and their oligomers associated by weak and exchangeable
hydrogen bonding, coordinate bonding, π–π interactions, and so on, have
been paid a lot of attention, because, compared to covalently linked systems,
the supramolecule system can be easily associated by self-assembly of com-
pounds. These supramolecules have been reported for the study of energy
and electron transfer in the light-harvesting antenna and the photosynthetic
reaction centers [65–68], construction of photovoltaic systems [69, 70], and
so on. Since the structures of supramolecules of porphyrins with fullerenes
and single-wall carbon nanotubes (SWNTs) are described in detail elsewhere
in this volume (see Komatsu N, 2008, in this volume), we will concentrate
here on recent topics concerning molecular devices as organic photovoltaic
cells or photocurrent-generating systems using supramolecules of porphyrins
with acceptors.

Fullerenes have attracted a great deal of attention as good electron ac-
ceptors because of their wide-spread π conjugation and their small reor-
ganization energy. Because of the weak π–π donor–acceptor interactions,
porphyrins and fullerenes have been characterized to explore CT inter-
actions and photoinduced electron-transfer processes. The structures of
cocrystals have been investigated by X-ray crystallographic and theoretical
approaches [71–78]. Naturally assembling cocrystallates of fullerenes and
tetraphenylporphyrins (TPPs) show unusually short porphyrin/fullerene con-
tacts (2.7–3.0 Å) compared with typical π–π interactions (3.0–3.5 Å) [72]
(see Komatsu N, 2008, in this volume).
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These supramolecular interactions have been applied to photoenergy con-
version systems assembled on nanoparticles of Au, SnO2, and TiO2 [79–92].
Supramolecular complexes of porphyrins and fullerenes are self-assembled
to larger clusters by lypophylic interaction, and then associated on a nanos-

Scheme 1 Bottom-up self-organization of porphyrin 33 and fullerene using gold nanopar-
ticles on a nanostructured SnO2 electrode [91]
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Fig. 21 Diagrammatic summary of the organization between porphyrin 34 and fullerene
moieties using TiO2 nanotubes (A), nanoparticles (B) and molecular structures of 34a and
34b (C) (reprinted with permission from [93]. © (2007) WILEY-VCH)
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tructured SnO2 electrode using an electrophoretic deposition technique
(Scheme 1). The best IPCE value of the system, ITO/SnO2/(33+C60)m/NaI+I2/
Pt, was 54%, when the chain length of methylene was 15. The overall
power conversion efficiency (η) at an input power (Io) of 3.4 mW cm–2

was 0.61% [79]. In 2007, Hasobe et al. succeeded in the organization of
porphyrin–fullerene architecture with TiO2 nanotubes. Using porphyrin 34a,
the maximum IPCE value of 60% was obtained, which was 1.5-times larger
than values obtained on TiO2 nanoparticles (Fig. 21) [93]. The IPCE value
with 34a was better than that with 34b. The results indicated the impor-
tance of substrate morphology in promoting electron transport within the
mesoscopic semiconductor film. Kang et al. reported the supramolecular as-
sembly of T(3,5-dimethoxy)PP 35a and fullerene on ITO/SnO2 (Fig. 22) [90].
The modified electrode [ITO/SnO2/(35a+C60)] showed an IPCE value of
59% at 425 nm, 0.05 V (vs. SCE), in the presence of 3I–/I3

–. When T(3,4,5-
trimethoxy)PP 35b or T(2,6-dimethoxy)PP 35c were used instead of por-
phyrin 35a, IPCE values were 10% and 5.7%, respectively. From UV-Vis
absorption spectra, the structure of the J-aggregate was observed only for
35a/C60. The packing structure of 35a/C60 is shown in Fig. 22. The porphyrin
and C60 molecules define an alternating layered structure where the closest
porphyrin moieties (center-to-center distance, Rcc = 14.2 Å) are arranged in
a 1D chain with a dihedral angle of 66◦, while the closest C60 moieties (Rcc =
10.2 Å) are arranged in a 2D sheet.

Hasobe et al. reported on photochemical solar cells using protonated
porphyrin-SWNT supramolecules on nanostructured SnO2 electrodes (see

Fig. 22 Molecular structure of porphyrin 35 and molecular packing of 35a·2C60·toluene
(reprinted with permission from [90]. © (2006) WILEY-VCH)
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Scheme 2 Self assembly of protonated porphyrins (see Fig. 10 in Komatsu N, 2008, in this
volume) and SWNTs by π–π interaction [95]

Figure 10 from Komatsu N, 2008, in this volume, and Scheme 2) [94, 95]. The
mixture of protonated porphyrins and SWNTs were deposited by the elec-
trophoresis technique on nanostructured SnO2 electrodes and the porphyrins
and SWNTs show ordered structure by π–π stacking. The IPCE of the system
was 13% at 0.2 V bias (vs. SCE).

3.3
Photoconversion Systems by Coordination, Hydrogen Bonding
and Electrostatic Interactions

Supramolecules of zinc-imidazolyl ligation of zinc imidazolylporphyrin have
been applied to photoconversion systems. Self-assembled monolayers (SAM)
of imidazole-substituted porphyrins 36 and 37 form, in a supramolecular
fashion, a chain structure leading to a significant increase of light absorption
in the visible light region and therefore photocurrents (Fig. 23) [96]. Intro-
duction of a porphyrin-bearing electron acceptor onto a SAM increased the
photocurrent values [97]. Recently, a systematic series of ferrocene/porphyrin
redox cascade architectures were assembled through slipped-cofacial por-
phyrin dimer 38 on an ITO electrode and the quantum yield in anodic
photocurrent generation was 40%, which was the highest value among the
reported values on ITO electrodes (Fig. 24) [98].
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Fig. 23 Coordination assembly of antenna porphyrins 36 and 37 on a gold surface [96]

Fig. 24 Schematic illustration of the structure of donor|porphyrin 38|ITO (D = Ph, Me8Fc,
Fc, PhMe8Fc, PhFc, and C2Fc) [98]

Drain et al. reported linear porphyrin arrays self-assembled by hydro-
gen bonding or metal-ion coordination into lipid bilayer membranes [99].
In Fig. 25, linear porphyrin tapes by hydrogen bonding between 5,15-
bisdiacetamidopyridyl porphyrins 39 and 5,15-diuracil porphyrins 40 are
shown. The size of the porphyrin assembly can self-adjust to the thickness of
the bilayer and 85 nA of photocurrent was observed.

Fig. 25 �Schematic illustration of one of four self-assembling porphyrin 39 systems self-
organized into bilayers (reprinted with permission from [99]. © (2002) The National
Academy of Sciences)
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Fig. 26 Electrostatic assembly of fullerene 41, porphyrins 42, 43, and ferrocene 44 [100]
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Fig. 27 Schematic illustration of self-assembled multilayers on an ITO electrode [105]
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Fig. 28 Schematic illustration of the monocationic fullerene/tetracationicporphyrin/DNA-
poly(EDOT) film (reprinted with permission from [107]. © (2005) Elsevier)

Guldi et al. reported the electrostatic and van der Waals assembly of
four components, fullerene, free-base porphyrin, zinc porphyrin, and fer-
rocene, creating redox gradients on ITO-electrodes (Fig. 26) [100]. Electro-
statically driven deposition of oppositely charged components increases the
flexibility in replacing with individual building blocks, 41, 42, 43, and 44.
The IPCE value of the system shown in Fig. 26 was 1.6%. They also re-
ported on a solar-energy conversion system using SWNT as a building block.
SWNT was covered with positively charged pyrene, and then the pyrene
interacted with negatively charged porphyrins, ZnP8– (see Scheme 1 from Ko-
matsu N, 2008, in this volume) [101–103]. The ITO electrodes covered with
SWNT/pyrene/ZnP8– showed a IPCE value of 8.5% with a –200 mV bias.

Ikeda et al. and Konishi et al. reported on a supramolecular photocurrent
generation system in combination with electrostatic and van der Waals in-
teractions. In a C60-porphyrin bilayer prepared by electrostatic alternate ad-
sorption (Fig. 27), the quantum yield of photocurrent generation is increased
when self-aggregation of porphyrins is suppressed by host–guest interaction
of cyclodextrin and porphyrin [104–106]. Cationic fullerene and tetracationic
porphyrin bound on a DNA scaffold by electrostatic interactions was fab-
ricated by conjugate polymer (Fig. 28). The quantum yield of photocurrent
generation was 3.8% [107].

4
Electronic Applications

4.1
General Aspects of Organic Field-Effect Transistors (OFETs)

Porphyrins and Pcs tend to form face-to-face aggregates through π–π stack-
ing interactions. Since they accept or donate electrons easily through their
large π-electron frameworks, they are suitable for electronic conduction.
They have been extensively used as semiconductors in electronic devices such
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Fig. 29 Illustration of top contact OFET device

as organic light-emitting diodes (OLED), OFETs, and solar cells. During the
last decade, research on OFETs has achieved remarkable progress [65, 108–
111]. An OFET is illustrated in Fig. 29. The devices consist of deposited con-
ductions (gate, source, and drain electrodes), an insulator (SiO2 or plastics)
and organic semiconductors. The OFET works as a switch, with on/off states,
when a bias is applied on the gate electrode, the gate is biased negatively
or positively to induce hole or electron transport in organic semiconductor
layers, respectively. Holes or electrons are transported by the p-channel or n-
channel, respectively. In order to apply OFET for driving circuits in display
applications, they need to exhibit high carrier output, good switching speed,
and high contrast between the on and off states. They are related to several
important parameters, namely, carrier mobility (cm2/Vs), threshold voltage
(Vth), and on/off current ratio. Vth is controlled by subtleties between the
organic semiconductor–insulator interfaces that are not well understood. Mo-

Fig. 30 Recently developed semiconductors for OFET [112–116]
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bility is the most important parameter for evaluation of OFET, and the on/off
ratio is the second most important one.

Recently, new organic semiconductors have been synthesized to improve
carrier mobility, sensitivity, and stability. Some of them are listed in Fig. 30
along with their mobilities [112–116]. The carrier mobilities of organic semi-
conductors have reached the range of 0.1 to 3 cm2/Vs, which rivals amorph-
ous silicon (a-Si) devices.

On the other hand, Pcs are promising active materials for OFETs due to
their stability, and have been studied widely for a long time. Among vari-
ous metal complexes CuPc and NiPc show the best mobilities, but they are as
low as 0.02 cm2/Vs [117], values that are too low to be used instead of a-Si.
Much effort has been put into improving OFET performance based on Pcs.
A sandwich-type thin-film device consisting of two kinds of Pc metal com-
plex displays a mobility of 0.11 cm2/Vs [118]. The mobility of OFET based on
single crystal CuPc is 1 cm2/Vs, which is the highest reported value so far for
Pc-based OFETs [119].

Fine control of crystal structures in the thin film is crucial to improve
the performance of OFETs. Nevertheless, extensive efforts have been put
into controlling Pcs and related compounds using an LB technique or dis-
cotic liquid crystals, and the mobilities are usually in the range of 10–3 to
10–4 cm2/Vs [120]. A recent report on OFETs based on rare-earth metal
triple-decker complexes of amphiphilic tris(Pcs) shows remarkably high mo-
bilities of 0.24–0.60 cm2/Vs, as shown in Fig. 31 [121].

Fluorinated copper phthaocyanine (F16CuPc) is one of the few molecules
that exhibit air-stable n-channel semiconducting behavior. The mobility of
the OFET is 0.03 cm2/Vs when the thin film is fabricated on SiO2 by vapor
deposition [122]. The structure of the F16CuPc film on SiO2 depends on the
thickness of the film, which can be controlled by the deposition rate and

Fig. 31 Structure of triple-decker Pcs and the device [121]
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temperature [123]. This suggests that the mobility of FET based on Pcs can
be improved by proper choice of fabrication. High-performance air-stable
n-type OFETs based on single crystalline submicro- and nanometer ribbons
of F16CuPc are reported, whose mobility is 0.2 cm2/Vs [124]. Such single
crystalline submicro- and nanometer ribbons can be in situ grown by a phys-
ical vapor transport technique along the surface of Si/SiO2 substrates during
fabrication.

4.2
OFETs by Solution-Processed Tetrabenzoporphyrins (TBPs)

Recently, a very useful method for fabrication of TBPs for OFETs has been
developed. TBPs are a new semiconductor for OFETs, compared to Pcs.
TBPs and Pcs are pigments (insoluble in organic solvents) and it is not easy
to get pure samples. Ito et al. have found that heating a porphyrin (CP)
fused with bicyclo[2.2.2]octadiene (BCOD) gives TBP in quantitative yield
(Scheme 3) [125]. As CPs are soluble in organic solvents, they are purified by
column chromatography.

Scheme 3 Conversion of soluble precursors into insoluble semiconductors

Spin coating of purified CP(2H) followed by heating at 170–200 ◦C gives
an insoluble crystalline semiconductor thin film of TBP(2H). Spun-cast films
of the precursor exhibit amorphous, insulating behavior upon a thermal an-
nealing either in vacuum or under N2, and the amorphous films are converted
into polycrystalline films of TBP(2H) with crystal sizes exceeding 1 µm [126].
Observed mobility of the devices exceeds 10–2 cm2/Vs with appropriate pro-
cess, device structure, and on/off current ratios exceeding 105 (Fig. 32) [126].

OFETs using metal porphyrins such as TBP(Cu) [126] or TBP(Ni) [127]
are also fabricated by a solution process using the corresponding soluble pre-
cursors, and they offer better performances in OFETs than that of TBP(2H)
itself. XRD patterns for drop-cast CP(Ni) and TBP(Ni) thin film are shown in
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Fig. 32 Transfer characteristics of a TBP OFET on SiO2 [126]

Fig. 33 XRD spectra for NiTBP and CP(Ni) powder and thin films

Fig. 34 Output characteristics of a NiTBP OFET [128]
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Fig. 33. The pattern for drop-cast CP(Ni) displays no measurable peaks. Upon
heating, numerous diffraction peaks indicative of the formation of crystal
planes appear. OFETs output characteristics are shown in Fig. 34, the mobil-
ity of this transistor being of the order of 0.1 and 0.2 cm2/Vs, which is the
highest value among solution-processed OFETs using porphyrins or Pcs as
semiconductors. OFETs based on TBP(Cu) exhibit a similar performance with
the mobility of 0.1 cm2/Vs. A polarized optical micrograph of a spun-cast
TBP(Cu) thin film is shown in Fig. 35 and the polycrystalline nature of the
TBP(Cu) thin films is displayed. The electrodes are 20 µm wide, indicating

Fig. 35 Polarized optical micrograph of a continuous, spun-cast TBP(Cu) thin-film on
thermally oxidized c-Si. The electrodes in the figure are 20 µm wide [127]

Fig. 36 a Schematic cross section of nanostructured TBP OFETs. b Top view schematic of
nanostructured OFET structures (reprinted with permission from [129]. © (2007) Amer-
ican Institute of Physics)
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that TBP(Cu) forms domains of approximately the same size. By comparison,
TBP(Ni) forms crystals approaching 1 mm [128], and TBP(2H) approximately
2 µm in diameter [126].

Fig. 37 AFM height micrographs of a fractal aggregation of sparse, solution-processed
TBP; b aligned domain formation in more dense TBP; c a close view of TBP aggrega-
tion within trenches; and d a wider-scale view of TBP aggregation wire formation within
trenches. The axes dimensions are a 3 µm, b 2 µm, c 2.2 µm, and d 25.2 µm. Samples in
(c) and (d) have a trench periodicity of 450 nm and a trench depth of 10 nm (reprinted
with permission from [129]. © (2007) American Institute of Physics)
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Solution-processed OFETs are fabricated using a precursor form (CPs) of
TBPs deposited on a thermal SiO2 gate insulator patterned with nanometer-
scale trenches (Fig. 36). Thermal conversion of CP to TBP is enhanced by
ordered TBP aggregation in the prepatterned trenches. OFETs with channels
parallel to trench direction growth are found to have field-effect mobility ap-
proaching one order of magnitude greater than transistors fabricated with the
channel oriented perpendicular to dendrimer growth [129].

Fractal and micrometer-scale ordered nanorod aggregation are both ob-
served in precursor-route TBP thin film deposited on unpatented bare SiO2
as shown in Figs. 37a and 37b. Thinner regions of the same film, with sparser
surface coverage density, display fractal aggregation. For thin films with
higher surface coverage density, nanorod-type aggregation is predominant.
Typical TBP rod-shaped aggregates demonstrate widths of 60 nm and lengths
of 300 nm. AFM height micrographs of TBP thin film are shown in Figs. 37c
and 37d. Preferential alignment along the trench direction is observed upon
thermal conversion of CP to TBP.

5
Concluding Remarks

Herein, we describe recent developments in the use of porphyrins and
phthalocyanines in the field of optical and electronic materials, the proper-
ties of which are mainly controlled by molecular self-assembly. Photovoltaic
cells are currently of broad interest as potential low-cost approaches to so-
lar energy conversion. Large-area electronic devices and solution-processed
organic semiconductors based on porphyrins, phthalocyanines, and other
molecules could have potentially a huge cost advantage over Si-based devices
if conversion efficiency and durability can be improved to the level of Si-solar
cells. We are now approaching this goal as shown herein, where supramolecu-
les based on porphyrins and phthalocyanines may play crucial roles.
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Abstract The chemistry of fullerenes and carbon nanotubes have highly contributed to
the progress in the fundamental and applies science of these nanomaterials over the last
15 years. This review focuses on the non-covalent chemistry of fullerenes and carbon
nanotubes with nitrogen and/or oxygen containing heterocyclic molecules such as por-
phyrin, DNA, protein, peptide and carbohydrate. Not only exohedral but also endohedral
functionalization is reviewed, because the above guest molecules can interact with both
faces of the carbon nanotubes. New terminology is also proposed in the structural and
stereochemistry of carbon nanotubes.

Keywords Carbon nanotubes · Complexation · Fullerenes · Non-covalent
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Abbreviations
CD Cyclodextrin
CNT Carbon nanotube
CVD Chemical vapor deposition
DNA Deoxyribonucleic acid
DWNT Double-walled carbon nanotube
HRTEM High-resolution transmission electron microscopy
MWNT Multi-walled carbon nanotube
PEG Poly(ethylene glycol)
RNA Ribonucleic acid
SWNT Single-walled carbon nanotube

1
Introduction

1.1
Chemistry of Fullerenes

Fullerenes were discovered by Kroto et al. in 1985 [1] and first synthesized in
macroscopic quantity by Krätschmer et al. in 1990 [2]. The chemistry of ful-
lerenes began with synthesis, separation, characterization and determination
of the fundamental properties. Then, covalent and non-covalent functional-
izations were explored extensively. Owing to the good solubility of fullerenes
in some organic solvents, pure forms of C60 and C70 are easily obtained in
large amounts by separation of an as-produced fullerene mixture [3–7]. In
addition, the methodology in organic chemistry can be directly applied to the
chemistry of fullerenes in terms of manipulation, functionalization, separa-
tion and analyses. In this sense, fullerenes are not like carbon materials such
as diamond, graphite and CNTs, but like organic molecules such as aromatic
hydrocarbons. In fact, a series of organic reactions realized the chemical syn-
thesis of C60 [8, 9] and encapsulation of molecular hydrogen in C60 through
opening and closing of the cage [10]. The similarity in availability and behav-
ior of fullerenes to organic compounds has brought about great progress in
the science and technology of fullerenes.

This review focuses on the heterocyclic molecules such as porphyrins and
the analogues (Sect. 2.1), and carbohydrates (Sect. 2.6) as host molecules for
fullerenes. Therefore, references are provided here for other excellent receptors
for fullerenes such as calixarenes [11–19], cyclotriveratrylene [15, 20–22] and
carbon nanorings [23–28].

1.2
Chemistry of Carbon Nanotubes

In contrast to the fullerenes mentioned above, CNTs are not soluble in any
solvents and structurally pure ones are not available, making the chemistry



Heterocyclic Supramolecular Chemistry of Fullerenes and Carbon Nanotubes 163

of CNTs different in principle from that of fullerenes. Their insolubility and
structural heterogeneity have greatly hampered the progress of nanoscience
and nanotechnology of CNTs.

In order to circumvent the solubility problem, CNTs were covalently or
non-covalently functionalized, enabling easy handling, improved reactivity
and various spectral analyses of SWNTs in solution phase [29–32]. Once they
are functionalized, however, it is very difficult to recover the original form by
removing the added functionalities. Moreover, the covalent functionalization
unavoidably leads to a disruption of the π-conjugate sidewall structure, re-
sulting in drastic changes in their optical and electrical properties. Although
the supramolecular method preserves the integrity of the CNT structures, the
solubilizing agent used may act as an impurity in the subsequent application.
Many drawbacks still remain to be solved in the solubilization of CNTs.

As for the structural homogeneity of CNTs, on the other hand, it is well
known that physical properties of SWNTs are closely correlated with their
structures. Therefore, SWNTs with controlled structure are in great demand
for electrical and optical applications. SWNTs consisting of a single roll-up
index have been separated quite recently by use of DNA as the solubilizing
agent and size-exclusion chromatography [33]. However, more time is needed
to realize a large-scale supply of structurally controlled SWNTs in pure forms.
Therefore, every experiment has been carried out using a mixture of CNTs,
making the evaluation and interpretation of the outcome more complicated.
Even the fundamental physical properties of CNTs have been determined
experimentally as a mixture of many structures. As mentioned above, ful-
lerenes have great advantages in that point. In conclusion, the progress in
nanoscience and nanotechnology of CNTs is largely dependent on the avail-
ability of bulk quantities of CNTs with limited kinds of structures, preferably
a single structure.

This review focuses mainly on non-covalent functionalization of CNTs [34]
with heterocyclic molecules including artificial and bio-originated molecules.
The functionalization is performed not only on the tube (exohedral), but also
in the tube (endohedral). CNTs were found to encapsulate a variety of mate-
rials for many purposes, which will be described in Sect. 3.

1.3
Structures and Terminology of Carbon Nanotubes

The structures of CNTs are defined by a variety of parameters such as num-
ber of carbon layers, length, diameter and alignment of hexagons. Broadly,
CNTs are classified into the following three types according to the number of
carbon layers; SWNTs, DWNTs and MWNTs. DWNTs and MWNTs were dis-
covered by Iijima at the negative end of the electrode of the arc discharge for
the fullerene synthesis in 1991 [35]. SWNTs were first prepared independently
by Iijima et al. [36] and Bethune et al. [37]. However, there is controversy
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regarding “who should be given the credit for the discovery of carbon nano-
tubes?” [38–42]. All these three types of CNTs were selectively synthesized
by use of different combinations of metal catalysts under different condi-
tions [43–49].

Among the three types of CNTs, SWNTs attract growing interest because
of their simple structures and electronic properties [50, 51]. The structure
of a SWNT can be prepared by rolling up a graphene sheet into a seamless
cylinder. The structure is defined by a roll-up vector Ch given by two unit
vectors a1 and a2; Ch = na1 + ma2, where n and m are integers and desig-
nated as the roll-up index (n, m) as shown in Fig. 1 [52, 53]. The following
three types of SWNTs can be formed; zigzag, armchair and chiral as shown
in Fig. 2, depending on the alignment of the hexagonal rings along the tube
axis. The (n, m) and Ch have been referred to as “chiral” index (or simply
“chirality”) and “chiral” vector, respectively, in CNT society. However, the
meaning of “chiral” is not always consistent with the original meaning of chi-
ral in chemistry; that is, “the geometric property of a rigid object of being
non-superposable on its mirror image” [54]. While chiral SWNTs have non-
superposable mirror-image structures; namely, left- and right-handed ones
as shown in Fig. 3, zigzag and armchair structures do not have their non-
superposable mirror-image. Whether a SWNT is chiral or achiral under the
definition in chemistry, the terms of the “chiral” index, “chirality” and “chi-
ral” vector have been used to define its structure in CNT society. As Strano

Fig. 1 (n, m) SWNT defined by rolling up the graphene along the roll-up vector Ch [52, 53]
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Fig. 2 Armchair, zigzag, chiral structures of SWNTs [52, 53]

Fig. 3 Chiral (6,5) SWNTs with left- and right-handed structures corresponding to M and
P helical structures according to IUPAC nomenclature [54, 57, 58]
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pointed out in the article [55], this terminology is very confusing and, hence,
a systematic nomenclature is desired to define the structures of CNTs. The
terms “roll-up” index and “roll-up” vector are proposed to be used instead of
“chiral” index and “chiral” vector, respectively, to indicate (n, m) [56–58]. In
this review, the term chiral is used exclusively in the meaning of having the
non-superposable property for its mirror image. The “roll-up” index (or sim-
ply index) indicates the (n, m) of a CNT and does not include any information
about stereochemistry (chirality), which will be discussed below.

Quite recently, optically active SWNTs have been obtained through the
optical resolution of their left- and right-handed helical structures by the au-
thor’s group [56]. For the expression of the stereoisomers of chiral SWNTs,
however, a variety of terms have been used so far; LH and RH [56], r and
l [59], L and R [60], (n1, n2) and (n2, n1) [61], and AL and AR [52]. Since
the stereochemistry of SWNTs will be discussed much more than before opti-
cally active SWNTs were obtained, a definite nomenclature is required for the
stereochemistry of SWNTs [55]. In a recent paper by the author’s group [56–
58], left- and right-handed helical structures on the basis of the definition of
AL and AR [52] are referred to as M and P, respectively, according to IUPAC
terminology [54]. Every SWNT has three armchair lines (A lines) as indi-
cated by the solid arrows in Fig. 4. These A lines cannot be superposed on
its mirror-image in the case of chiral SWNTs, while they can be superposed

Fig. 4 Definition of M (left-handed) and P (right-handed) SWNTs. Three arrows and
dashed line indicate armchair lines (A lines) and SWNT axis, respectively [52]
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in zigzag and armchair types. When two out of the three A lines are rotated
to the left and the third A line to the right, the chiral SWNT is designated as
M as shown in Fig. 4a. Similarly, the chiral SWNT with two A lines rotated
to the right is designated as P as shown in Fig. 4b. This review follows this
terminology.

2
Exohedral Supramolecular Chemistry of Fullerenes and Carbon Nanotubes

2.1
Supramolecules of Porphyrins and the Analogues with Fullerenes

2.1.1
Porphyrin Monomers and Related Heterocycles

Porphyrins are functional dyes with unique chemical, physical and biologi-
cal features. Although they are almost flat molecules as shown in Fig. 5, the
tetraphenylporphyrin 1-linked silica stationary phase was found to be ef-
fective for chromatographic separation of fullerenes with a curved π-surface
in 1993 [62–65]. A close contact (less than 3.0 Å) between the porphyrin
plane and curved fullerene surface was observed in the crystal structures
of the complex of C60-octakis(dimethylamino)porphyrazine 2 in 1995 [66]
and covalently linked fullerene–porphyrin conjugate 3 in 1997 [67] (Fig. 5).
The strong interaction was confirmed by many cocrystallites of octaethylpor-
phyrins 4 [68, 69], 1 and its derivatives [70–74], metal tetrahexylporphyrins
5 [75], metal tetrakis(4-pyridyl)porphyrins 6 [76, 77], and dendritic por-
phyrins 7 [78, 79] with C60, C60O, C70 C120O, methanofullerene and endohe-
dral metallofullerenes (C80) [80–82] (Fig. 5). The nature of the interaction
was considered to be electrostatic between an electron negative 6-6 juncture
of the fullerene and the electron positive center of the porphyrin as well as
π–π interaction between them [82, 83].

Some other nitrogen-containing heterocycles were reported to have affin-
ity to fullerenes. Metal tetraazaannulenes 8 (Fig. 6) encapsulated C60 and
C70 in their crystal structures [84, 85]. Novel types of heterocyclic host
molecules designed to capture fullerenes, azacalix[2]arene[2]pyridine 9, aza-
calix[4]arene[4]pyridine 10 and highly phenylated triamino-s-triazine 11
(Fig. 6), were synthesized, characterized and examined in their complexation
behavior with C60 and C70 [86, 87]. They were found to exhibit very large
binding constants; 7.0×104 dm3·mol–1 in the complexation of 10 and C60,
1.4×105 dm3·mol–1 for 10 and C70, and 0.9–1.8×105 dm3·mol–1 for 11 and
C60. Azacrown compounds with aryl substituents, 12 and 13 (Fig. 6), formed
1:1 complexes with C60 and C70, giving homogeneous LB multilayers with an
average bilayer thickness of approximately 47 Å for 12 and 37–38 Å for 13 [88].
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Fig. 5 Structures of porphyrin monomers 1–7 [66–79]
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Fig. 6 Structures of nitrogen-containing heterocycles 8–13 [84–88]

2.1.2
Porphyrin Oligomers

For fullerene encapsulation, host molecules consisting of two or more por-
phyrin units have been developed, such as cyclic diporphyrins 14 [89–96],
gable-type diporphyrins [97, 98] 15 [99], 16 [73], 17 [83, 100], 18 [101, 102]
and 19 [103], porphyrin tetramer 20 [104], and porphyrin hexamer 21 [105]
(Figs. 7 and 8). They gave very large binding constants and, in some cases,
good C60/C70 selectivities [82]. A triply fused porphyrin dimer having a simi-
lar structure to that of 43 (Fig. 12) is reported to give two-dimensional supra-
molecular assemblies composed of the dimeric porphyrin and C60 [106].
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Fig. 7 Structures of porphyrin dimers 14–19 [73, 83, 89–103]
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Fig. 8 Structures of porphyrin tetramer 20 [104] and hexamer 21 [105]
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2.2
Supramolecules of Porphyrins and the Analogues with Carbon Nanotubes

2.2.1
Porphyrin Monomers and the Analogues

Very good affinity between the curved and flat π-surfaces was found in the
complexes of fullerenes with porphyrins and the related compounds as de-
scribed in Sect. 2.1. It is quite natural that this non-classical interaction was
applied to CNTs to form complexes with porphyrins and related compounds.
The complexation has mainly the following two goals; one is the solubi-
lization of CNTs to make their manipulation much easier, and the other is
the investigation of the photo- and electrochemical properties of the com-
plexes [107].

On the other hand, the non-covalent chemistry of CNTs was started in
1998, when cut CNTs were dissolved with the help of surfactants [108] and
by wrapping them with highly conjugated macromolecules [109]. Carboxylic
groups at the open ends of shortened SWNTs were functionalized covalently
with octadecylamine through an amide linkage, also giving SWNT solutions
in 1998 [110]. These covalent and non-covalent functionalizations facilitated
the processibility of CNTs, making significant technological progress.

As for the non-covalent functionalization with azamacrocyclic molecules,
tetraazaannulenes 8 [111] (Fig. 6) and phthalocyanine 22 [112] and por-
phyrins 23–25 [113] (Fig. 9) were found to form complexes with CNTs. Since
the complexes of 8 and 22 did not have enough solubility, they were extracted
in the solid phase of CNTs. However, protoporphyrins IX 23–25 dissolved
HiPco SWNTs, which were prepared by Carbon Nanotechnologies Co. in
the presence of an iron catalyst under high CO pressure and high tempera-
ture, in DMF by Nakashima et al. The “DMF dispersion/solution” of SWNTs
was obtained after centrifugation at 1000 g for an hour and was very sta-
ble for 2 months at 5 ◦C. Soon after the report, dissolvation of SWNTs in
a selective manner was reported by Sun with free-base porphyrin monomer
26 [114] (Fig. 9). Non-covalent interaction of SWNTs, prepared by arc dis-
charge, with 26 resulted in the enrichment of semiconducting SWNTs in
the solubilized sample and metallic SWNTs in the residual sample, while
no SWNTs were solubilized by the Zn-analogue 27 (Fig. 9). In an investiga-
tion by the author’s group, on the other hand, porphyrin monomers highly
functionalized with long alkyl chains, 28, 29 and 30 (Fig. 9), were not able
to retain SWNTs, prepared by arc discharge, in THF after centrifugation at
50 400 g for 15 min (Komatsu et al., 2007, unpublished results). Free-base
porphyrin 28 was found to show no solubilizing ability of SWNTs under simi-
lar conditions as those reported by Li et al. [114]. Therefore, we conclude
that it is not so easy to reproduce the result of discriminating semiconduct-
ing and metallic SWNTs through the extraction with porphyrin (Komatsu et
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Fig. 9 Structures of porphyrin monomers 22–31 [112–115] (Komatsu et al., 2007, unpub-
lished results)

al., 2007, unpublished results). It was also reported that porphyrin monomer
31 (Fig. 9) provided a homogeneous solution of HiPco SWNTs by means
of sonication, but the SWNTs precipitated after a few minutes [115]. Very
low solubilities (0.1 and 0.08 mg ml–1) of HiPco SWNTs in DMF were also
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obtained through complexation with 1 (M = Zn and H2 in Fig. 5), respec-
tively [116]. Compared to the porphyrin oligomers and polymers mentioned
below, the interactions between the porphyrin monomer and CNTs is con-
cluded to be much weaker [115], and hence solubilization may be highly
dependent on the conditions. It was demonstrated that the stability of the
complex between SWNT and porphyrin is proportional to the number of
porphyrin units in the triply fused Zn-porphyrin oligomers, which will be
discussed in Sect. 2.2.2 [117].

Ionic porphyrin monomers and related compounds non-covalently func-
tionalized CNTs and the resulting complexes were dissolved in water and
organic solvent. Tetrakis(4-sulfonatophenyl)porphyrin 32 (Fig. 10) was em-
ployed to solubilize HiPco SWNTs in water, providing a very stable aqueous
solution for several weeks [118]. Protonation of the free-base porphyrin 32
to the diacid under mildly acidic conditions was found to inhibit the interac-
tion between the porphyrin and SWNT. An ionic expanded porphyrin named
Sapphyrin 33 (Fig. 10) bound non-covalently to HiPco SWNTs and dissolved
them into not only water but also ionic liquid [119]. The supramolecular
assemblies of 33 and SWNTs were found to undergo photoexcited intramolec-
ular electron transfer, indicating that the Sapphyrin-bound SWNTs acted as
antennae for light-harvesting. In contrast to the case of 32, the diacidic form
of bis(3.5-di-tert-butylphenyl)porphyrin 34 (Fig. 10) showed improved ability
to solubilize SWNTs (Nanocs Inc.) and construct an ordered supramolecu-
lar assembly than that of the unprotonated form of 34 [120]. J- and H-type
aggregation effects of the protonated porphyrins on SWNTs played an im-
portant role in constructing not only ordered supramolecular assembly at
the molecular level, but also large rod-like structures (40–60 nm in diameter
and 0.5–3.0 µm in length) at the microscopic level. The photoexcited electron
transfer between the SWNTs (Nanocs Inc.) and the protonated forms of the
porphyrins, 1 (M = H2 in Fig. 5), 34 and 35 (Fig. 10), was also observed as in
the case of 33 mentioned above [121]. These photochemical behaviors in the
supramolecular assemblies were applied to solar cell systems, giving ∼13% of
the incident photon to photocurrent efficiency (IPCE) [121].

A similar photochemical behavior was also reported in the nanohybrids
of SWNTs (HiPco)/1 (M = H2 and Zn in Fig. 5) [116]. The porphyrin-based
complexes of SWNTs 36 and C60 37 (Fig. 11) were compared in their pho-
tochemical behaviors [122]. In the former complex 36, SWNTs were doubly
functionalized with alkyl chains and 4-pyridylisooxazoline rings at the tips
and sidewall to provide sufficient solubility in organic solvent and to coor-
dinate the zinc porphyrin to the pyridyl group, respectively. The covalently
functionalized SWNTs formed a complex with a zinc tetraphenylporphyrin in
a similar manner to that of C60 analogue 37. In contrast to the photochem-
ical behavior in 37, energy transfer quenching, rather than electron transfer
giving charge-separated states, occurred upon the photochemical excitation
of the SWNT–porphyrin hybrid 36.
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Fig. 10 Structures of ionic porphyrin monomers 32–35 [118–121]
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Fig. 11 Structures of porphyrin-based complexes of SWNTs 36 and C60 37 [122]

Nanohybrids consisting of three non-covalently linked components were
also prepared as shown in Scheme 1 to investigate their photophysical and
electrochemical properties [123–125]. HiPco SWNTs and the pyrene ammo-
nium cation were non-covalently bonded through π–π interaction according
to the literature [126], giving water-soluble dyad 38. The anionic porphyrin
39 was immobilized on the dyad 38 through electrostatic interaction, provid-
ing the triad 40. Cationic porphyrin 41 was not able to form a non-covalently
linked triad because of the repulsive electrostatic interaction between am-
monium and pyridinium. The photophysical and electrochemical studies re-
vealed that electron-transfer from the photoexcited porphyrin 39 to SWNT
occurred to form long-lived radical ion pairs (i.e., microseconds).
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Scheme 1 Preparation of non-covalently linked triad 40 [123–126]
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2.2.2
Porphyrin Oligomers and Polymers

As described in Sect. 2.2.1, a more stable complex of CNT is expected to form
with the oligomeric and polymeric porphyrins such as 43–45 (Fig. 12) com-

Fig. 12 Structures of porphyrin monomer 42, dimer 43, trimer 44 and polymer 45 [115,
117]
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pared to the monomeric ones like 31 (Fig. 9) and 42 (Fig. 12). Actually, the
order of the stability was found to be trimer 44 > dimer 43 > monomer 42,
when the triply fused porphyrin trimer and dimer, and monomer were com-
pared in the extraction of HiPco SWNTs in the acidified THF [117]. Trimer 44
gave a very stable, dark solution with no sedimentation even after centrifu-
gation. When the same procedure was employed, no SWNTs were extracted
with the monomer 42, and the SWNTs extracted with dimer 43 precipitated
after several hours. Porphyrin monomer 31 and its polymer 45 (n = ∼14) also
showed large differences in stability of the SWNT complexes in their solu-
tions; a very dark and stable solution including HiPco SWNTs (approximately
1 mg ml–1) was obtained using 45, while SWNTs precipitated out soon after
sonication in the presence of 31 [115].

Gable-type porphyrin dimers 46 were found to have the ability not only
to solubilize SWNTs, but also discriminate their structures [56–58]. These
porphyrins consisting of a rigid spacer and the two porphyrin units were
prepared via the Suzuki–Miyaura coupling reaction as shown in Scheme 2.
In addition, we introduced the asymmetrical moieties at the periphery of
the porphyrin units. The chiral porphyrins 46 were found to extract CoMo-

Scheme 2 Synthesis of gable-type porphyrin dimers 46 [56–58]
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Fig. 13 Computer-generated complex structures of (M)- and (P)-(6,5) SWNT with (S)-
46 [56–58]

CAT SWNTs, prepared by SouthWest NanoTechnologies, Inc. using a CVD
method with Co–Mo catalysts, and discriminate the helical arrangements of
the hexagons in chiral SWNTs. Computer-generated complex structures be-
tween the stereoisomers of (6,5) SWNTs and (S)-46 (Y = CH) are illustrated
in Fig. 13. This resulted in obtaining optically active SWNTs for the first time.

Fig. 14 Structure of porphyrin-peptide hexadecamer 47 [127]



Heterocyclic Supramolecular Chemistry of Fullerenes and Carbon Nanotubes 181

By a similar strategy utilizing strong non-covalent interaction between
porphyrin and CNT, diameter-selective extraction was accomplished using
porphyrin-peptide hexadecamer 47 [127] (Fig. 14). As in the case with por-
phyrin dimer 46 [56–58], 47 was removed by washing the complex with
DMF and THF several times, enabling us to compare the spectra before
and after extraction without any influence of the solubilizing agent. The
porphyrin-peptide octamer [128, 129] did not form a complex with HiPco
SWNTs, indicating that the long polypeptidic chain played an important role
in forming the stable supramolecule by wrapping the circumference of HiPco
SWNTs [130]. From Raman spectra of SWNTs before and after extraction, it
was found that larger diameters (>1.2 nm) were enriched and the ratio be-
tween semiconducting and metallic SWNTs was not influenced so much by

Scheme 3 Preparation of porphyrin/metacrylic acid polymer 48 [131]
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the extraction with 47. In the photochemistry of the supramolecule, a long-
lived charge-separated state was attained upon photoexcitation.

Porphyrin-methacrylic acid polymer 48, prepared by polymerization of
methyl methacrylate and transesterification as shown in Scheme 3, was also
reported to form a stable complex with SWNTs in DMF through poly-
mer wrapping [131]. The complex was found to create a long-lived charge-
separated state upon photoexcitation.

Although the supramolecules of SWNTs wrapped with porphyrin-contain-
ing polymers mentioned above were prepared by mixing SWNTs and the
polymer in solution, a very stable complex of porphyrin-pyrene copolymer
49/SWNT was also synthesized by copolymerization of porphyrin and pyrene
in the presence of soluble SWNTs as shown in Scheme 4 [132].

Scheme 4 Preparation of porphyrin/pyrene polymer 49 in the presence of soluble
SWNTs [132]
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2.3
Supramolecules of DNA with Carbon Nanotubes

Non-covalent immobilization of platinated and iodinated DNA fragments
onto the CNT surface was first visualized with HRTEM by Sadler et al. in
1997 [133, 134]. In 2003, DNA was found to be a very efficient solubilizing
agent for SWNTs [135–137]. SWNT/DNA hybrids were individually dispersed
by helical wrapping of DNA on the circumference of SWNT, giving very sta-
ble aqueous solutions under any circumstances. Since then, DNA has been
used as a very convenient tool for solubilizing CNTs. The resulting aqueous
solution was used for a variety of purposes from biochemical to photo- and
electrochemical applications [138].

One of the most successful examples is chromatographic separation of
SWNTs wrapped with DNA [136, 137, 139, 140]. Quite recently, (6,4), (9,1) and
(6,5) SWNTs were obtained in almost pure form by sorting of CoMoCAT
SWNTs wrapped with DNA with conventional ion-exchange chromatogra-
phy [33]. The SWNTs/DNA solution was subjected to a variety of optical
analyses such as circular dichroism, photoluminescence and absorption spec-
troscopies [141–143] as well as investigation of their photo- and electrochem-
ical behaviors [144, 145]. The strong interaction between SWNT and DNA was
simulated theoretically by molecular dynamics [146] and ab initio calcula-
tions [147], and used for nanofabrication of SWNTs [148, 149].

Many biological applications have been also examined by CNT/DNA hy-
brids because of their high chemical stability and biocompatibility [150–152].
In 2004, Bianco et al. reported for the first time that covalently functional-
ized water-soluble SWNTs were able to cross the cell membrane, showing the
great promise of CNTs as a cell-penetrating transporter [153]. Soon after the
publication, ammonium-functionalized SWNTs 50 and MWNTs 51 (Fig. 15)
were shown to work as a DNA carrier into mammalian cells [154]. In addition,
the CNTs exhibited low cytotoxicity, the cytotoxicity being lower than that
of other nanomaterials. In order to establish CNT-based gene-transfer vec-
tor systems, the interaction of the three types of ammonium-functionalized
CNTs 50–52 (Fig. 15) with plasmid DNA and CpG oligodeoxynucleotides was
investigated [155, 156].

Kam et al. devised strategies to release biological cargos from non-
covalently linked CNT-biomolecule conjugates [157, 158]. The SWNTs were
non-covalently functionalized with designed molecules consisting of a hydro-
phobic phospholipid (PL) moiety to interact with the SWNT surface, a hydro-
philic PEG moiety to add aqueous solubility to the hybrids and an X moiety
to impart biological function, namely PL-PEG-X 53 (Fig. 16). This “smart
nanomaterial” successfully transported and released DNA and siRNA (small
interfering RNA) in mammalian cells [158]. This strategy was also applied to
selective cancer cell destruction by heating the HiPco SWNT-folic acid conju-
gate selectively uptaken by cancer cells with near-infrared light [157].
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Fig. 15 Structure of ammonium-functionalized CNTs 50–52 [154–156]

CNTs and functionalized CNTs were also applied to DNA sensors [138,
159–161].

DNA (2823–48 502 base pairs) was observed to transport through a MWNT
channel directly with fluorescence microscopy [162]. The dynamic process of
encapsulating single-stranded DNA (eight adenine bases) in (10,10) SWNT
was simulated in a water solute environment, indicating spontaneous inser-
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Fig. 16 Structure of PL (phospholipids)-PEG-X 53 [157, 158]

tion and confinement of the DNA inside the SWNT by van der Waals and
hydrophobic forces [163].

2.4
Supramolecules of Proteins with Carbon Nanotubes

As with DNA above, a variety of proteins were immobilized non-covalently
not only outside but also inside the CNT [138, 150]. Tsang et al. reported
the first evidence for immobilization of small proteins inside MWNT by
HRTEM [164–167], before DNA immobilization on the surface of MWNT as
mentioned above [133, 134]. After the innovative work by Sadler et al., the cir-
cumference of CNTs was non-covalently functionalized with proteins directly
or indirectly. MWNTs, prepared by arc discharge, were shown to be almost
completely covered by streptavidin in helical arrangement [168]. SWNTs also
adsorbed proteins and enzymes such as cytochrome c, ferritin, glucose ox-
idase and anti-fullerene IgG monoclonal antibody [169, 170]. Indirect non-
covalent functionalizations of SWNTs with streptavidine and metallothionein
were attained through triton-X 100-PEG-biotin and butylpyrene linkers, re-
spectively [171, 172].

CNTs transported proteins into cells in a similar manner to that of
DNA- and peptide-functionalized CNTs mentioned above [153, 154]. SWNTs
non-covalently conjugated with various proteins such as streptavidine, cyc-
tochrome c, protein A and bovin serum albumin were investigated for car-
riage into mammalian cells like HeLa, NIH-3T3 fibroblast, HL60 and Jurkats
cells [173, 174].

Non-covalently functionalized SWNTs were also applied to highly specific
electronic and optical protein biosensors [138, 175–178].

2.5
Supramolecules of Peptides with Carbon Nanotubes

The covalent chemistry of peptide-functionalized CNTs has made significant
progress mainly in the biomedical applications mentioned above [151–153].
In contrast, non-covalent peptide chemistry of CNTs has been rather limited.
In 2003, peptide sequences with specific affinity for various kinds of CNTs,
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Fig. 17 Structures of cyclic peptides 54 and 55 [130, 182]

prepared by laser vaporization, arc discharge, and HiPco and CVD processes,
were investigated, showing that sequences rich in histidine and tryptophan
acted in unison for binding CNTs [179]. A 29-residue peptide designed to
form an amphiphilic α-helix was found to solubilize HiPco SWNTs and con-
trol the assembly of peptide-coated SWNTs through the adjacent peptide–
peptide interactions [180, 181]. When the cyclic peptides, 54 and 55 (Fig. 17),
were employed for the solubilization of HiPco SWNTs, smaller diameters were
enriched in the aqueous supernatant [130, 182].

2.6
Supramolecules of Carbohydrates with Fullerenes

It is well known that fullerenes show good solubility in many organic sol-
vents such as toluene, carbon disulfide and dichlorobenzene, allowing sig-
nificant progress in the chemistry of fullerenes. On the other hand, the sol-
ubilization of fullerenes in water is also of great importance in particular
for their biomedical applications. Although there are a lot of examples to
achieve water-soluble fullerenes by covalent functionalization, non-covalent
functionalization with CDs is an efficient and convenient way to solubilize
fullerenes in water without any loss of the π-conjugation [15–17, 183].

In 1992, a water-soluble fullerene was first prepared by Anderson et al. via
non-covalent functionalization of C60 with γ -CD 58 [184] (Fig. 18). The com-
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Fig. 18 Structures of cyclodextrins 56–59 [141, 184–203]

plex was analyzed with NMR, UV-VIS and FAB-MS spectroscopies [185, 186].
A similar procedure was applied to the synthesis of a water-soluble C70-γ -
CD complex [187]. Changing the solvent from water to water/toluene and
DMF/toluene mixed solvent systems provided C60-γ -CD [188] and C60-β-
CD 57 [189] (Fig. 18) complexes, respectively, with fixed stoichiometry of
1:2, namely bicapped C60. A C60-γ -CD complex was also prepared under
milder conditions at room temperature by use of methanol as a solvent [190].
A mechanochemical technique named high-speed vibration milling used for
bridging two C60 molecules by covalent bonding [191], was also applied to
the non-covalent functionalization of C60, C70 and C60 derivatives with γ -
CD [192, 193]. The photo- and electrochemical properties and complex struc-
tures of C60-γ -CD were characterized by experiments such as laser photolysis
and cyclic voltammetry, and spectroscopic analyses such as UV-Vis, fluores-
cence and NMR [185, 190, 194–199].

2.7
Supramolecules of Carbohydrates with Carbon Nanotubes

Both cyclic and linear carbohydrates showed good affinity and sufficient solu-
bilizing ability to CNTs as in the case of other biomolecules, DNA, proteins
and peptides, mentioned so far [150].

After HiPco SWNTs were ground in the presence of β-CD 57 or γ -CD 58
(Fig. 18), the resulting black powder was found to contain shortened SWNTs
and could be dissolved in water [200]. HiPco SWNTs were also dissolved in
water by refluxing them in the aqueous γ -CD solution [201] in a similar pro-
cedure to that for preparing γ -CD-C60 complex [184, 187]. The SWNTs non-
covalently functionalized with γ -CD by means of grinding and refluxing were
analyzed with absorption and Raman spectroscopies, and differential scan-
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ning calorimetry [201]. The mechanochemical high-speed vibration milling
technique developed by Braun et al. and Komatsu et al. [191, 192, 202] was
also applied to prepare an aqueous solution of SWNT/α-, β- and γ -CD, 56–58
(Fig. 18), complexes as in the case of the fullerene-CD complexes mentioned
above [203].

The CD with the larger ring, η-CD 59 (Fig. 18), was employed to thread
SWNTs (MER Co., USA), resulting in solubilizing them in water and sep-
arating them with respect to diameters [141]. However, more experimental
evidence such as Raman, absorption and photoluminescence spectroscopies
is considered to be required to confirm firmly the diameter-based separation
in the paper by Dodziuk et al. (2003) [141].

Naturally occurring non-cyclic polysaccharides were shown to act as
strong solubilizing agents. Starch dissolved HiPco SWNTs in water, and en-
zymatic hydrolysis of the aqueous solution with amyloglucosidase precipi-
tated out the dissolved SWNTs [204]. Amylose 60 (Fig. 19), one of the major
components of starch, wrapped HiPco SWNTs in a helical manner to dis-
solve the resulting complex into aqueous DMSO [205]. Gum Arabic (GA),
a water-soluble polysaccharide produced by Acaciasenegal trees, exhibited
better solubilizing ability for both SWNTs and MWNTs than those of typi-
cal surfactants such as sodium dodecylsulfate (SDS), dextrin and PEG [206].
Diameter-selective dispersion of HiPco SWNTs was reported by use of chi-

Fig. 19 Structures of polysaccharide 60–62 [205, 207–211]
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tosan 61 (Fig. 19) as a solubilizing agent [207]. Since 61 has amino groups,
it is expected that 61 will discriminate the structures and electronic prop-
erties of SWNTs as demonstrated with simple alkyl amines [208–210]. In
fact, smaller-diameters of SWNTs were preferentially dispersed in the aque-
ous supernatant, while larger-diameters were enriched in the precipitate.
Hyaluronic acid 62 (Fig. 19), like other polysaccharides mentioned above, ex-
hibited remarkable dispersive ability to HiPco SWNTs [211]. Because of the
organization of SWNTs, a nematic liquid crystal phase was separated in equi-
librium with an isotropic phase.

3
Endohedral Supramolecular Chemistry of Fullerenes and Carbon Nanotubes

Encapsulation of metal atoms inside the hollow cage of fullerene was first re-
ported in 1985 [212], immediately after the discovery of C60 [1]. Since then,
many endohedral metallofullerenes have been prepared and characterized,
and many fascinating properties have been disclosed [213–217]. CNTs fol-
lowed the same history as fullerenes [34, 218]; the hollow core of open CNT
was reported to be partially filled with metals, immediately after the discov-
ery and bulk synthesis of CNTs [219–223]. Since the hollow space inside CNTs
is larger than that of fullerene, CNTs can encapsulate molecules, which is in
contrast to the fact that fullerenes can accept atoms or very small molecules
like H2 at most [10].

Immobilization of small proteins in MWNTs with 3.0–5.0 nm in inner
tube diameters was first observed with HRTEM in 1995 as mentioned in
Sect. 2.4 [164, 165]. CNTs were non-covalently hybridized with fullerenes to
provide “fullerene peapods” in 1998 [49, 224]. This novel nanomaterial at-
tracted considerable attention because of the great possibility for tuning the
electronic structures of CNTs and shielding the encapsulated molecules by the
carbon cage [222].

Since then, a variety of molecular peas were integrated into SWNTs [34,
225]; the molecules with three-dimensional structures are endohedral
metallofullerenes [226–229], metallocenes [230, 231] and o-carboranes [232,
233]. Molecular and/or atomic motions in the confined space inside the
tube were successfully observed by HRTEM due partly to the shield-
ing effect of the carbon cage from electron impact [227–229, 232, 233].
Two- and one-dimensional conjugated molecules were also encapsulated in
SWNTs [234–237]. Relatively small molecules such as tetramethyltetrase-
lenafulvalene 63, tetrathiafulvalene 64, tetracyanoquinodimethane 65 and
tetrafuluorotetracyanoquinodimethane 66 (Fig. 20) were encapsulated in
SWNTs to modify their electronic structures [238]. Ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate [bmim][PF6] 67 (Fig. 20) was found
to change the physical properties when it was confined in MWNTs [239].
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Fig. 20 Structures of heterocyclic peas in peapods 63–68 [238–240]

Zn-diphenylporphyrin 68 (Fig. 20) and analogues, which are much larger
molecules than 63–67, were found to be encaged inside SWNTs [240, 241].
As described in Sect. 2.3, DNA was inserted in and even transported
through CNT [162, 163]. Linear polyyne molecules, C2nH2, were highly sta-
bilized by encapsulating in SWNTs even above 300 ◦C under dry-air condi-
tions [237, 242].

4
Concluding Remarks

This review has described the supramolecular chemistry of fullerenes and
CNTs. Although the non-covalent chemistry of heterocyclic molecules has
been highlighted in this review, the supramolecular chemistry of other host
molecules, as well as covalent chemistry, has also contributed enormously
to the progress of this interdisciplinary field in science. One of the land-
marks must be the application of the supramolecular interaction of C60 with
calix[8]arenes to the practical purification of fullerenes, which was reported
independently by Shinkai et al. and Atwood et al. in 1994 [243, 244]. Quite
recently, the host–guest strategy has been successfully applied to structure-



Heterocyclic Supramolecular Chemistry of Fullerenes and Carbon Nanotubes 191

based separation of CNTs by the author’s group [56–58]. These examples and
the works reviewed above clearly ensure that supramolecular chemistry will
continue to contribute to the progress of nanoscale science and technology. In
particular, the hurdles in structural separation, nanofabrication and bioappli-
cations of CNTs will hopefully be addressed by the supramolecular strategy.
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