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PREFACE 

This monograph consists of the proceedings of the Fifth International 
Symposium on the Activation of Dioxygen and Homogeneous Catalytic Oxidation, held 
in College Station, Texas, March 14-19, 1993. It contains an introductory chapter 
authored by Professors D. H. R. Barton and D. T. Sawyer, and twenty-nine chapters 
describing presentations by the plenary lecturers and invited speakers. One of the 
invited speakers, who could not submit a manuscript for reasons beyond his control, is 
represented by an abstract of his lecture. Also included are abstracts of forty-seven 
posters contributed by participants in the symposium. Readers who may wish to know 
more about the subjects presented in abstract form are invited to communicate 
directly with the authors of the abstracts. 

This is the fifth international symposium that has been held on this subject. 
The first was hosted by the CNRS, May 21-29, 1979, in Bendor, France (on the Island 
of Bandol). The second meeting was organized as a NATO workshop in Padova, Italy, 
June 24-27, 1984. This was followed by a meeting in Tsukuba, Japan, July 12-16, 1987. 
The fourth symposium was held at Balatonfured, Hungary, September 10-14, 1990. 
The sixth meeting is scheduled to take place in Delft, The Netherlands (late Spring, 
1996); the organizer and host will be Professor R. A. Sheldon. 

This symposium, as was true of the previous symposium in Hungary, involved a 
large component of industrial applications of oxidation/oxygenation reactions, 
particularly with dioxygen and hydrogen peroxide as starting materials. These 
inexpensive, non-polluting reagents are prime candidates to replace halogen oxidants, 
and thereby reduce industrial wastes. Papers given at this symposium also reflect the 
considerable advances that have occurred in the oxygenation of alkanes with both 
heme and non-heme complexes as catalysts. Important advances have been made 
with non-heme iron and copper complexes to promote dehydrogenation/oxygenation 
reactions. Insights into the nature of such processes have developed from the study of 
oxidase, peroxidase, monooxygenase, and dioxygenase enzymes and their models. To 
summarize, the chapters and poster abstracts are characterized by both their large 
number and wide variety of topics, illustrating the rapid acceleration of the field of 
oxygen transport, activation, and catalysis. 

Financial support for this symposium was provided by Texas A&M University 
and sixteen industrial sponsors. The organizers express their sincere thanks for this 
assistance. Without it the Symposium, and its publication, would not have been 
possible. 

Vll 



Our thanks go to Mary Martell for invaluable assistance with the organization, 
logistics, and registration for this symposium, and for handling the large amount of 
correspondence that a meeting like this requires. 

College Station, Texas 
May 14, 1993 
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INTRODUCTION: THE DILEMMAS OF 02 AND HOOH ACTIVATION 

Derek H. R. Barton and Donald T. Sawyer 

Department of Chemistry 
Texas A&M University 
College Station, Texas 77843 

More than a billion years of life on earth under reducing conditions produced 

metal sulfides, iron(II), iron, and residual saturated hydrocarbons that could not be 

oxidized in the absence of dioxygen. This anaerobic form of life can still be found on 

earth under conditions such as the bottom of the Black Sea and in deep sea vents in the 

Oceans. It has not produced any organism with a complex central nervous system.! 

The mutation that gave rise to the blue-green algae about three billion years ago 

permitted photosynthesis, which produced dioxygen as a by-product.2,3 This changed 

the world forever. The iron, iron(II), and the hydrocarbons were oxidized as was the 

hydrogen sulfide. Life developed enzymes to activate dioxygen, and thereby achieve 

far more complicated compounds. Under reducing conditions, membranes used 

triterpenoids derived from squalene. With dioxygen squalene epoxide could be 
formed and cyclized to oxygenated triterpenoids, like lanosterol--from which by many 
specific oxidation processes cholesterol, the hormones of the adrenal cortex, the sex 

hormones and vitamin D could all be produced. 

Dioxygen also permit~ed respiration (controlled combustion of carbohydrates), 

which produced more energy to be expended per unit of weight and of time. 
Evolution onto land and the development of warm-blooded animals soon produced 

much more complicated nervous systems until we eventually arrived at Mankind. 

Although modern man is a very late arrival on the scene, he has an extraordinary 

nervous system that has an absolute dependence on dioxygen for function and for 

survival. Dioxygen is perhaps the most important of all the reagents of life. How 

fortunate that it is a triplet molecule and not a singlet. How fortunate also that copper 

and especially iron complexes permit oxygen to be domesticated so that our bodies are 

oxidized--but only in just the right places. 
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How fitting it is then that much work is done on the Chemistry and Biochemistry 
of dioxygen activation and reactivity. A vast interdisciplinary effort is being mounted 

to understand oxygenase enzymes of all kinds by isolating and studying the pure 

enzymes, and by developing model systems. 

Industrial interest in oxygen chemistry has always been great. Here economics 

takes the dominant role. At least dioxygen (as air) is free and, in principle, could be 

used to convert a saturated hydrocarbon directly to ketone and water. Also industrial 

processes are not confined to copper and iron; and any element or combination of 

elements can be called into the service of man. 

This book shows how all the elements of this complex multidisciplinary subject 

interact together to give a science well-suited to the end of the Century and the 

beginning of the next. The following chapter by Professor Roger Sheldon provides a 

concise history of these Symposia and the progress that has been mode during the past 

two decades to understand the metal-induced activation of dioxygen, and, in tum, to 

make use of this understanding in the design of catalysts and processes for the 

utilization of 02. Several chapters follow that illustrate catalyst development for 

various industrial processes and focused chemical synthesis. Professors P. R. Ortiz de 

Montellano and Daniel Mansuy provide important summaries and a reminder that 

Nature is the supreme catalyst engineer for (a) the oxygenation of saturated 

hydrocarbons via cytochrome P-450 monooxygenases (cyt P-450)/02 and (b) the 

epoxidation of olefins via peroxidases (e.g., horseradish peroxidase (HRP) /HOOH 

• Compound I) or cyt P-450 Compound I. The latest insights into the 

structure and mechanism for the activation of 02 by the methane monooxygenase (MMO) 

proteins are presented in the chapters by Professor S. J. Lippard and Professor L. Que, 
Jr. and co-workers. 

Nature, in its ever present need for carbonaceous nutrients (food, fuel) for 
oxidative metabolism and respiration has developed these 02-activation catalysts (cyt 

P-450 and MMO) for the controlled combustion of saturated hydrocarbons (initially to 

alcohols), e.g., 

Clf4 + 02 + RedH2 MMO.. CH30H + H20 + Red 
(reductase) 

(1) 

Likewise, HRP [an iron(ID)-heme protein with an axial histidine] activates HOOH for 

the epoxidation of olefins(as does the cyt P-450 /02/RedH2 system, but not MMO) via a 

porphyrin-cation-radical-ferryl intermediate [(por+·)FeIV=O, Compound 1],4 

(2) 

Much of the 02-activation research during the past 20 years has focused on the viable 

reactive intermediates for the oxygenation of alkanes and the epoxidation of olefins. 
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Table I summarizes (a) several systems and their reactive intermediates for 

reaction with alkanes, (b) the initial product(s), and (c) the kinetic isotope effects [KIE, 
kc-C6H12/kc-C6D12].5-10 Although many have suggested that hypervalent iron, ferryl 

(LxFeIV=O), or perferryl (LxFeV =0) are reactive with alkanes (and are reasonable 
reactive intermediates for MMO and cyt P-450), Compound I of HRP is unreactive 

(Professor Daniel Mansuy, this Symposium). The large dissociative bond energies 

(MIDBE) for the C-H bonds of alkanes [e.g., H3C-H (~HDBE, 105 kcal mol-I), Table II] 

require reactive intermediates (YO·) with sufficiently large bond-formation energies 

Table 1. Established and Proposed Reactive Intermediates for the Oxygenation of 

Alkanes (RH, c-C6H12). 

System 
KIE, 

Reactive Intermediate Initial Product kc~H12/kc-C6D12 

pulse radiolysisa HO· R· 1.0 

pulse radiolysis/02b HO· ROO· 1.0 
FeIIICh/HOOHc C13FeV(OHh (proposed) ROH,RCI 2.9 

Gif systems/02d LxFeV=0,02 (pr) ketone,ROH 2.5 

Fenton reagente [LxFeIl()OH, BH+] (pr) ROH [or (R)py) 1.1 ~ 1.7 

Fenton reagent/O:z/ [LxFeIIIOOH(02, BH+] (pr) ketone,ROH 2.1 ~ 10 

HRP Compound I Por+·FeIV=O NR 

cyt P-450 (R'S)FeV=O (pr) ROH 

I 
MMO ROH 

aRef. 5. bRef. 6. CRef. 7. dRef. 8. fRef. 9. fRef. 10. 

(-~GBF) for YO-H to cleave the C-H bond. On the basis of the data in Table II only HO· 

has sufficient radical strength to be reactive with CJ-4. Although Fenton reagents9 and 
Gif systems8 react with 1 ° /20 /30 C-H bonds, they are unreactive with CJ-4. Because 

methane is the primary substrate for MMO, the C-H bond breaking process must be 

other than an oxy-radical outersphere cleavage. Reactivity and product formation for 

Gif systems,8 Fenton reagents,9 and oxygenated Fenton systemslO are facilitated via 

iron-carbon and iron-OO-carbon intermediates. Hence, the monooxygenation of 

alkanes by MMO and cyt P-450 must involve stabilization of the carbon radical (R) via 

an iron-carbon bond (-~GBF, 20-30 kcal mol-I; A. Qiu and D. T. Sawyer, unpublished 

results). The electron-rich Nature of the iron centers of MMO and cyt P-450 and of the 
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Table II. Radical Strength of Oxygen Radicals (YO·) in Terms of Their YO-H Bond
Formation Free Energies (-dGBF), and Dissociative Bond Energies (dHDBE) for H-R 

Molecules 

Oxyradical 
(yO·) 

HO· 
0-· 

·0· 

t-BuO· 

MeO· 

PhO· 

HOO· 

02-· 

·02· 
t-BuOO· 

MeOO· 
MeC(O)O· 

(por+-)FeN =0 

(por)FeIV =0 

CI3FeV=0 

Cl3FeV(OHh 

aRef.l1. bRef.12. 

Bond 
(YO-H) 

HO-H 

-o-H 

·O-H 

t-BuO-H 

MeO-H 

PhO-H 

HOO-H 

-oO-H 

·OO-H 

t-BuOO-H 

MeOO-H 
MeC(O)O-H 

(-dGBF)(aq) ,a 

(kcal mol-I) 

111 
109 
98 
97 
96 
79 
82 
72 

51 
83 
82 
98 

(por+·)FeIIIO-H 85 (est) 

(por )FeIIIO-H 78 (est) 

ClJPeIV-OH 88 (est) 

CbFeNOH(HO-H) 96 (est) 

Bond 
(H-R) 

H-CH3 
H-(n-C3H7) 

H-(C-C6Hn) 

H-(t-C4H9) 

H-CH2Ph 

(dHDBE)(g) ,b 

(kcal mol-I) 

105 
100 
95 
93 
88 

H-(C-C6H7)(CHD) 73 
H-C(O)Ph 87 
H-Ph 111 
H-SH 91 
H-SMe 89 
H-SPh 83 
H-OPh 86 

·CH3 radical apparently leads to a -dGBF value of 35-45 kcal mol-I, which would 

overcome the outersphere limits of Table II. 

The second question concerns the reactive intermediate for the epoxidation of 

olefins. Although there is general agreement on the formulation of Compound I of 

HRP4 and its ability to epoxidize olefins stereospecificallyI3 (see Arasasingham and 

Bruice, this volume), the possibility of alternative reactive intermediates remains (see 

Valentine, this volume). Table TIl summarizes (a) several HOOH/02 activating 

systems, (b) the proposed reactive intermediates for reaction with cyclohexene 

(C-C6HIO) and cis-stilbene (cis-PhCH=CHPh), and (c) the observed products. Epoxide 

production appears to be limited to ferryl-like intermediates (LxFe=O), while Gif and 

Fenton systems yield alcohols and ketones. These two substrates appear to be effective 

diagnostic probes to characterize the reactive intermediate of epoxidation reagents. 
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A final concern in our quest for an understanding of oxygen activation and 

reactive intermediates is the tendency for many to formulate oxy anions (XO-) in 

aqueous solutions at pH 7.0. Table IV summarizes the aqueous acidities for various 

XO-H species,16 and confirms that free superoxide ion (02-') and bicarbonate ion 

[HOC(O)O-] are the only dominant oxy anions at pH 7. Even hydrated electrons (eaq-) 

are as their conjuate acid (H). 

Table III. Cyc10hexene (C-C6HlD) and cis-Stilbene (cis-PhCH=CHPh) as Diagnostic 

Substrates for Reactive Intermediates for Epoxidation. 

A. C-C6HIO 
System 

HRP-Compound Ia 

FeIIICh/HOOH/MeCN (dry)b 

(wet) 

Gif systemsc 

Oxygenated Fenton Systemsd 

Proposed Intermediate 

(por+·)FeIV =0 

ChFeV=O 

CI3FeV(OHh 

LxFeV=0/02 

LxFe1IoOH(BH+)(OH) 

B. cis-PhCH=CHPh 

FeIIICI3/HOOH/MeCN (dry)b 

Oxygenated Fenton Systemsd,e LxFeIJOOH(BH+) (02) 

LxFeIV=O 

aRef 4, 13. bRef 7. CRef 8. dRef 10. ~ef 14,15. 

Product 

epoxide 

epoxide 

C-C6H90H, ketone 

ketone, allylic 
C-C6H90H 

ketone, c-C6H90H 

epoxide 

PhCH(O) (75%) 
epoxide (25%) 

Many of the contributions in this Symposium volume discuss important 

advances in metal-catalyzed activation of dioxygen and hydroperoxides. Several are 

concerned with proposed mechanisms and reactive intermediates for the oxygenation of 

alkanes, and alkenes. We hope that the preceding discussion will be helpful in the 

consideration of the latest results and mechanistic proposals. 
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Table IV. Acid-Base Character of XOH/XO- Species in Aqueous Solutions. 

XO-H (pH 7) XO- pKa 

H2O HO- 45.7 

ROH RO- 18 

PhOH PhO- 10 

FeOH FeO- -14 

HO· ·0- 11.9 

HOOH HOO- 11.8 

ROOH ROO- 12 

FeOOH FeOo- -11 
HOO· (1%) ·02- 4.9 

HOC(O)OH (20%) HOC(O)O- 6.4 

HOO- (0.001 %) -00- >30 

H- eaq - 9.3 
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A HISTORY OF OXYGEN ACTIVATION: 1773-1993 

R.A. Sheldon 

Delft University of Technology 
The Netherlands 

INTRODUCTION 

Controlled partial oxidation of hydrocarbons (alkanes, alkenes and aromatics) 
is the single most important technology for converting petrochemical feedstocks to 
industrial organic chemicals [1]. For economic reasons, these processes 
predominantly involve the use of molecular oxygen (dioxygen) as the primary 
oxidant. The success of these processes depends largely on the use of metal 
catalysts to promote both the rate of reaction and the selectivity to partial 
oxidation products. Both gas phase and liquid phase oxidations, employing 
heterogeneous and homogeneous catalysts, respectively, are practiced industrially. 
In biological systems a broad range of selective oxidations of hydrocarbon 
substrates by dioxygen are catalyzed by metalloenzymes, appropriately known as 
oxygenases [2,3]. A common feature of most of these processes is the involvement 
of a multivalent transition metal ion. 

Structure and Reactivity of Dioxygen 

The ground state of dioxygen is a triplet with two unpaired electrons with 
parallel spins. The first two electronically excited states are both sin;lets, formed 
by relocation and/or pairing of the unpaired electrons in the 2p7( antibonding 
orbitals. The half-filled antibonding molecular orbitals of 302 can accommodate 
two additional electrons. The addition of one electron affords the superoxide 
anion (02 ') and two-electron reduction gives the peroxide ion (Ol-). 

The complete oxidation of organic materials by dioxygen, to give carbon 
dioxide and water, is thermodynamically very favorable. Fortunately, unfavorable 
kinetics preclude the spontaneous combustion of living matter into a puff of 
smoke. Thus, the direct reaction of 302 with singlet organic molecules to give 
singlet products is a spin-forbidden process with a very low rate. One way of 
circumventing this energy barrier is via a free radical pathway. The reaction of a 
singlet molecule with 302 (reaction 1) forming two doublets (free radicals) is a 
spin-allowed process. Reaction 1 is, however, highly endothermic (up to 50 
kcal.mor1) and is observed at moderate temperatures only with very reactive 
substrates that form resonance stabilized radicals, e.g. reduced flavins (reaction 2). 
This is a key step in the activation of 302 by flavin-dependent oxygenases. 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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I 

~OH+~ 
H OH 

11 

M+9Oa 

(1) 

+ HOs" 

(2) 

- (3) 

A second way to overcome the spin conservation obstacle is for 302 to 
combine with a paramagnetic transition metal ion (reaction 3). The expectation 
that the resulting metal-dioxygen complex may react selectively with organic 
molecules at moderate temperatures forms the basis for the extensive studies of 
oxygen activation by metal complexes during the last three decades [4-6]. The 
various oxygenated species that may playa role in metal-catalyzed oxidations with 
dioxygen are depicted in Figure 1. 

10 

Mn +1 OB 
"'-./ o 

hydroperoxo 

Mn+ 3 OH 

II 
0 

axo 

Mn+2 OR 
"'-./ 

0 

superoxo ,u-peroxo 

Mn+2 2 M n+2 

/ "'-. 
0--0 

0 

peraxo axo 

7 
n+4 Mn+! Mn+! M=O 

-H+ \I 
"'-./ 

0 

0 

dioxo ,u -oxo 

Figure 1. Metal·oxygen species. 



Why oxygen activation? The widespread interest in oxygen activation, as is 
evidenced by the more than 200 publications a year devoted to the subject, stems 
from the enormous commercial potential that exists for selective catalysts for the 
'dream reactions' shown below (reactions 4-6). 

(j ° /\ 
RCH= CHz + "zOz ) RC - CH 2 (4) 

H 

RH + "1°. 
(j 

) ROH (5) 

(j 
ArH + ".02 

> ArOH (6) 

HISTORICAL DEVELOPMENT - THE FIRST 200 YEARS 

Lavoisier's explanation of the phenomenon of combustion in 1774 signaled the 
demise of the phlogiston theory and the beginning of the modern era of chemistry. 
Following the rationalization of the phenomenon of catalysis by Berzelius in 1835, 
several gas-phase catalytic oxidation processes were developed, in the late 19th 
and early 20th century, for the production of inorganic bulk chemicals. Examples 
include the Winkler process (1875) for Pt-catalyzed oxidation of S02 to S03 and 
the Ostwald process (1902) for Pt-catalyzed oxidation of NH3 to HN03. The 
Winkler process was later replaced by the BASF process (1915) which employed 
the cheaper V 205 as the catalyst. One of the first industrial processes to involve 
controlled, catalytic oxidation of a hydrocarbon was the gas-phase oxidation of 
ethylene to ethylene oxide over a supported silver catalyst, discovered by Lefort in 
1935. 

Parallel to these developments, observations made in the 19th century linked 
the deterioration of many organic materials, such as natural oils and fats, to the 
absorption of dioxygen. Around the turn of the century it was recognized that 
these processes involved organic peroxide intermediates. Subsequently, detailed 
mechanistic studies with simple hydrocarbons led to the free radical chain theory 
of autoxidation [7]. Following close on the heels of these mechanistic 
developments several important catalytic oxidation processes, in both the gas and 
liquid phase, were developed in the period 1945-1960. Some examples are shown 
in Table 1. 
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Table 1 Catalytic oxidation processes with ° '2· 

Substrate Product Catal~st 

Gas phase, heterogeneous catal~st 

Ethylene Ethylene oxide Ag/Al20 3 
Propylene Acrolein Bi2Mo06 
Propylene /NH3 Acrylonitrile Bi2Mo06 
o-Xylene Phthalic anhydride V20 5/Ti02 

LiQuid phase, homogeneous catal~st 

Acetaldehyde Acetic acid CoIl or MnIl 
p-Xylene Terephthalic acid CoIl /Br- in HOAc 
n-Butane Acetic acid CoIl in HOAc 
Ethylene Acetaldehyde PdIl/euIl 

The evolution of enzymatic oxidations [2,3] proceeded parallel with 
developments in liquid phase oxidations. The intermediacy of iron-dioxygen 
complexes in many enzymatic oxidations was first proposed by Warburg around 
1920. Further development of these ideas was seriously hampered by Wieland's 
dehydrogenation theory of enzymatic oxidations, proposed in 1932. This theory, 
widely accepted for more than two decades, held that the sole function of 
dioxygen in enzymatic oxidations is as an electron acceptor, forming water or 
hydrogen peroxide. This situation changed dramatically in 1955 when Hayaishi [8] 
and Mason [9] independently demonstrated the direct incorporation of dioxygen 
into the substrate in reactions (7) and (8). 

©r:OH+~ 
OH 

'pyrocatechalle' - (7) 
(E.C.l. 13. 1.1) 

OH 0 

~C~ q~' +111Oa 
'phenolase' 

1.0 + HaOlB (8) -(E.C.l.l0.3.1) 
HaC 

CHa CHa 

An interesting historical quirk is the fact that the first oxygenase model 
system, the Udenfriend reagent (Figure 2), was reported in 1954 [10], one year 
prior to the discovery of the enzymes it emulates. Udenfriend and coworkers 
found that a mixture of Fe (II), EDTA, ascorbic acid and dioxygen is able to 
hydroxylate aromatic rings at neutral pH and under mild conditions. It was later 
found that the ascorbic acid can be replaced by a variety of hydrogen donors 
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FeDjEDTA -
ascorbate 

0 0 

NoH 
0 

;t:oH - 0 

0 

OH 

OH OH 

Figure 2. Biomimetic oxygenation - Udenfriend's reagent. 

[1,11]. Indeed, one may conclude that in addition to Fe(II) and dioxygen all that is 
needed is a source of electrons and protons. 

MECHANISMS OF OXIDATIONS WITH 302 

Abiological catalysis of oxidations with 302 can be conveniently divided into 
three mechanistic types as illustrated in Figure 3. Liquid phase oxidations 
generally involve the free radical autoxidation mechanism with the exception of a 
minority of processes, e.g. the Wacker process for ethylene oxidation, that involve 
direct oxidation of the substrate followed by reoxidation of the reduced metal 
catalyst with dioxygen. Gas phase oxidations, in contrast, generally involve the 
so-called Mars-van Krevelen mechanism [1~ i.e. direct oxidation of the 
hydrocarbon by an oxometal species (Mo =0 or VV =0) followed by 
regeneration with dioxygen. How can we account for this marked difference 
between the gas and liquid phase? In the liquid phase the facile free radical 
autoxidation is ubiquitous and difficult to compete with. In the gas phase, on the 
other hand, the concentrations of RH in the vicinity of the catalyst are much lower 
making radical chain processes less favorable. In practice, both types of process 
afford selective oxidations only with a limited number of relatively simple 
substrates. Thus, free radical autoxidation is a largely indiscriminate process and 
gives high selectivities only with molecules containing one reactive position, e.g. 
toluene. There is a great need, therefore, for catalytic methods that are able to 
compete with free radical autoxidation in liquid phase oxidations, i.e. to create gas 
phase conditions in the liquid phase. As we shall see later many biological 
oxygenations bear a marked resemblance to gas phase oxidations. 

What do we mean by oxygen activation? A reasonable working definition is: 
catalysis of the oxidation of a hydrocarbon substrate by 302 not involving a 
classical free radical autoxidation mechanism or direct oxidation by a metal salt. 
The latter stipulation is needed to exclude Wacker-type oxidation processes in 
which the oxygen in the product is, initially at least, derived from water. On the 
other hand, it should not matter whether dioxygen complex formation precedes or 
follows the oxidation of the substrate by an oxometal complex (see Figure 4). The 
former pertains to liquid and the latter to gas phase processes. 
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UQum PHASE 

1. FREE RADICAL AUTOXIDATION 

JIl+ ROIH - JIl- 1 
+ RO + HO -

JIl- 1 + Ro.H - Jll + Ro. +H+ 

Ro. +RH - R + Ro.H 

R +0. - Ro. 

2. KETAL ION OXIDATION 

D 0 

a) HilC = CHi. + Pd + HilO - CHsCHO + Pd + 2H+ 

pl + 1/10. + 2H + 
[CuD] 
=---..... -~ PdD + HilO 

b) 

GAS PHASE (liars-van Krevelen mechaniam) 

- Jil~ + SO 

- 21f1=O 

.J1 = V v or lio VI (exception: Ai) 

Figure 3. Mechanisms of metal-catalyzed oxidations. 

n m IV 
2Fe + O2 .. Fe 0 - 2Fe =0 

'0/ 'Fe 
m 

IV m 
2Fe =0 + S - Fe + SO 

v m 
V=O + S - V + SO 

m IV v 
2V + O2 - V 0 .. 2V=0 

'0/ 'V 
IV 

(MARS-VAN KREVELEN MECHANISM) 

Figure 4. What is oxygen activation? 
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REACTION OF DIOXYGEN WITH METAL COMPLEXES 

In the late sixties a wide variety of low-valent transition metal complexes were 
shown to combine reversibly with dioxygen [13]. Some examples are shown in 
Figure 5. 

lCNH3)5COm 0 
"- / "-o ComCNH3 )5 

A. Werner (1898) 

o 
Ph3P. 1;0 

'. Ir 

Cl"'" I '" PPh . a 
CO 

L. Vaska (1963) 

r In 0 Com(Salen)L 
/ "- / 

L(Salen)Co 0 

T. Tsumaki (1938) 

1st reversible O2 complex 

Ph3P 0 
"""-M/I 

PhaP / """- 0 

M=Ni,Pd,Pt 

Wilke, Wilkinson, Cook 

(1967-1970) 

Figure 5. Metal-oxygen complexes. 

Interest in the utilization of such complexes for the selective oxygenation of 
hydrocarbons was aroused by two publications. Collman and coworkers [14] 
reported in 1967 that the oxidation of cyclohexene in the presence of low-valent 
complexes of Ir, Rh and Pd afforded a mixture of cyclohexen-2-one and 
cyclohexene oxide (reaction 9). It was proposed that the reaction involved an 
'oxygen activation' mechanism. 

o 

o 6+0> (9) -
or Pd 0 

- (10) 

In 1970 Stern [15] proposed that the key step in the (Ph3P)4Pd-catalyzed 
autoxidation of cumene at 35° involved hydrogen abstraction by the 
metal-dioxygen complex as shown in reaction 10. The same step had been 
proposed by Kropf [16] to account for catalysis of cumene autoxidation by metal 
phthalocyanines. However, careful kinetic studies [17-19] subsequently showed that 
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these reactions all proceed via classical redox decomposition of trace amounts of 
hydroperoxides present in the cyclohexene or cumene. In the early seventies we 
carried out extensive studies of the oxidation of cyclohexene and l-octene in the 
presence of low-valent complexes of Pd, Pt, Ir, Rh and Ru. In no instance did we 
observe results which were not consistent with a classical free radical chain 
autoxidation mechanism involving initiation via redox decomposition of 
hydroperoxides. One lesson we learned from this work is that cumene and 
cyclohexene are about the worst substrates that one could have chosen for these 
studies. Both compounds undergo facile autoxidation and, hence, are always 
contaminated by trace amounts of hydroperoxide (which can be removed by 
passing over a column of basic alumina prior to use). 

We concluded that dioxygen complexes of low-valent group VIII metals are 
nucleophilic in character. Thus, they undergo a 3 + 2 cycloaddition reaction with 
electrophilic olefins [20] as shown below. 

(11) 

+ 

Similarly, these low valent complexes undergo cyc1oaddition reactions with a 
variety of inorganic molecules such as S02 and CO2 [11]. They are obviously good 
models for the Winkler and Ostwald processes (see earlier) but not for 
hydrocarbon oxidation. 

One problem associated with the transfer of an oxygen atom from the 
peroxometal species to the double bond of an olefin is that the second oxygen 
atom remains bonded to the metal. In order to complete a catalytic cycle this 
oxometal species (M = 0) must be reduced back to the original oxidation state 
(M). Read and coworkers achieved this by employing triphenylphosphine as a 
coreductant [21]: 

Oz, RhCl~ 
RCB =CHz - (12) 

Mimoun and coworkers [22] subsequently showed that no added reducing 
agent was necessary when Rh(III) perchlorate was used as the catalyst in alcoholic 
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solution at room temperature. It was suggested that the reaction proceeded via a 
peroxymetallocycle intermediate which decomposes to give the methylketone and 
oxorhodium(III). The latter is converted to hydroxorhodium(III) which reacts with 
a second molecule of olefin in a Wacker type process to afford a second molecule 
of ketone (Figure 6). 

02' EtOH 
RCH =CH2 - RCOCH3 

ill 
Rh (C104 )3 

250 

0 

I 02 R~Q '00 
Rh - -RCH=CH2 C--C 

H// '--'\ "R 
H H 

RCH =CH2 ill 
RCOCH3 + Rh = 0 

"Wacker" - RCOCH3 

Figure 6. Rh-catalyzed oxygenation of an olefin. 

More recently, Drago and coworkers [23] have shown that the alcohol solvent 
takes part in the reaction by reducing the Rh(III) to Rh(I). This is followed by 
reaction of Rh(I) with 02 and a proton to give a Rh(III) hydroperoxide complex 
which oxidizes the olefin. Similarly, Drago [24] and Nishinaga [25] found that 
cobalt(II) Schiff base complexes catalyze the co-oxidation of olefins and primary 
alcohols (reaction 13). 

R'ClIz°H 
RCH = cliz + <>z - RCOCHs + RCH(OH)CHs 

CoSMDPT 

(13) 
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In addition to the methylketone the corresponding secondary alcohol, 
RCH(OH)CH3, is also formed from the olefin. Nishinaga proposed [25] a cobalt 
hydride intermediate (see Figure 7) to explain the formation of RCOCH2D when 
PhCD20H was used as the primary alcohol. Drajo [24], in contrast, favors the 
addition of LCoIIIOOH, formed by reaction of Co with 02 and a proton, to the 
olefin. Whichever mechanism [27] is correct, one thing is clear: non-classical 
oxidation of olefins is observed only in the presence of a coreductant. 

Nishinaga - m H 
LC~O '-SPh 

H 

-PhCHO I PhCH=CH2 I - LCo H - LCo H-CHPh 
I 
CHs 

O2 m - LCo-O-O-CHPh - products 
I 
CHs 

Drago 
H+ 

m RCH=CHa 
LCo -OOH - RCHCHs -

I m 
0 

'0"""-
CoL 

Co 
RCH(02H)CHs - RCOCHs + RCH(OH)CHs 

Figure 7. Mechanism of cobalt Schiff base catalyzed co-oxidation of alcohols and terminal oletins. 

CATALYTIC OXYGENATION OF PROTIC SUBSTRATES 

Although metal dioxygen complexes do not react with hydrocarbons they do 
react readily with pro tic substrates, such as alcohols (see above), phenols and 
amines, with displacement of hydrogen peroxide [27]. In the presence of dioxygen 
this can lead to selective oxidation of the substrate. A typical example is the 
Co(II) Sal en-catalyzed oxygenation of phenols (Figure 8) first described by van 
Dort and Geursen in 1967 [28] and subsequently extensively studied by Nishinaga 
[29]. 

We and others [30] found that the best results are obtained in DMF as 
solvent. Nishinaga [29] and Drago [31] proposed hydrogen abstraction from the 
phenol by the superoxocoba1t(III) complex (reaction 14) as the initial step. 
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Oe/CHCla 

or CH30H 
o 

\ 1m 
L-Co 0 \ 1m 
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I \ 
4 -peroxo complex 

Figure 8. Co(II)Salen·catalyzed oxygenation of phenols. 

rn 
LCo O2• + ArOH - rn 

LCo 02H + ArO. (14) 

We, on the other hand, proposed [1] a mechanism involving initial SN2 
displacement of peroxide by phenol on the IL-peroxo or superoxocobaJt(III) 
complex, by analogy with other systems [27]. This is followed by oxygen insertion 
into the aryloxycobalt(III) intermediate and subsequent decomposition of the 
resulting alkylperoxycobalt(III) intermediate into the quinone (see Figure 9). 
Similarly, other protic substrates, that form ambident nucleophiles on 
deprotonation, also undergo catalytic oxygenation in the presence of cobalt and 
manganese Schiff base complexes. Some examples are shown below (reactions 
15-17). 

We suggest that a common mechanistic feature of all these reactions is SN2 
displacement of peroxide or superoxide at the metal center by the ambident 
nucleophile, followed by oxygen insertion into what is formally an organometal 
intermediate. It is interesting to note that reaction (17) proceeds only in the 
presence of the base triethylamine, i.e. under conditions in which the ambident 
nucleophile is generated. 

ENZYMATIC OXYGENATIONS OF I'ROTIC SUBSTRATES 

The transformations described above constitute models for several oxidations 
(see Figure 10) catalyzed by copper-dependent mono- and dioxygenases [2,3]. 
Reactions (18) and (19), for example, are models for trypophan dioxygenase (BC 
1.13.11.11) and quercetin dioxygenase (EC 1.13.11.24), respectively. Other 
examples include dopamine monooxygenase (EC 1.14.17.1) and tyrosinase (BC 
1.14.18.1). 
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LColILO-O-Com + ArOH 

or 

LColILO-O" + ArOH ----11__ LCoIIl()Ar + H02" 

LCoIIl()Ar 
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.. o ~ >= 0 LCoWOH 

R' 

LCoIIl()H + ArOH -
Figure 9. Mechanism of Co(I1) Salen-catalyzed oxygenation of phenols. 
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By analogy with the model systems we suggest that a common feature of all 
these enzymatic oxygenations is SN2 displacement by the ambident nucleophile 
followed by oxygen insertion into a (formally) organocopper(II) species (reactions 
18 and 19). In enzymatic systems the superoxometal complex (M02e) is a more 
likely intermediate than the /L-peroxometal species (MOOM) due to steric 
constraints imposed by the protein ligand. Hence, we conclude that the distinction 
between a mono- and a dioxygenase is quite arbitrary and is determined by the 
fate of the organoperoxymetal (R02M) intermediate. Viewed from a mechanistic 
standpoint they may belong to the same class of reaction. 

HO 

RH + M02· --.......... RM + H02. 

RM + 02 --.......... R02M --........... Products 

OH OH 

~ ~OH 
+ O2 - + H2O 

tyrosinase 

R R 

OH 

~~ HO¢~ o +02 

ascorbate .. 
dopamine 

HO mono oxygenase 

OH OH 

OH 

OH 18 

+ 0. -quercetinase 
OH 

OH 

°HO~O#:: o 18 018 + CO 

C=O OH I 
OH 

~CD,H 

~N) H""~2 
Tryptophane 
dioxygenase -~

~ o "", CD,H 

NHCHO 
H 

Figure 10. Oxygenation of protic substrates mediated by eu-dependent oxygenases. 
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(19) 

21 



ENZYMATIC OXYGENATIONS OF HYDROCARBONS 

In the case of unactivated, aprotic substrates (alkanes, alkenes and arenes) 
nucleophilic displacement at the metal is unfavorable and nature has had to find a 
different pathway for catalytic oxidation with dioxygen. A common feature of 
(almost) all of these systems is the intermediacy of a high-valent oxoiron species 
as the active oxidant. Both nonheme- and heme-dependent oxygenases are known. 
Examples of the former include methane monooxygenase [35], which mediates the 
selective oxygenation of methane to methanol and isopenicillin synthase which 
catalyzes a key step in the biosynthesis of penicillins [36]. The most well-known 
examples of the latter are the cytochrome P450-dependent monooxygenases [37-
39] that mediate an amazing variety of oxidative in vivo transformations including 
olefin epoxidation and the hydroxylation of alkanes and arenes. Many of these 
processes are important steps in biosynthetic pathways, e.g. steroid hormone and 
prostaglandin biosynthesis, and the catabolism of foreign substances in the body. 
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Figure 11. The 'oxenoid' mechanism. 

In 1964 Hamilton [40] proposed an 'oxenoid' mechanism (Figure 11) for the 
hydroxylation of aromatics with Udenfriend's reagent (see earlier) which was 
considered a model for iron-dependent monooxygenases. In hindsight it was a 
small step from the 'oxenoid' to the oxometal mechanism that is now widely 
accepted for cyt-P450 dependent monooxygenases. To our knowledge Ullrich and 
Staudinger [41] were the first to propose a formally oxoiron(V) heme 
(protoporphyrin IX) as the active oxidant. The widely accepted mechanism of 
oxygen transfer is illustrated in Figure 12. 

In the 1970's several groups, e.g. those of Collman, Baldwin, Traylor and 
Momenteau [42] carried out elegant studies on model systems for the oxygen 
transport hemeproteins, hemoglobin and myoglobin. A primary aim of these 
studies was to prevent further reaction of the iron-dioxygen complex. As can be 
seen in Figure 12 a source of protons and electrons is needed in order to generate 
the active oxoiron(V) oxidant from the iron (II) dioxygen complex. In vivo they are 
provided by the cofactor NADPH. 
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METAL-CATALYZED OXYGEN TRANSFER 

At about the same time that the model oxygen transport studies were being 
carried out other authors [43,44], notably Hrycay and coworkers [43], 
demonstrated that liver microsomal cytochrome P450 can catalyze the 
hydroxylation of hydrocarbon substrates using a variety of single oxygen donors, 
e.g. H20 2, R02H, chlorite, periodate and iodosylbenzene [44] as the primary 
oxidant. 

This pathway, which later became known as the 'peroxide shunt', provided a 
means for circumventing the need for a coreductant (cofactor) in such systems. In 
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Figure 12. Mechanism of cyt-P450 catalyzed oxidations. 

1979 Groves and coworkers [45] were the first to translate these results to a model 
system. They described the use of iron(III) meso-tetraphenylporphyrin (TPP) 
chloride in combination with iodosylbenzene for the epoxidation of olefins and 
hydroxylation of alkanes. Subsequently, chromium [46] and manganese [47] TPP 
complexes were shown to catalyze oxygen atom transfer from PhIO to an olefin or 
an alkane. 

Following these seminal studies extensive investigations were carried out in 
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the last decade on metalloporphyrin-catalyzed oxidations of olefins and alkanes 
(Figure 13) with a variety of single oxygen donors [48]. Manganese porphyrins 
which had been shown [47] to be superior to iron and chromium were generally 
the catalyst of choice. For example, several groups [49] developed the use of 
NaOCI in a biphasic (dichloromethane/water) system in the presence of a phase 
transfer catalyst. Cumyl hydroperoxide [50] and hydrogen peroxide [51] were 
introduced by Mansuy in 1984 and 1985, respectively. The presence of imidazole 
as an axial ligand was shown [50-52] to be essential for good performance. This 
was attributed [52] to its dual function as a stabilizing ligand and as a base in 
promoting the heterolysis of the MIlIO-OH bond to form the putative MV =0 
intermediate. 

~+xo 
~ 
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Figure 13. MIl porphyrin catalyzed oxygen transfer. 

Similarly, p-cyano-N,N-dimethylaniline N-oxide was introduced by Bruice in 
1982 [53] and KHS05 by Meunier [54] in 1985. More recently, Querci and Ricci 
[55] introduced the water-soluble magnesium monoperoxyphthalate as an oxygen 
donor. Various systems were also developed for the direct utilization of dioxygen 
in these systems by employing a coreductant such as NaBH4' H2 and colloidal 
platinum, ascorbate and zinc and acetic acid [56]. 

A fundamental problem associated with metalloporphyrin-catalyzed oxidations, 
inherent in all hemeprotein-mediated oxidations, is the sensitivity of the porphyrin 
ligand to destructive oxidation. Hence, parallel with the development of suitable 
oxygen donors considerable effort has also been devoted to improving the stability 
of the porphyrin ligand. If tetraphenylporphyrin (TPP) is regarded as the first 
generation then the more robust meso-tetrakis(pentafluorophenyl)porphyrin 
(TPFPP), meso-tetramesitylporphyrin (TMP) and meso-tetrakis(2,6-dichloro
phenyl)porphyrin (TDCPP) represent the second generation [48]. In the third 
generation ligands the stability is increased even further by replacing the 
hydrogens in the pyrrole rings by halogen, the ultimate example being the 'Teflon' 
ligand meso-tetrakis(pentafluorophenyl )-~-octafluoroporphyrin (F 8 TPFPP) and 
related perhaloporphyrins [57]. 

Related epoxidations of olefins with PhIO in the presence of Salen and 
related complexes of chromium(III), manganese(III) and cobalt(III) have been 
reported by Kochi and coworkers [58]. The use of nickel(II) Salen in conjunction 
with NaOCI was also described [59]. More recently, these systems formed the basis 
for the development, by Jacobsen and coworkers [60], of chiral manganese(III) 
Salen complexes for the enantioselective epoxidation of prochiral olefins by ArlO 
or NaOCl. Similarly, asymmetric epoxidations with moderate to good 
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enantioselectivities have also been described using chiral porphyrin ligands [61]. 

FROM GIFI TO GOAGGIII AND BEYOND 

Parallel with the frenetic activity in studies of model metalloporphyrins Barton 
and coworkers were busily developing model systems for nonheme iron-dependent 
monooxygenases [62]. The initial system reported in 1983 [63] consisted of iron(II) 
and dioxygen in pyridine solvent in combination with iron p-owder and acetic acid 
as a source of electrons and protons, respectively. This Gifl system was shown to 
selectively oxidize alkanes, showing an unexpected marked preference for 
oxidation of secondary C-H bonds to the corresponding ketones without the 
intermediacy of the corresponding alcohol. Further evolution culminated in the 
GoAGGIII system comprising dipicolinic acid as a ligand for iron [62,64] and 
replacement of the dioxygen/ coreductant with hydrogen peroxide as a single 
oxygen donor. The corresponding secondary alkyl hydroperoxide was shown to be 
a reaction intermediate. Quite surprisingly, it was shown that the oxygen in the 
hydroperoxide was derived from dioxygen formed by decomposition of H20 2 at 
some stage in the reaction. Barton [62] favors a mechanism involving insertion of 
an oxoiron(V) species into the secondary C-H bond followed by reaction of the 
alkyliron(V) intermediate with H20 2 to produce 02 and an alkyliron(III) species. 
Insertion of 02 into the latter affords an alkylperoxyiron(III) intermediate which 
decomposes to the ketone product (Figure 14). The preference for secondary vs 
tertiary C-H bonds was assumed to be due to steric control in the reaction of a 
bulky oxoiron(V) complex with the hydrocarbon substrate. 
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Figure 14. Mechanism of GoAGGIlI. 
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DIRECT OXIDATION WITH DIOXYGEN IN MODEL SYSTEMS 

The numerous model systems described in the preceding sections all involve, 
as do the in vivo systems, either dioxygen in conjunction with a coreductant as a 
source of electrons and protons, or a single oxygen donor. There still remains a 
definite need for direct oxygenation without the need for a coreductant. Two 
examples have been described in the literature which apRear to fit this 
requirement. The first is the ruthenium tetramesitylporphyrin (RuIITMP)-catalyzed 
epoxidation of olefins (Figure 15) reported by Groves and Quinn [65]. The second 
example is the selective hydroxylation of light alkanes (isobutane and propane) 
catalyzed by iron(III) perhalogenated porphyrins reported by Ellis and Lyons [66]. 
The suggested mechanism (Figure 16) is an example of a Mars-van Krevelen type 
mechanism operating in the liquid phase. 

CONCLUDING REMARKS - FUTURE PROSPECTS 

The quest for selective catalysts for the 'dream reactions' discussed at the 
beginning of this article continues unabated. There is still a great need for systems 
that create gas-phase conditions in the liquid phase. One approach is maybe to 
isolate redox metal ions, by isomorphous substitution, in the lattice of molecular 
sieves [67]. Such 'redox molecular sieves' may be viewed as 'inorganic enzymes' 
containing an active site in which there is no room for solvent molecules in 
addition to the substrate, i.e. gas phase conditions in the liquid phase. 
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Another approach is to improve the performance of heme-dependent 
oxidoreductases which could then provide practical methods for asymmetric 
oxidations. Thus, one should not forget that the protein component of a redox 
enzyme is a relatively inexpensive, complex chiral ligand. 
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NEW TECHNOLOGY TO SOLVE OLD PROBLEMS 
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INTRODUCTION 

The selective catalytic oxidation of organic molecules continues as a very important reaction 
pathway for the syntnesis of primary and specialty chemicals in the chemical industry worldwide. 
Catalytic utilization ,)f molecular oxygen using both soluble metal compounds in liquid reaction 
media (homogeneous catalysis) and the surfaces of metals or metal oxide compounds in gas or 
liquid reaction media (heterogeneous catalysis) is very important today, and will become even more 
important in the future as worldwide environmental policies become more stringent. This will 
necessitate the development of new "no-waste" technologies which will provide economically 
viable syntheses of molecules of commercial importance. Clearly, selective catalytic oxidation 
with 02 represents critical technology and will be an area in which continued research and technical 
breakthroughs will be required. 

The economic driving forces for catalytic 02 oxygenation chemistry have historically been 
raw material costs, reaction efficiency and reaction simplicity; i.e., the feweSt number of synthesis 
steps. For example, the emergence of butane as a lower cost feedstock than benzene in the United 
States in the late 1970' s resulted in the development and commercialization of a butane based route 
to maleic anhydride and not until the 1990's did similar events occur in Europe. For similar 
reasons, propene based chemistry replaced acetylene based chemistry in the 1960' s for 
acrylonitrile, and o-xylene replaced naphthalene for phthalic anhydride synthesis. Such economic 
factors will continue to be primary forces, but an additional factor has emerged in the 1990's - the 
environmental compatibility of the process. The environmentally responsible chemical industry 
wants to reduce the pounds of by-products produced per pound of product. For example, the 
stoichiometric inorganic oxidants, such as dichromate, permanganate, chlorite, and chlorate, 
employed primarily in the production of fine chemicals, produce aqueous waste streams 
contaminated with high levels of high molecular weight inorganic salts. These salt containing by
product streams often contain low levels of organics and are not suitable for direct biotreatment; 
thus, they represent a significant cost to clean up. 

The selective oxidation of organic compounds utilizing molecular oxygen will continue to be 
an area of great potential for the chemical process industry. Not only are there many commercial 
processes which utilize oxygen, but there is a continuing development of new and improved 
processes using oxygen which are driven both by its abundance and low cost and by its potential to 
be an environmentally friendlier oxidant than other oxidants such as chlorine. It should be noted 
that 02 is an oxidant that, depending upon the mechanism of its action, can function as a one
electron, two-electron, or even as a four-electron oxidant. In contrast, hydrogen peroxide 
functions as a two-electron oxidant and chlorine as a one-electron oxidant. Currently pure oxygen 
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is the least expensive source of oxidizing equivalents available: -o.05¢/mole of oxidation 
equivalents as a four-electron oxidant Oxidations involving oxygen will ultimately generate non
salt by-products (e. g., water). Traditionally, chlorine has been used extensively in the chemical 
process industry, and while it is also relatively inexpensive 0.90¢/mole of oxidation equivalents, 
its use generates chloride salt streams which are very difficult to clean up before releasing back into 
the environment. In this era of increasing environmental awareness such considerations have 
increased the cost of doing business with many old style chemical oxidations. The incentives to 
use oxygen to replace such chemistries is increasing and this has sparked a resurgence in research 
in catalytic oxygen oxidations in the chemical precess industry worldwide. 

It should be noted that the use of hydrogen peroxide (commercially generated from 02), 
while more expensive than 02 or el2 (-4.5¢/mole of oxidation equivalents), is continuing 
tobecome a more competitive source of clean oxygen for oxidations, especially for high value
added chemicals. With the increased useage of hydrogen peroxide as a replacement for 
hypochlorite in the bleaching of pulp in the paper industry (for environmental reasons), hydrogen 
peroxide cost will continue to drop relative to other oxidants. As a consequ~nce, we anticipate that 
research into selective uses of hydrogen peroxide, while not discussed here, will also be important. 

At Monsanto, there have been developed several processes utilizing 02 and there exists a 
continuing interest into new ways to utilize 02 as a selective oxidant in a number of areas of critical 
interest to Monsanto. This report will summarize some chemical processes practiced at Monsanto 
which utilize 02 (including recent developments in the conversion of butane to maleic anhydride, 
production of sulfuric acid, production of acrylonitrile, production of cyclohexanol, and the 
synthesis of N-phosphonomethylglycine-the active ingredient in the herbicide Roundup®). In 
addition, several recent areas of technical activity will be described which show new ways to utilize 
02 to solve an important process issue. The reactions to be described include new oxidative 02-
driven coupling technology in which substituted aromatic amines can be synthesized from 
nitrobenzene without the need for prior chlorination of nitrobenzene. This new technology is 
applicable to the synthesis of p-phenylendiamines without the generation of salt wastes. Similarly, 
new 02-driven oxidative coupling technology will be described which makes it possible to directly 
form sulfur-nitogen bonds without the need for chlorine. New homogeneous catalyst technology 
for the highly selective synthesis of 4,4'-dicarboxybiphenyl from the 4,4"-di-t-butylbiphenyl is 
also described. Finally, the development of new catalyst technology for the homogeneously 
catalyzed 02 oxidation of N-substituted amino acids is described. This last reaction features the 
novel use of electron-transfer additives to control in a highly selective fashion the 02-driven 
oxidative conversion of N-phosphonoiminodiacetic acid to N-phosphonomethylglycine. 

TECHNOLOGIES PRACTICED AT MONSANTO UTILIZING 02 

Oxidative transformations driven by oxygen and catalyzed by transition metal complexes play 
a very important role in the control of selective oxidations. The role of the catalyst in oxidations is 
to interrupt the pathway leading to the most favorable thermodynamic products, water and carbon 
dioxide, and to provide a "low temperature" pathway for the controlled formation of the desired 
product. Monsanto has commercialized several 02-driven oxidations which illustrate extremely 
well the principle of providing a selective pathway to desired products. 

Butane to Maleic Anhydride 

No process bener illustrates the role of a catalyst in promoting selectivity than the Monsanto 
butane to maleic anhydride process.! In 1966 the remarkable catalytic oxidation of 

(I) 

butane to maleic anhydride using a vanadium phosphorus oxide catalyst was reported by Bergman 
and Frisch,2 and this topic has been the subject of numerous scientific publications and several 
important reviews.3-6 The butane reaction represents a 14 electron oxidation reaction with the 
removal of eight hydrogen atoms and the insertion of three oxygen atoms. The literature reveals 
reaction selectivities in the 70% range with reaction conversions in the 80-87% range when 
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reaction feeds are 2+ mole % butane in air and reaction temperatures are 673 - 723oK, and the 
primary selectivity loss is to carbons monoxide and dioxide. 

C~lO + 6.5 02 --> 4 C02 + 5 H20 

C4HlO + 4.5 02 --> 4 CO + 5 H20 

(2) 

(3) 

Vanadium phosphorus oxide catalysts are the only catalyst systems successfully 
commercialized for this reaction chemistry .. akin. in .this respect to the uniqueness of silver for 
epoxidation of ethylene. One common observation in a large number of published reports is good 
catalytic activity/selectivity is observed when the crystalline phase vanadyl pyrophosphate, 
(VOhP207, is present. The catalytic performance of the vanadyl pyrophosphate, however, is 
profoundly influenced by the method of preparation. Catalysts synthesized in organic media, 
which tend to possess higher BET surface areas, are superior to those formed in aqueous media in 
activity and selectivity to product. The catalysts are generally prepared from [VOHP04h· H20 
precursors with approximately 5-20% excess phosphorus. There is general agreement that 
precursors prepared with excess phosphorus lead to higher selectivity catalysts. The precursor 
compound is transformed into vanadyl pyrophosphate by thermal treatment above 623oK, often in 
a butane containing atmosphere. These catalysts, after being run for several hundred hours, 
equilibrate to the reaction environment and typically have a vanadium oxidation state of 4.01± .01, 
a bulk phosphorus to vanadium ratio of 1.00±.025, XPS surface atomic PN ratios> 1.0, and 
BET surface areas of 15-20 m2/gm. 

Although an exact molecular level description of the reactive oxygen presented by the active 
surfaces of VPO catalysts remains to be described, Ebner and Gleaves 7 have conducted extensive 
studies on various equilibrated VPO catalysts using 1802 and the Temporal Analysis of Products 
(TAP) microreactor and showed surface lattice oxygen is utilized in the dehydrogenation and 
oxygen insertion reactions of unsaturated C4' s to form the furan ring. In addition to this oxygen 
type, the TAP results suggested another form of activated oxygen is required for cleaving the sp3 
C-H bond of butane. This species was suggested to arise from the irreversible dissociative 
adsorption of oxygen producing a surface vanadium (+5) site. Pump/probe TAP experiments 
detected an additional short lived oxygen species, and it was found to enhance the rate of 
transformation of furan to maleic anhydride. This species could be an adsorbed, partially reduced 
superoxo or peroxo dioxygen that reacts with ring intermediates to form maleic anhydride. It is 
now generally accepted in the literature that the vanadium phosphorus oxide catalysts operate 
according to the Mars - van Krevelen mechanism, but the role of partially reduced dioxygen 
species remains to be shown experimentally. 

Many authors in the field have suggested the active site region resides on the microcrystalline 
(1,0,0) surfaces of vanadyl pyrophosphate, and increasing the exposure of this surface correlates 
well with increases in activity; ie" greater active site density. Ebner and Thompson 8 have 
described the active site region as an ensemble of up to four isolated vanadium centers in a surface 
cleft formed by pendent surface pyrophosphate groups. The pendent pyrophosphate groups that 
define and overhang the ensemble of vanadium sites in the surface cleft present a total of twelve 
hydrogen atom binding sites as surface -P-O' in the unprotonated form. Models reveal the 
proximity of the adjacent surface pyrophosphate oxygen anions to each other, and illustrate such a 
configuration could provide hydrogen acceptor sites for transport of abstracted hydrogen atoms 
from the surface cleft region to sites of water formation and desorption. 

Propene to Acrylonitrile 

Idol first reported in 1959 that bismuth molybdenum oxides, compounds found in the Sohio 
patents for ammoxidation of propene to acrylonitrile, selectively oxidize propene to acrolein. Since 
that original discovery, Monsanto has developed its own proprietary catalyst composition for 
ammoxidation of propene to acrylonitrile. 

(4) 

In the patent literature, numerous catalyst formulations for propene ammoxidation can be found, 
and the majority of these are formulated around molybdenum and/or antimony base oxides. The 
most effective catalysts for these reactions are complex metal oxide mixtures containing three to six 
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metal components on a silica support, and result in propene based yields to acrylonitrile >80%. 
Air is the source of dioxygen for these reactions, and fluid bed reactors are most commonly used. 
The observation that selective ammoxidation of propene occurs in the presence or absence of 
molecular oxygen implicated the oxide of the catalyst structure as the source of selective oxygen. 
A redox mechanism accounting for this observation was fIrst proposed by Mars-van Krevelen.9 

Many experiments I~OndUCted in laboratories around the globe using isotopically labeled dioxygen, 
1802, have unambiguously proven that in the ammoxidation reaction surface lattice oxide is the 
primary player in removing hydrogens through C-H bond cleavage to produce water. The reduced 
surface sites are rapidy reoxidized by lattice oxygen, not by 02. An electron-rich 0 vacancy 
passes through the structure to a separate surface site where replenishment occurs by activation and 
dissociation of 02. This process is very fast compared to the reduction step, and rapid 
reconstitution of the ~ lbsurface and surface is believed critical to high selectivity catalysts. The 
multicomponent oxide catalyst systems have resulted from fIne tuning this important redox 
property. In the ammoxidation reaction in which N insertion leads to formation of acrylonitrile, 
reactive M-NH groups are formed by ammonolysis of M-O groups, and these are believed to be 
the source of inserting N atoms,1o 

Sulfur Dioxide to Sulfur Trioxide (Sulfuric Acid) 

Sulfuric acid, .the largest volume commodity chemical produced, is synthesized by the 
catalytic oxidation of sulfur dioxide, derived from combustion of sulfur or hydrogen sulfIde,11 
The sulfur trioxide product is hydrated to form sulfuric acid. 

S02 + 0.5 02 -----> S03 

S03 + H20 -----> H2S04 

(5) 

(6) 

Since the 1920's vanadium based catalysts have been used for this reaction chemistry, and after 70 
years and over 1000 papers and patents, it seems reasonable to conclude that vanadium-based 
systems are uniquely well suited for this reaction chemistry. Monsanto, currently through 
Monsanto Enviro-Chem Systems, Inc., has been providing sulfuric acid catalysts and sulfuric acid 
plant engineering services for this industry for over 40 years. 

Because the reaction of S02 to S03 is highly exothermic, the equilibrium becomes more 
unfavorable as temperature rises. In fact, since the catalysts must run at temperatures above 
4()()OC, the equilibrium becomes problematic. Thus, multistaged adiabatic fixed bed reactor units 
are preferred to allow for interstage cooling, and oftentimes interstage S03 adsorption (double 
adsorption process). These engineering design features, which are incorporated to fight the 
reaction equilibrium problem, allow plants to operate at conversions of 99+%; a conversion level 
required to meet modem day worldwide air quality standards. Indeed, the need for plants to run at 
high conversion has created a niche for more expensive, high activity catalyst formulations, such 
as the Monsanto cesium promoted catalysts, which possess higher activities, and therefore reduce 
bed inlet temperatures leading to higher reaction conversions and reduced S02 emissions. For 
example, in a single adsorption sulfur burning plant, when beds four and five are replaced with a 
cesium containing formulation, and the reactors are operated at 410 versus 430oC, the conversion 
is raised from 98 to 99%, resulting in a 50% reduction in S02 emissions. 

The typical catalyst for this reaction contains 6-9% V20S, 6-12% M20 (M=Na, K, Cs, Rb 
with M predominantly K), and 60-75% Si02. Most commercial catalysts have a K:V ratios of 
about 2 to 3.5. An important feature of this catalyst is that at reaction temperatures the actives 
operate in a molten-salt mixture supported on a porous silica pellet. The molten salt mixture is 
composed of vanadium oxides dissolved in alkali metal pyrosulfates. The physical parameters and 
thickness of the melt. which depend on temperature and gas compositions, are important to 
performance. It is important to maintain vanadium in the +5 oxidation state. The mechanism of 
the chemical reactions on the surface are not completely and unambiguously understood, largely 
because of the complexity of the liquid molten salt mixture under the wide range of conditions 
encountered in commercial reactors. Boreskov 12 proposes a binuclear complex of V(+5) binds 
two S02 molecules in the coordination sphere and dioxygen reacts with these S02 molecules to 
produce two S03 molecules. An alternate pathway, which involves the oxygen bound to the V 
(+5) oxidizing bound S02 to S03 with formation of V( +4), may predominate at low S02 
conversion. 
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Cyclohexane to Cyclohexanol 

The oxication of cyclohexane to a cyclohexanone/cyclohexanol mixture (KIA oil) represents 
the first step in the two step process for the manufacture of adipic acid, a key monomer for the 
production of nylon. There are two major variants in this chemistry depending upon whether the 
autoxidation uses a metal catalyst such as Co or Mn or whether the direct autoxidation is carried out 
in the absence of a metal catalyst The technology practiced at Monsanto, developed by Scientific 
Design (a division of Ha1con International) utilizes boric acid as a stoichiometric reagent to trap 
either cyclohexanol or cyclohexyl hydroperoxide as a stable borate ester (Figure 1),13 thereby 
preventing overoxidation yielding chain cleavage products. This chemistry is generally run to a 
few percent conversion (3-4%) in a continuous process (at l65-170·C and under llO-140 psig 02 
pressure) in order to achieve high selectivity to cyclohexanol (e. g., the 
cyclohexanoVcyclohexanone-12 to 1) with overall selectivity to C~ 11 OH + C6HlOO - 94%. 

3 O2 + 4 H20 

6 L::v 6 Lq-OOH-d; 

Y 
Figure 1. Boric acid promoted oxidation of cyclohexane to cyclohexanol. 

The metaboric acid is fed to the oxidation train continuously and the mole ratio of boron 
added to 02 utilized is kept in the 0.65 to 1 range. The primary role of the metaboric acid is to 
esterify the cyclohexanol, thereby preventing selectivity robbing overoxidation. The boric acid 
also serves to catalyze the de-peroxidation of the cyclohexylhydroperoxide to cyclohexanol in high 
yield (-95%) at the expense of other uncatalyzed decomposition products such as cyclohexanone. 
This effect arises from the ability of the boron compound to reduce the intermediate hydroperoxide 
to the corresponding cyclohexyl borate ester, dioxygen, and water (Scheme 1).14 

Historically, Monsanto made cyclohexanol via reduction of phenol produced by the oxidation 
of cumene. The cheaper feedstock is cyclohexane and this has clearly driven the technology to the 
utilization of the low cost feed. 

N.Phosphonomethylglycine from N·Phosphonomethyliminodiacetic Acid. 

The utilization of oxygen as an oxidant for the synthesis of the commercially important amino 
acid N-phosphonomethylglycine (PMG or glyphosate), the active agent in the herbicide 
Roundup®, has been studied intensively at Monsanto. In the first few years of commercial 
production of glyphosate the process utilized an oxidative decarboxylation of N
phosphonomethyliminodiacetic acid which was driven by hydrogen peroxide.t5 As volumes 
increased and the need for a more cost efficient process became evident, research into the use of 02 
to drive the decarboxylation step was initiated. The catalytic route that has been successfully 
commercialized uses an activated carbon as a heterogeneous catalyst and this technology has been 
described in the patent literature.I6 

Water is the choice of solvent in this reaction, not only because it is oxidation resistant and 
inexpensive, but also because both PMIDA and PMG are virtually insoluble in all organic solvents. 
A key aspect of this technology is that the catalyst must give a high selectivity (>95%) at high 
substrate conversion (>99%) under commercially relevant conditions (<lOOoC and less than 100 
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psig 02 pressure). This requirement arises because both PMG and PMIDA are so similar in their 
solubility properties; consequently, purification of the product would be very difficult without a 
very high conversion process. Another important consideration in the drive to reduce process 
costs and to maximize efficiency of this conversion is the need to minimize the volume of solvent; 
i. e., utilize as high a substrate payload as possible. Additionally, to minimize reagent costs and 
process operations, it is desireable to run with the free acid form of the substrate at its natural 
unbuffered pH (1-2). This presents the problem that both PMG and PMIDA are only sparingly 
soluble under such 

Oz 
H203PCH2N(CH2C02H}z --------> H203PCH2NH(CH2C02H) + HC02H + H2CO (7) 

Carbon 

conditions, even at elevated temperatures. As a consequence, the heterogeneous catalyst scenario 
presents a problem; namely, the catalyst must be separated from the product by filtration of a dilute 
PMG solution. Also, to crystallize the product PMG requires subsequent,removal of water-an 
energy intensive step. 

RECENT ADVANCES IN OXYGEN UTILIZATION AT MONSANTO 

N·Phosphonomethylglycine from N·Phosphonomethyliminodiacetic Acid 

An obvious way to simplify the process described above for the conversion of PMIDA to 
PMG would be to use a homogeneous catalyst. This would, in principle, make it possible to carry 
out this catalytic conversion with the use of a high payload of the substrate. In fact, slurries would 
be doable in such a system since catalyst fouling due to precipitation or crystallization on and in the 
catalyst would not be a problem with a homogeneous catalyst. For theses reasons we have 
discovered and developed homogeneous catalysts to promote this selective oxidation in high 
conversion. The obvious process advantage of a homogeneous system lies in the ability to oxidize 
a high payload of substrate and simply filter off the solid product PMG. Recycle of the filtrate 
containing the catalyst back to the oxidation reactor offers great process saving over the 
heterogeneous catalyst process and would, in principle, be a much easier process to operate. 

In our studies of homogeneous catalysts for the oxygen-driven conversion of PM IDA to 
PMG, we have discovered that the reaction is catalyzed by V(IV,V)17 salts and by Co(II,III) 18 
salts. The rate-determining steps in this catalytic chemistry is the oxidation of the reduced 
metal(PMIDA) complex with 02 to produce hydrogen peroxide and eith~r the VV(PMIDA) or 
CoIII(PMIDA) complex. Both metals oxidize the bound carboxylate to yield an N-methylene 
radical which is then trapped by oxygen to yield the product via the. formation of the N
formylPMG followed by its subsequent hydrolysis to PMG. The chemistry is only selective to the 
desired product if oxygen is present in high concentration (pressures> 1500 psig) so as to trap the 
N-methylene radical (Figure 2). Competing H-atom abstraction yields the undesired N-MePMG. 

Oxygen in this system functions in the dual role of not only driving the redox chemistry of 
the catalyst, but it also functions to intercept the N-methylene radical intermediate. This catalytic 
chemistry is not commercially viable at the pressures required for good selectivity, but the use of a 
co-catalyst which could be oxidized by 02 rapidly and which could oxidize the radical offered the 
possibility of affording a catalytic process capable of operating at low pressure. Such a co-catalyst 
would eliminate the need for oxygen trapping of the intermediate N-methylene radical. Our study 
of co-catalysis has shown that redox active metal ions either have no effect on this chemistry or 
that they poison the reaction completely; e. g., iron or copper salts. We have discovered that 
derivatives of anthraquinone or methylviologen which function effectively as organic electron
transfer agents are very effective agents for increasing the selectivity to PMG in these systems 
when the reactions are performed under low oxygen pressure. Electron-transfer agents such as 
methylviologen and water soluble anthrquinones are able to oxidize the N-methylene radical to 
yield the iminium cation which hydrolyzes to PMG plus formaldehyde ( Figure 3). The one
electron reduction product of the electron-transfer agent is then oxidized rapidly by 02 to regenerate 
the oxidized form. This remarkable effect requires a catalytic amount of electron-transfer agent 
approximately equal to the amount of metal salt catalyst to achieve very high selectivities (>94%) to 
product PMG at modest pressures of 02 «200 psig). Since 02 is a very efficient oxidant of of the 
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H203PCH2NCH2C02H 
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Figure 2. Homogeneous catalyst mechanism for the oxidation PMIDA to PMG. 

H 
H203PCH2NCH2C02H 

PMG 

Figure 3. Electron-transfer agent promoted catalytic oxidation of PMIDA. 
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one-electron-reduction product of the methylviologen,20,21 02 remains as the ultimate oxidant in 
these systems. In addition, such electron-transfer agents show excellent stability in these systems: 
undergoing repeated recycles with no loss in integrity. 

The use of electron-transfer agents as co-catalysts for the interception of an intermediate in an 
oxygen-driven oxidation is an important concept and should have potential for lowering the 
pressures necessary for molecular oxygen oxidations. 

Autoxidation of 4,4'-Di-t-butylbiphenyl to 4,4'-Biphenyldicarboxylic Acid 

The autoxidation of substrates such as p-xylene to terephthalic acid finds commercial value 
due to the fact that the major use of terephthalic acid is in the preparation of polyester (poly
ethyleneterphthalate-PET) plastics for containers. There exists today a strong environmental 
driving force to have recyclable packaging materials of all types, especially recyclable plastic 
bottles. Since plastic soda bottles are made from PET, PET bottles which could be sterilizable ( for 
recycle) could find a solid market. Unfortunately, terephthalic acid based PET plastic will deform 
at sterilization temperatures; consequently, new bifunctional carboxylic acid monomers which will 
give higher melting PET plastic are desireable. To meet this possible demand such diacids as 2,6-
dicarboxynaphthalene and 4,4'-biphenyldicarboxylic acid (BDA) have been proposed as possible 
terephthalic acid replacements. Monsanto is one of the world's largest producers of biphenyl and 
an obvious high value-added use of biphenyl would be the conversion to BDA. Since the ultimate 
use would be in a food grade material, a major consideration is that there must not be any possible 
trace of halogenated biphenyls. For that reason use of traditional autoxidation catalysis using 
halide promoters was deemed to be a problem. To gain the selectivity for 4,4'-disubstituted 
biphenyls, a novel route was developed which relied upon the Friedel-Krafts alkylation of biphenyl 
with isobutene to give exclusively the 4,4' -di-t-butylbiphenyl. This material was then used as the 
substrate in a metal catalyzed autoxidation for the preparation of 4,4' -dicarboxybiphenyl.22 The 
halide-free catalyst system was comprised of a mixture of Co(lI) and Mn(II) acetate salts in the 
molar ratio -20 to 1. When the reactions were run at 17()OC for four hrs under 1000 psig air in 
acetic acid/propionic acid, a 65% conversion was achieved with about a 70% selectivity to 4,4'
dicarboxybiphenyl (Figure 4). This remarkably selective conversion of the t-butyl groups to 
carboxyl groups is novel, and represents an important extension of catalytic oxidation chemistry. 
Its utility stems from the need for a halide free product and the selective positional isomers which 
can only be achieved by alkylation with the bulky t-butyl groups. 

0-0 + 2 >= - -1-0--0-+ 

HOcC-O-O-COcl-l 

BDA 

~ 
Coli Catalyst 

Figure 4. 4,4'-Di-isobutylbiphcnyl route to biphenyl dicarboxylic acid (BDA). 

Oxidative Coupling of Amines with Mercatobenzothiazoles 

Currently, Monsanto's Rubber Chemicals Division manufactures and sells a family 
sulfenamide compounds (Santocures) which are used in the tire and rubber industry as anti
scorching compounds. The route to this materials relies on chlorine based coupling chemistry and 
is shown below in general terms in Figure 5. This chlorine based coupling affords the desired 
sulfenamide in the yield range of 85-90%, but it generates an aqueous waste salt stream containing 
trace levels of organics--a very difficult stream to cleanup. 
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We have developed a new patented catalytic oxygen based coupling route which not only 
eliminates the salt by-products (the only by-product is water), but allows us to directly couple 
mercaptobenwthiazole (MBT) directly with the desired primary or secondary amine in 
a quantitative yield under very mild conditions: room temperature to 70·C under ambient to 50 psig 
02, and the reaction times are short « I hr). The activated carbon catalysts, described earlier for 
the production of the herbicide active glyphosate, are extremely efficient catalysts for this 
transformation. The only waste product in this reaction is water: 

erN 
I }-SH 
~ s -"e" (8) 

Nucleophilic Aromatic Substitution For Hydrogen: Oxidation of a-Complex 
Intermediates 

One of the oldest practiced industrial chemical reactions is the activation of aromatic C-H 
bonds by chlorine oxidation (Figure 6). The resulting chlorobenzenes can be further activated 
towards nucleophilic aromatic substitution by nitration producing a mixture of ortho and para
nitrochlorobenzene (PNCB). These intermediates are employed in a variety of commercial 
processes for production of substituted aromatic amines. Since neither chlorine atom ultimately 
resides in the final product, the ratio of pounds of by-products produced per pound of product 
generated in these processes are highly unfavorable. In addition, these processes typically generate 
aqueous waste stream which contain high levels of inorganic salts that are difficult and expensive 
to treat. 

0N~S· Na+ 
~S 

NaMBT 

NaGI + 0N~S-NHR 
~S 
"Santocures" 

~RNH2 
NaOH 

Figure 5. Current chlorine-based oxidative coupling route to sulfenamides. 

By contrast, a more direct and atomically efficient route for the production of aromatic amines 
would be to eliminate the need for halogen mediated oxidation of benzene. This can be achieved 
by a class of reaction known as nucleophilic aromatic substitution for hydrogen (NASH-Figure 7). 
While this type of reaction has been known for over 100 years, this chemistry generally proceeds 
in low yields, give mixtures of ortho and para substitution products, and requires the use of 
environmentally unfavorable external oxidants.23 This section will focus on two new examples of 
NASH chemistry applicable to the production of commercially relevant aromatic amines. The 

important step in these novel reactions is the facile oxidation of the a-complex intermediate 1. 
The reaction of aniline and aniline derivatives with p-chloronitrobenzene is the critical 

coupling reaction practiced by Bayer and Monsanto for the manufacture of 4-nitrodiphenylamine, 
2. Hydrogenation of 2 produces 4-aminodiphenylamine (4-ADPA), 3, which is a key 
intermediate in the p-phenylenediamine class of antioxidant used in rubber products (Figure 8). 
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Figure 6. Commercial activation of benzene by chlorine oxidation. 
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1 
Figure 7. Nucleophilic aromatic substitution for hydrogen. 

Cu Catalyst / 

Figure 8. Commercial routes to 4-aminodiphenylamine. 
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This reaction suffers all the problems outlined above since these routes rely on chlorine to activate 
the aromatic ring towards nucleophilic attack. It has recently been discovered at Monsanto that the 
base catalyzed coupling of aniline and nitrobenzene via NASH chemistry is a superior route for the 
production of intennediates like 2.24 Understanding the mechanism of the coupling reaction,25 
and in particular, the oxidation of a-complex intennediate, 4, has allowed for the development of a 
commercial process based on this chemistry. 

Our mechanistic studies revealed that oxidation of 4 can proceed by three separate pathways 
generating mixtures of 4-nitrosodiphenylamine 5 and 2 (Figure 9): 1) an intramolecular redox 
process with the nitro group of 4 functioning as the oxidizing agent generating 5, 2) an 
intennolecular pathway with free nitrobenzene functioning as the oxidant producing nitrosobenzene 
and 2, and 3) an oxygen driven pathway that also produces 2 and formally H202. 

Figure 9. Production of 4-ADPA intermediates via nucleophilic aromatic substitution. 

Attempts to drive this chemistry exclusively by the dioxygen pathway were unsuccessful 
since the aerobic oxidation of aniline to azobenzene by O2 is extremely facile under the reaction 
conditions.26 Thus, this chemistry was best suited to be run under anaerobic conditions utilizing 
the potential oxidizing capabilities of the nitro groups. Using these reactions conditions, 
selectivities to 5 and 2 in the 95% are routinely achieved. This reaction is unique in that it 
proceeds in high yield and selectivity under mild conditions (80 ·C) without the need for an 
auxiliary leaving group. Accordingly, this process is halide free and extremely efficient with 
respect to raw materials consumed per pound of product generated making it a very attractive 
alternative for the commercial production of 3. 

Another commercially important aromatic amine is p-nitroaniline (PNA) and its derivative p
phenylenediamine (PPD). PNA is currently produced at Monsanto by the reaction of ammonia 
with PNCB (Figure 10). Recently a new example of NASH chemistry directly applicable to the 

Figure 10. Commercially relevant aromatic amines. 
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production of PNA and PPD was discovered. We have found that the reaction of benzamide 6 and 
nitrobenzene in the presence of base under anaerobic conditions generated 4-nitrobenzanilide 7 in 
high yield under mild conditions. The only other observable product in this reaction was 
azoxybenzene 8 Simple treatment of 7 with methanolic ammonia results in the aminolysis of the 
amide bond generating PNA and benzamide. Thus, the overall stoichiometry for this series of 
reactions illustrate the formal amination of nitrobenzene with ammonia. 

Base 

7;,. ",NONO,. G~", J 
PNA 

NH3 
MeOH 

Figure 11. Amination of nitrobenzene via nucleophilic aromatic substitution for hydrogen. 

That azoxybenzene is observed as a by-product of this reaction under anaerobic conditions 
indicates that nitrobenzene is functioning as the oxidant. A mechanism which explains the 
simultaneous formation of 7 and 8 is shown below (Figure 12). Intermolecular oxidation of the 
a-complex 9 by nitrobenzene generates 7 and nitrosobenzene via disproportionation of the 
intermediate nitrobenzene radical anions. The ultimate formation of azoxybenzene is then governed 
by a cascade of electron transfer and nucleophilic reactions between the radical anions of 
nitrobenzene, nitrosobenzene and N-hydroxyaniline. 

Figure 12. Aerobic oxidation mechanism for the production of 4-nitrobenzanilide 
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In contrast to the case where aniline is used as the nucleophile, the benzamide reaction can be 
improved by utilizing dioxygen in the reaction mixture since 6 is resistent to autoxidation. Under 
aerobic conditions the nitrobenzene radical anion is readily trapped by 02 generating superoxide 
and nitrobenzene. This reaction pathway inhibits the formation of azoxybenzene by diverting the 
electron transfer cascade and ultimately utilizing dioxygen as the terminal oxidant. Thus, under 
aerobic reaction conditions 7 is the only observed reaction product. The formation of substituted 
benzanilides from the reaction of amides with nitrobenzene is the first example of the direct 
formation of aromatic amide bonds via nucleophilic aromatic substitution for hydrogen, and 
represents a new route for the amination of nitrobenzene. This reaction proceeds in high yield and 
regioselectivity, and does not require the use of halogenated intermediates, external oxidants or 
auxiliary leaving groups. Our mechanistic studies of NASH reactions have revealed that the 
controlled oxidation of a-complex intermediates results in highly selective and environmentally 
favorable routes for the commercial production of aromatic amines. 

CONCLUDING REMARKS 

The more favorable environmental characteristics of catalytic oxidation reactions are 
providing a strong driving force for the chemical industry to expand the use of this reaction type. 
Minimizing non-selective reaction pathways will be important for reducing overall costs, which 
now encompass raw material usage, energy efficiency and environmental clean up. Although we 
have not discussed the production of hydrogen peroxide, commercially generated from oxygen, in 
this chapter, we also anticipate that hydrogen peroxide will continue to become a more competitive 
source of clean oxygen for catalysis, especially for higher value-added chemicals. 
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INTRODUCTION 

Crystalline zirconium phosphates are potentially interesting as catalysts, since certain 
forms possess regular layer structures within which are strongly acidic sites which may 
undergo ion exchange with a range of metal cations. The ion exchange properties of 
zirconium phosphates were recognised in the 1950'SI,2,3: however, the initial preparations 
were amorphous gels of variable composition and it was not until 19644 that zirconium 
phosphate was isolated in its crystalline form. Following on from this, other Group IV 
phosphates were then made in their crystalline forms. The phosphates have the general 
formula M (HP04)2.H20 and possess a layer structure (Figure 1). 

Figure 1 - Idealised Structure of a-Zirconium Phosphate 
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These materials can be considered as strong inorganic solid acids and much of the 
catalytic activity so far observed in the literature has been attributed to their acidic nature. 
This acidity is attributed to the Br!2lnsted acidity of the hydroxyl groups in the interlayers 
and to the Lewis acidity of the metal centre. 

Hydrogen peroxide is particularly suitable to catalytic activation. Under neutral 
conditions at ambient temperature it is not very reactive but it may be converted 'in-situ' to a 
wide range of active species which will perform specific oxidations. It may also be used to 
re-oxidise other active oxidants within a process giving an overall catalytic effect. Other 
peroxygen reagents such as percarboxylic acids are generally more reactive than hydrogen 
peroxide. Some examples of how hydrogen peroxide is activated for use in chemical 
synthesis are given in Figure 2. 

Catalytic 

HaSO 5 

Activation 
via Peracids 

Figure 2 - Activation of H202 

"Direct" 

{ } Not Isolated 

The simplest means of activation of H202 are by so-called direct methods. These 
produce anionic, cationic and radical species which carry out the oxidation. In general 
terms, these species are not particularly useful in synthetic reactions as they are often 
relatively non-specific. 

The main synthetically useful ways of activating H202 are by conversion to peracids or 
by catalytic activations. While peracids are good reagents with improved environmental 
properties compared with many traditional oxidants, the direct use of H202 is much more 
attractive. This can be achieved by the use of a catalyst to activate the oxidant. Many 
metals, especially amongst the transition series, can be converted to peroxo or oxo metal 
species, or take part in a redox couple. In general terms, catalytic systems have at least as 
wide a scope of reactivity as peracids and are being increasingly used in industry. Most 
systems are based on homogeneous catalysts, though recent research effort is focused 
towards finding a good heterogeneous catalyst. This would provide a 'zero-effluent' option, 
the only by-product of H202 oxidation being water. Tetravalent metal phosphates, being 
highly insoluble and having strongly acidic sites, were therefore candidates for study as 
H202 catalysts. 
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HYDROXYLATION 

The hydroxylation of phenol by H202 is known to be catalysed by strong acids. This is 
a high capacity industrial process. Rhone Poulenc, Enichem and Ube produce catechol 
(CAT) and hydroquinone (HQ) from phenol by catalytic hydrogen peroxide processes 
(Figure 3). 

HO 

c9 
HO 

+ HO~ 
HO 

catechol 

.... 
[oj 

Figure 3 - Phenol Hydroxylation 

¥ 
HO 

hydroquinone 

Acid catalysts6, transition metal redox catalysts?, and titanium zeolites8 are all known to 
be effective for phenol hydroxylation. Acid catalysis proceeds by an ionic mechanism 
involving an intermediate hydroxonium ion (H302+) whereas some transition metal ions 
promote the formation of hydroxyl radicals to effect substitution. However the introduction 
of a second hydroxyl substituent onto the aromatic nucleus tends to activate the molecule 
towards further reaction and this leads to the formation of unwanted, tarry by-products. The 
commercial solution is to use very low mole ratios of hydrogen peroxide to phenol and to 
recycle the unreacted phenol, ie. operate at low conversion. Some typical commercial 
methods are given in Table 1. 

Table 1. Commercial Routes to Catechol and Hydroquinone 

Catalyst % Phenol Selectivity Ratio 
Conversion dihydroxy CAT:HQ 

H3P04/HCI04 5 90 1.5:1 
(Rhone Poulenc) 

TS-l 25 90 1:1 
(Enichem) 

Ketone/acid <5 90 1.5:1 
(Ube) 
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Early Experiments 

Crystalline zirconium phosphate was prepared by the method described by Clearfield 
and Thakur9• Thermal activation was carried out at 100, 200, 300, 400°C. A portion of the 
amorphous material used to make the crystalline zirconium phosphates was retained for 
evaluation. Catalysts were characterised using titrimetric methods to measure acidity and x
ray diffraction to examine crystallinity. Thermogravimetric analysis (TGA) was used to 
determine phase changes on heat treatment. 

The titrimetric results were as follows: The amorphous material would not give an end 
point, but the crystalline samples dried at 100°C were found to be the most acidic, acidity 
decreasing with heat treatment (Table 2). 

Table 2 - Acidity of Zirconium Phosphates 

Activation temperature 

Amorphous 
Crystalline 

100°C 
100°C 
200°C 
300°C 
400°C 

meqNaOH/g 

no endpoint 
8.65 
3.72 
2.93 
1.32 

From our TGA experiments it appears that two moles of water, presumably of 
crystallisation, are displaced up to 200°C. Between 200 and 500°C a gradual change is seen 
with rapid loss of water seen between 500 and 600°C. There is a further gradual loss 
between 600 and 900°C. 

Segaura et allO have postlilated the following scheme: 

-2H20 
aZr(HP04 )2.2H20 

,. 
~Zr (HP04)2 .. 

300K 

1 600 -750 K 
-2/3 H2O 

ZrP207 < -1/3 H20 Zn(HP04)2 (P207)2 
1300K 

X-ray diffraction analysis of the catalyst samples would tend to show that a chemical 
change takes place about 100°C. The crystalline sample has a very distinct diffraction 
pattern (Figure 4). However the sample heated to 400°C is pure zirconium pyrophosphate 
(Figure 5). At ~ntermediate temperatures the samples are shown to be mixtures of 
zirconium phosphate and pyrophosphate. This contradicts Segaura's findings. 

48 



x10 3 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

o 

x10 3 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

o 

10 20 30 40 50 60 70 

Figure 4 - XRD Analysis of Zirconium Phosphate Heated to 100°C 
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Figure 5 - XRD analysis of zirconium phosphate heated to 400°C 
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Five catalysts were assessed for actIvIty in phenol hydroxylation. These were 
amorphous zirconium phosphate and the four crystalline samples heated at 100, 200, 300 
and 400°C. The best catalyst in terms of conversion of phenol to catechol and 
hydroquinione was the crystalline sample heated at 100°C. This gave typically >90% 
selectivity to dihyroxybenzenes at 12% conversion of phenol and 2: 1 mole ratio of phenol to 
H20211 . Reactivity decreased with high activation temperatures. 

Other phenols and phenol ethers were examined to assess the breadth of activity of this 
catalyst. Anisole was selected as an electron rich aromatic system though less so than 
phenol. A cleaner reaction at lower conversion was expected. Under similar conditions 
employed for phenol hydroxylation, a 20% conversion of anisole was measured with 
selectivity to 4-methoxy phenol of 15% and to guiacol of 42%. I-naphthol was also 
assessed. No conversion was seen, presumably due to the bulky nature of the molecule. 
These findings are consistent with a mechanism involving an electrophilic oxidant species. 

Mechanistic Studies 

Zirconium phosphate was examined for actIvIty in a range of solvents. Initial 
experiments were attempted in methanol, which may be used with the Enichem catalyst TS-
1, but no reaction was observed. Acetonitrile was also tried but without success. Acetic 
acid was chosen as the next solvent for study, as a water miscible solvent, also the 
possibility of generating in-situ peracetic acid was considered feasible. This proved to be 
the best solvent. 

Assuming a peracid to be the oxidising species, then propionic acid as solvent should 
show some activity. This was found to be the case. (Table 3). 

Solvent 

Acetic acid 
Propionic acid 

Table 3 - Effect of Solvent 

% Phenol 
conversion 

26 
32 

Selectivity 
dihydroxy 

59 
27 

Conditions: Sn® 35% H202, 5 hrs, 60°C, H202: phenol 1:2 

Ratio 
CAT:HQ 

1.4:1 
2.5:1 

Phenol hydroxylation was then attempted with peracetic acid in the absence of a metal 
phosphate catalyst. Overoxidation of the substrate was observed, the major product being 
muconic acid. The phosphates were also found to be ineffective as catalysts for peracetic 
acid formations (from acetic acid and H202 alone). It was concluded that the mechanism 
was not a straight forward peracid oxidation. 
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A characteristic of the phenol hydroxylation reaction was that there was a lag between 
the disappearance of substrate and the appearance of products (Figure 6). No intermediates 
were observed. This led us to believe that the substrate was being absorbed into the 
interlayers and oxidation taking place there. 

40 .-------------------------------------------------~ 

Phenol conversion 
35 

30 

25 

20 

15 

Yield of cat and HQ 
10 

5 

o~~--=--=-~--~--=-~--~---~----------~-----------L----------~~ 

o 2 4 5 6 

Time/hrs 

Figure 6 - Relationship of Phenol Conversion to Catecol and Hydroquinone Fonnulation 

A further experiment was done to look at oxidant concentration in the solid and in 
solution (Table 4). It was found that, even after thorough washing, the peracetic acid 
formed was very much concentrated in the solid. This would explain why zirconium 
phosphate inhibits the formation of free peracetic acid, as it suggests that peracid is formed 
but held in the interlayers. The selectivity to dihydroxy products may then be attributed to 
adsorption selectivity. This is our current understanding of the mechanism. 

Oxidant 

H202 
PAA 

Table 4 - Oxidant Concentration in the Solid and in Solution 

g/kg oxidant in 
solid 

3.5 
15.5 

g/kg oxidant 
in solution 
340 
99 

Ratio 

-1:100 
-1:6 

Conditions: Zr®amorphous, 6 hrs, 70% R202, nt, AcOR 
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Catalyst Synthesis Improvement 

The existing method for preparing crystalline zirconium phosphate is firstly to 
precipitate the amorphous form from a mixture of phosphonic acid and zirconyl chloride 
and secondly to reflux the amorphous form in 12M phosphoric acid for several days after 
washing the amorphous form free of chloride. This gives the a-form. Not only is this a 
time consuming process, but the amorphous form is difficult to filter. We aimed to develop 
a one step process to the crystalline material by using crystal habit modifiers. 

The rationale for this was as follows: Zirconium phosphate is able to exist in different 
forms. Since each crystallises differently, the initial disposition on the surface of the Zr4+ 

surface 
energy 

(2) 

...... ~ .... - , ,-

L 1 

Figure 7 . Energy Diagram for Two Crystals 

\ .... 

nuclear 
diameter 

and HP042- ions is important. Kinetic control of the surface determines the form of the 
crystal obtained. Crystallisation almost invariably occurs on surfaces (of vessels, dust etc). 
If two crystals are considered in an energy diagram (Figure 7), the lattice Ll is more stable 
than the lattice L2. therefore Ll is more insoluble than L2. However since L2 has a poorer 
lattice structure, water can still hydrate the surface and hydration leads to a more stable 
surface. Also (2) has a lower activation energy than (1) and a more stable nucleus, but as 
the crystals grow (1) becomes more stable than (2). 

The above observations obey the Gay-Lussac Law which states that a compound that 
crystallises from a highly super-saturated solution first is the most soluble (from a saturated 
solution first it is the least soluble). In the above case, amorphous (2) is more soluble than 
(1). By choice of crystal habit modifier, it is possible to preferentially precipitate one form 
of the phosphate. 

The addition of crystal habit modifiers to the original phosphoric acidlzirconyl chloride 
solution gave catalysts which were mainly crystallinein less than one hour but still had some 
amorphous character (Figure 8). 

Nonetheless these materials were found to be effective phenol hydroxylation catalysts 
(Table 5) showing similar conversions and selectivities to a crystalline zirconium phosphate 
heated at 100°C. 
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Figure 8 - X-ray Diffraction Pattern of Zirconium Phosphate Seeded with Cetyl Pyridinium Chloride (Zr® 
CPC) 

Table 5 - Phenol Hydroxylation Using Zirconium Phosphates Made with Crystal Habit 
Modifiers 

Crystal Habit % Phenol Selectivity Ratio 
Modifier Conversion Dihydroxy CAT:HQ 
Cetyl pyridinium 38 64 1.9:1 
chloride 
ALIQUAT336 39 53 1.7:1 
ETHYLAN CD919 43 49 1.6:1 
None* 48 48 1.6:1 
* 5 hrs 

Conditions: Zr@ AcOH solvent, 90°C, 6hrs, H2(h;:phenol 1: 1 
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Catalyst Recycle 

An experiment was conducted to demonstrate that the zirconium phosphate catalyst was 
indeed working in a heterogeneous manner. After one recycle using Zx ® CPC, no 
significant reduction in catalytic activity was observed (Table 6). 

Table 6 - Effect of Catalyst Recycle on Phenol Hydroxylation 

Experiment No. 

1 
2 

% Phenol 
conversion 
32 
35 

Selectivity 
dihydroxy 
53 
47 

Conditions: 50% H202. AcOH solvent, 80°C, 4 hrs 

Ratio 
CAT:HQ 
1.5:1 
1.5:1 

Selectivity to dihydroxy products and the ratio of catecol to hydroquinone formed was 
also maintained. 

ALTERNATIVE PHOSPHATES 

Our studies extended to look at other tetravalent metal phosphates. The results for 
those which were active phenol hydroxylation catalysts are given in Table 712. 

Table 7 - Tetravalent Metal Phosphates as Phenol Hydroxylation Catalysts 

Phosphate % Phenol Selectivity Ratio 
conversion dihydroxy CAT:HQ 

Zr 12 90 1.6:1 
Sn 17 80 1.5:1 
Ce 17 95 2.0:1 
Ti 29 7 3.9:1 

Conditions: H202 35-50%, AcOH solvent, 60-90°C, 6 hrs, H202:phenoll:2 

Other tetravalent metal species were examined and found to have no activity. These 
were vanadyl (V04+), molybdenum, and mixed zirconium tungsten phosphates. 

A comparison of the amorphous and crystalline forms of zirconium and tin phosphates 
was also made (Table 8). It is apparent that the crystalline forms show greater selectivity to 
the dihydroxy products. This is consistent with the oxidation largely taking place in the 
interlayers (which, of course, are not present to great extent in the amorphous form). 
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Table 8 - A Comparison of the Amporphous and Crystalline Forms of Zirconium and Tin 
Phosphates 

Phosphate 

Zr amorphousa 

Zr crystallinea 

Sn crystallineb 

Sn amorphousc 

% Phenol 
conversion 
34 
33 
26 
34 

Conditions: 35% H202 , AcOH solvent, 5 hrs 

Selectivity 
dihydroxy 
56 
97 
59 
25 

Ratio 
CAT:HQ 
0.9:1 
1.4:1 
1.4:1 
2.3:1 

a: 90°C, HzOz:phenol1:1, b:100°C, HzOz:phenol1:2, c: 60°C, HzOz:phenol1:2 

CONCLUSIONS 

1. Both amorphous and crystalline zirconium, tin and cerium phosphates are active 
catalysts for phenol hydroxylation. 

2. The activity shown is in line with the acidity of the metal centre. 
3. Crystalline phosphates exhibit greater activity and selectivity than their amorphous 

counterparts in phenol hydroxylation. 
4. Interlayer peracetic acid is implicated as the oxidising species. 
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INTRODUCTION 

Improved environmental performance continues to grow in importance to 
industry. We have been examining thermal and photochemical oxidation 
processes for the treatment of dilute aqueous organic wastes that are either 
generated in the course of chemical manufacturing or exist in contaminated 
groundwaters. Most of our work has focused on advanced oxidation processes! 
which employ oxidants and catalysts and depend to some degree on the in-situ 
generation of hydroxyl radicals (()H). Our program has involved: a) 
laboratory and treatability studies on model and actual wastewaters that 
compare chemical oxidation technologies, explore oxidation mechanisms, and 
utilize experimental designs aimed at delineating important parameters; b) 
pilot-scale field demonstrations on industrial streams and c) economic and 
engineering evaluations including comparisons with base technologies such as 
carbon adsorption and air or stream stripping/abatement. We have examined 
Fenton oxidation (Fe/H20 2), UV photochemical oxidation (UV IHzOz, 
UVlFe/HzOz and UV/ozone) and semiconductor (TiOz) photocatalytic 
oxidation. Herein, we report on our investigations of the photochemically 
driven oxidation of a number of model aromatic wastes using iron catalysts, 
hydrogen peroxide, and oxygen. The goal of this work is to compare relative 
efficiencies of destruction, delineate the important factors that control 
destruction efficiencies and elucidate reaction mechanisms. We have chosen to 
focus on aromatic compounds because they react rapidly with hydroxyl 
radicalsz and also have uv absorptions which allow one to follow the course of 
their disappearance. In addition, they tend to interfere with biodegradation at 
concentrations over 0.05% (500 ppm)3 and thus are likely to require some 
alternative chemical treatment and/or pretreatment. 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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The oxidation of most organic compounds by 02 is highly favorable 
thermodynamically, as indicated in Table 1, where n is the number of 
gram-atoms of oxygen needed for complete combustion to carbon 
dioxide and water, shown for phenol in equation (1). 

Table 1. Heats of Combustion of Organic Compounds 

Compound 

Oxalic acid 

Methanol 

Phenol 

n-Octane 

Nitrobenzene 

Picric acid 

Methylene chloride 

Carbon tetrachloride 

Formula 

(C02H)2 

CH30H 

C6H50 H 

C8H18 

C6H5N02 
C6H2(OH)(N02)3 

CH2Cl2 

CC4 

a n = 2*nC + 0.5*nH - nO (for 0 not in N02) 
b In kcal/mol4 

1 

3 

14 

25 

14.5 

12.5 

3 

2 

60.2 60 

170.9 57 

732.2 52 

1302.7 52 

739.2 51 

611.8 49 

106.8 36 

37.3 19 

(1) 

The last column in Table 1 shows that the result of dividing the heat of 
combustion by n is a remarkably constant 50-60 kcallmol of 0 atoms 
for all but the highly chlorinated compounds. 

While oxidation is very favorable thermodynamically, it can be 
quite slow kinetically, requiring high temperatures or energy input, 
strong oxidants, or efficient catalysts to get useful rates. Table 2 gives 
a list of oxidation technologies for treating liquid wastes, divided 
according to the temperature of reaction. Incineration takes place at 
very high temperatures using air or oxygen as the oxidant and can be 
very effective at destroying organics, but can run into strong public 
opposition. Supercritical water oxidation (SCWO) takes place above the 
critical temperature of water (374°C), where water, oxygen, and 
organics are all miscible, avoiding mass-transfer limitations in the 
oxidation rate. SCWO has an advantage over incineration by not 
producing the nitrogen oxides (NOx ) which are inevitable in high 
temperature combustions using air. Wet air oxidation (WAO) takes 
place at lower temperatures and therefore lower pressures, but does 
not afford high degrees of destruction in short times like the higher 
temperature processes (times of the order of an hour are required), 
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Table 2. Oxidation Technologies for Liquid Phase Waste Treatment 

---------------------------------------------------------
Technology Temperature (OC) Oxidant Rxn Time 

--------- ----- ----
Incineration >1000 Air or 02 secs 

'BCWO 374-600 

WAO 160-320 h r s 

Chemical Oxidation 25-100 Various mins 

Aerobic Biodegradation -35 Air days 

Anoxic Biodegradation -35 N03-

Biodegradation which relies on oxidation is generally categorized as 
aerobic or anoxic depending on whether air or another oxidant, like 
nitrate, provides the electron sink. By using highly effective enzyme 
catalysts, these processes can operate near room temperature; 
however, they typically tend to be rather slow, requiring days. 
(Biological Oxygen Demand, or BOD, a common measure used to 
characterize waters contammg biodegradable waste, is usually 
measured over a period of five days.) 

Chemical oxidations operate anywhere from 25 to 100°C (or 
higher) and use powerful oxidants and/or some kind of stimulus, such 
as uv light, homogeneous or heterogeneous catalysts, sonication, a 
combination of uv with a semiconductor like Ti02, or the ionizing 
radiation of an electron beam or 'Y-ray source. Some examples are 
shown in Table 3. Various combinations are possible, for example 

Table 3. Components of Chemical Oxidation 
Systems 

Oxidant Stimulus 

----- -----------

CI2,CIOz uv 

NaOO Fe++/Fe+++, Cu+/Cu++ 

KMn04 PtO 

K2Cl'207a Temp 

OJ Sonication 

H20z Ti02/uV 

D2 E-Beam 

H2O 'Y -Radiationb 

a Commonly used for COD (Chemical Oxygen Demand) analysis 
b 60Co is a popular source.5 
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Fe++/H202 (Fenton's reagent), uv/H202, H202/03, Ti02/uv/H202, etc. 
Water can be used as the oxidant with ionizing radiation in the form of 
high energy electrons or x-rays, or with ultraviolet light of sufficiently 
short wavelength (e.g. 185 nm) to dissociate water. We have looked at 
a number of possibilities, at both laboratory and pilot plant scales, but 
have concentrated on systems that can be described as 
Fe++/H202/UV/02. 

EXPERIMENTAL 

Most runs were carried out in 1 liter ACE Glass photolysis reactor 
with a concentric quartz immersion well containing a 450 watt 
medium pressure Hg lamp. The reaction temperature was maintained 
by circulating water from a constant temperature bath. The reactor 
was stirred magnetically and sparged with gas at 100 mL/min through 
a fritted tube. The clock was started (t=O) when 100 mL of solution 
containing the H20 2 was added to give a total volume of 1 L; at that 
point the purge gas was switched from N2 to air or 02 if these gases 
were used. A minute was allowed for mixing, and the 450 watt uv 
lamp switched on. Samples were taken at various times for the 
measurement of pH, hydrogen peroxide concentration (determined by 
iodometric titration), uv spectrum, and Non-Purgable Organic Carbon 
analysis (NPOC), measured with a Rosemount Analytical (Dohrmann 
Division) DC-190 TOC Analyzer with an Automatic Sampling Module. 
Details were reported earlier.6 

The concentrations of remaining aromatics were estimated from 
the uv spectra, correcting for the broad tailing absorption attributed to 
ferric oxalate complexes and other intermediates which were formed 
and subsequently degraded. In the case of phenolic compounds (e.g. 
p-nitrophenol), spectra of the pure compound were recorded over a 
range of pH spanning the pKa, and the extinction coefficient at the 
isosbestic point between phenol and phenolate used to estimate the 
aromatic remaining in the degradation runs. 

RESULTS 

Phenol 

In earlier detailed studies on phenol6 we reported on a statistically 
designed experiments where we investigated eight major variables, 
whose ranges are indicated in Table 4, for the oxidation and eventual 
mineralization of 50 ppm phenol. Most of the variables had high, low, 
and middle values; in the case of the uv lamp power, the lamp was 
either on or off. Carbonate was either 0 or 10 mM, and was non-zero 
only when the pH was high; at the lower pH's of 2 and 5 carbonate 
would be converted to C02, and purged from the solution by the gas 
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Table 4. The Eight Major Variable Factors in the 
Oxidation of Phenol 

Variable Low Med High 

UV Lamp Power (Watts) 0 450 
Temp (OC) 25 52.5 80 

pH 2 5 8 
[H202] (ppm) 20 110 200 

Duration (Hrs) 0.5 1.5 2.5 
%02 in Purge 0 21 100 
[Fe++] (ppm) 0 10 20 
[Carbonate] (mM) 0 10 

purge (N2, air or 02). When we use the term 'center point' (or C.P.) 
conditions, we mean that the variables allowed to assume three values 
were at their middle conditions; note that for %02 this was air (21%) 
rather than 50%. 

The measured responses included uv spectra (to measure the 
concentration of remammg phenol), the carbon concentration 
(measured as non-purgeable organic carbon, or NPOC), the peroxide 
(by titration), and the pH; in a few cases HPLC was used to measure 
the concentrations of oxidation intermediates. 

Figure 1 shows the original design of thirty experiments used to 
explore the 8-dimensional space, where each point represents a set of 
experimental conditions. The no uv and uv conditions (each with a 
C.P.) are indicated by the large cubes on left and right. Within each 
large cube the major axes represent the variables: temperature, pH, 
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Figure 1. Initial experimental design showing center and 
corner points 
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and [H202]. For each high and low value of those variables, the small 
cubes have axes representing: duration of the experiment (from 0.5 to 
2.5 hours), the %02 in the purge gas, and the [Fe++] added. Each point 
represents a set of experimental conditions - the solid corner points 
for runs without added carbonate and the open ones those with 10 
mM carbonate added (only at high pH). The center points are shown 
larger because they were run in triplicate to get an estimate of the 
experimental uncertainty. 

The original design brought out a number of interesting facts, 
listed in Table 5. The high reactivity at the C.P.'s gives what is called 

Table 5. Key Findings from the First Experimental Design 

• In the no uv (Fenton chemistry) runs at least half of the phenol was left 
in all of the runs except the C.P., where it was gone when the solution was 
analyzed after 1.5 hours. 
• There was little or no loss of NPOC with no uv except for the C.P., where 
about 30% mineralization occurred. 
• The phenol was entirely gone in the uv runs, except for those at high 
pH. 
• With uv, at least 30% mineralization occurred in all cases, with the 
greatest remaining carbon at high pH; the least remaining carbon, near 
0%, was found at uv C.P. conditions. 
• Added carbonate had a small effect - increasing remaining phenol and 
NPOC - but all of the high pH runs were quite slow in any case. 
• Temperature had no measurable effect. 
• %02 in the purge had little effect without uv, but significantly 
increased the extent of mineralization with uv. 

curvature in the response. That is, a Taylor series expansion of an 
observed variable (like NPOC) in the experimental factors must contain 
one or more quadratic terms. By doing additional experiments at 
points in the space called star points. shown with the center points and 
measured NPOC concentrations in Figure 3, it was possible to show that 
the curvature comes primarily from the pH; runs starting at pH 5 are 
faster than those starting at 2 or 8. (Pignatell07 has reported an 
optimum pH of 2.8 for the Fenton and photo-Fenton degradation of 
2,4-D.) Addition of H202 to solutions containing Fe(II) and phenol in 
our experiments caused an immediate «1 min) drop in pH from 5 to 
about 3.5, attributable to formation of Fe(III) and its hydrolysis, 
shown in reactions (2) and (3). 

Fe(II)2+ + H202 = Fe(III)OH2+ + HO· 

Fe(III)OH2+ + H20 = Fe(III)(OH)z+ + H+ 

(2) 

(3) 

It can also be seen from the small cubes in Figure 2 that duration 
is a factor in the mineralization with uv, but not without, and that 
with uv, the extent of mineralization is substantially less under N2 
than under either air or 02 in 1.5 hours. The reason that duration is 
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not a factor in the absence of uv could be seen by following the 
reactions with time. Fenton chemistry is fast under C.P. conditions, 
with loss of all phenol by the time the uv spectrum of the first sample, 
taken one minute after H20 2 addition, could be recorded. The H20 2 
was all gone by the t=1O minute sample. (Recall that duration in the 
original design had values of 0.5, 1.5, and 2.5 hours.) With uv C.P. 
conditions (air purge) 90% mineralization could be achieved in 45 
minutes. This time could be decreased by a factor of five, to 9 
minutes, by going to an 02 purge. (Air and 02 appear to be equally 
effective (see the lower right hand cube in Figure 2) because the 
carbon results shown along the y-axis (%02) are for 1.5 hours; 2-3 ppm 
carbon is a typical background number with our instrument with pure 
water, and indicates essentially complete mineralization. 
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Figure 2. Center and star points: measured NPOC (ppm). 

Other Organic Compounds 

The oxygen effect was originally a surprise, because we thought 
that organic radicals would be captured so rapidly by 02 that it would 
not matter how much oxygen was present in solution, as long as the 
solution was not oxygen-starved. We wanted to see how general the 
effect was, so we have studied the mineralization of a variety of other 
organic compounds at uv c.P. conditions and at star points using N2 or 
02 purges. Figure 3 shows the NPOC as a function of time for a series 
of such experiments with p-nitrophenol. For runs with an air purge 
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(Runs p-NP #1, #3, and #4) note that mineralization is faster at an 
initial pH of 5 than at 2, which is faster than 8. For runs at pH, 5 in 
which the gas purge was varied (Runs #1, #2 and #5), the rate 
decreased in the order 02 > air> N2. Note that the curves (except for 
Run #4 at pH 8) are nearly superposed for the first five minutes, and 
then diverge. Titrations showed that the peroxide was gone by the t=5 
sample for all of the runs except #4; at the high pH the H202 lasted for 
30 minutes. 
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--D-- p-NP #2 pH 2, N2 

----+- p-NP #3 pH 2, Air 

~ p-NP #4 pH 8, Air 

-- p-NP #5 pH 5, 02 

80 100 120 140 160 

TIME (minutes) 

Figure 3. Mineralization of p-nitrophenol. Star and C.P. conditions. 

Table 6 summarizes the results of the organic degradation runs 
starting at pH 5, arranged in order of increasing oxygen content in the 
purge gas for each initial concentration or organic, with the organics 
arranged in order of decreasing ease of mineralization, aromatic before 
aliphatic. Runs with 50 ppm organic, 10 ppm Fe++, ca. 110 ppm H202, 
and an 02 purge are indicated in bold-faced type. Though most runs 
started with 50 ppm of organic, some started with 100. Doubling the 
concentration of nitrobenzene (compare Runs NB #1-3 with #4-6) 
without increasing the iron or peroxide increased the times to 90% 
mineralization by factors of three or more. The same sort of effect can 
be seen in comparing Runs p-Cr #1-2 with #3-4 and BA #1-2 with #3-
4. In the case of aniline the slowing effect was much more marked; 
the very dark solutions formed on adding peroxide to the 100 ppm 
solutions may have effectively cut off uv. Doubling the concentrations 
of iron and peroxide, along with benzoic acid, gave mineralization rates 
which were actually faster (compare Runs BA #5 and 6 with #3 and 4). 
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Table 6. Summary of Organic Degradation Runsa 

Organic Run Conc. [Fe++J [H20 2J Oz to.9b to.9/ 
Compound No. (ppm) (ppm) (ppm) (%) (min) to.9(02) 
----- ---- --- ---

p-Nitrophenolc p-NP #2 50 10 101 0 90 15.0 

p-NP #1 50 10 101 21 17 2.8 

p-NP #5 50 10 101 100 6 1.0 

Nitrobenzene NB #1 100 10 110 0 >150 >5 

NB #2 100 10 110 21 60 2.1 

NB #3 100 10 110 100 28 1.0 

NB #4 50 10 110 0 150 16.7 

NB #5 50 10 110 21 17 1.9 

NB #6 50 10 110 100 9 1.0 

Phenold Phen #54 50 10 110 0 >150 >15 

Phen #31 50 10 110 21 45 5.0 

Phen #52 50 10 110 100 9 1.0 

p-Cresol p-Cr #1 100 10 110 21 140 ca. 5 

p-Cr #2 100 10 110 100 ca. 30 1.0 

p-Cr #3 50 10 110 21 32 2.1 

p-Cr #4 50 10 110 100 15 1.0 

Aniline An #1 100 10 110 21 >150 

An #2 100 10 110 100 >150 

An #3 50 10 110 21 40 2.2 

An #4 50 10 110 100 18 1.0 

Benzoic Acid BA #1 100 10 110 21 >150 

BA #2 100 10 110 100 >150 

BA #3 50 10 110 21 80 3.0 

BA #4 50 10 110 100 27 1.0 

BA #5 100 20 220 21 71 7.1 

BA #6 100 20 220 100 10 1.0 

1,4-Dioxane Diox #1 50 10 110 0 >150 ,g 

Diox #3 50 10 110 21 25 1.5 

Diox #2 50 10 110 100 17 1.0 

Propionic Acid PA #1 50 10 110 0 140 7 

PA #2 50 10 110 100 20 1.0 

2-Butanone MEK #1 50 10 110 0 150 3.1 

MEK #2 50 10 110 100 48 1.0 

a At 52°C, initial pH 5, with 450 watt lamp on at t=1 min 
b 10.9 is the time after addition of H202 at t=O for 90% mineralization. 
C Runs p-NP #3 and 4 at pH 2 and 8, are not included here. See Figure 3. 
d Results of earlier work.6 
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The last column in Table 6 shows to.9 relative to the time for 90% 
mineralization with 02. Using 02 decreases the time required by 
factors of 2-5 relative to air in most cases, and by factors of at least 5 
and sometimes greater than 15 relative to N2. A bar chart comparing 
values of to.9 for selected 50 ppm solutions is shown in Figure 4, 
arranged in order of increasing to.9(02). It can be seen that though the 
aromatics are usually more rapidly mineralized under these 
conditions, the aliphatic and aromatic compounds overlap. We were 
initially surprised by the slowness of mineralization of methylethyl 
ketone (MEK), because of the possibility of 1t -> 1t* electronic excitation 
of the carbonyl to give Norrish Type I and II reactions,S but at these 
low concentrations the absorbance was too small. 
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Figure 4. Effect of gas purge on the mineralization of various organics with 
initial concentrations of 50 ppm. 

Vis/uv spectra of samples taken from the reactor after the starting 
compound was gone, but before complete mineralization, usually 
showed broad tailing absorbtion going out to about 500 nm which we 
attributed largely to ferric oxalate complexes; oxalate was identified 
by HPLC as the penultimate oxidation product in our phenol studies.6 

With phenol we found that Fenton chemistry (no uv) alone rapidly 
converted about 30% of the carbon to C02, and "lost of the rest to 
oxalic acid, which resisted further reaction in the dark. Even additions 
of high concentrations of H202 and Fe++ did not significantly increase 
the degree of mineralization, as can be seen from the NPOC numbers 
on the left side of Figure 2 above both large and small cubes, where 
for these star points the concentrations of peroxide and iron were 
increased to lOX the original design. We proposed that the oxygen 
effect seen with uv was a consequence of the effect of 02 on oxalate 
mineralization. 
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Oxalate Degradation 

We investigated the degradation of oxalic acid at 52°C and pH 5, 
with 10 ppm iron added as ferric perchlorate. We chose 100 ppm 
oxalate because that gives 27 ppm C, about the same concentration 
obtained in the dark using Fenton chemistry on initially 50 ppm 
phenol (38 ppm C). Figure 5 shows uv spectra obtained with 100 ppm 
oxalic acid (OA) or 10 ppm Fe+++ at pH 5, by themselves and together. 

200 250 300 350 400 

WAVELENGTH (nm) 

Figure 5. Uv spectra of toO ppm oxalic acid and to ppm Fe+++ (added as the 
perchlorate) in pH 5 solutions in a 1 cm cell. Top spectra and those at the lower 
left are of samples at various times from Run OA #4: 0, 1, 5, to, 15, 20, 30, 60, and 
90 min. after starting an 02 purge at t=O and uv at t= 1. 

The broad band of the dashed Fe+++ spectrum at 300 nm is attributed 
to Fe(lII)OH2+ ,9 while the top spectrum with a shoulder at 260 nm is 
assigned to Fe(lII)(C204h3-. The spectra in the lower left hand corner 
are of samples taken at various times from the 02 purged solution 
during uv radiation. The t=5 minute sample (4 minutes after turning 
on the lamp) already shows the absorbance at 210 reduced by more 
than 80% relative to what it was in the 100 ppm OA solution; by t=1O 
it is reduced about 90%. Rapid mineralization is confirmed by the 
NPOC measurements seen in curve OA #4 in Figure 6. 

A much slower rate of mineralization can be seen in Run OA #1 
under N2, where 10.9 is about 65 minutes. The curve for OA #2 which 
is under N2 but had 110 ppm H202 added, falls right on top of the 
curve with 02 (OA #4) up till t=1O, when titration shows that the H202 
was all consumed. Run OA #3 started off like #1, but the lamp was 
turned off and the purge switched to 02 between t=5 and t=1O; then 
the uv and N2 were switched back on. Dark/02 and uv/N2 periods 
were alternated during the course of the run. It can be seen that 
though no mineralization takes place during the dark/02 periods, the 
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Figure 6. Mineralization of initially 100 ppm oxalic acid at 52° C and an initial 
pH of 5; uv lamp on at t=1 in all runs. OA #1: N2 purge. OA #2: N2 purge and 
110 ppm H202 added at t=O. OA #3: alternate N2 purge with uv on • and 02 purge 
with uv off (dark periods with 02 indicated by bold line). OA #4: 02 purge. 

system is prepared by the 02 purge for rapid mineralization once the 
lamp is turned back on. 

DISCUSSION 

We proposed previously6 that the oxygen effect is caused by a 
competition between 02 and ferric oxalate complexes for an oxalate 
radical anion (C204-') produced by electron transfer from coordinated 
oxalate to Fe(III) in a photoexcited ferrioxalate complex, Fe(III)Ox*, as 
shown in Figure 7. The proposal was based on the work of Zepp and 
coworkers,10 who showed that Fe(II) photogenerated from Fe(III) 
oxalate is rapidly oxidized back to Fe(III) by H202, and that of Zuo and 
Hoigne,ll who showed both that H202 is produced by reactions of 02 
with intermediates formed in the photoreactions of Fe(III) oxalate 
complexes, and that the dark reaction of 02 with Fe(II) in the presence 
of oxalate is very slow. Very slow oxidation of ferrous iron by 02 in 
the absence of organic ligands was reported earlier by Mathews and 
Robbins.12 For this scheme to explain the results shown in Figure 6 it 
would be necessary to have 02 in the solution at the same time that 
the lamp was on. Though we did switch to N2 when we turned on the 
lamp in Run OA #3, it could take a few minutes with the gentle purge 
used to sparge all of the 02 from solution. 

Whatever the origin of the oxygen effect, it has important practical 
consequences for anyone wishing to mineralize toxic organic 
compounds using H202/Fe++/uv. DO.9, the electrical energy dose (in 
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kWH/WOO gallons) required to mineralize 90% of the carbon, is given 
by equation (4). The dose increases in our system by about 28 

/ 

DO.9 = 3875(L/kgal) x 0.45(kW/L) x (to.9-1 )(min)/60(min/hr) (4) 

kWH/kgal for each minute of radiation, or about $1.40/kgal-min for 
electricity costing $0.05/kWH. Irradiation of a waste stream for more 
than 5-10 minutes becomes prohibitively expensive. (For comparison, 
110 ppm of H202 is about 1 lb/kgal - costing about $1/kgal for $l/lb 
peroxide.) 

--'\ 
2C02 

Figure 7. The proposed photo-Fenton mechanism with 
competition of 02 and Fe(III)Ox for C204-·. Ox is oxalate. 

We learned at a recent EPRI/NSF conference13 that there are now 
about 100 commercial uv /H2 02 systems in operation for water 
treatment, with about half of them used for groundwater remediation. 
Because of the relatively high cost of mineralizing organic compounds 
using uv, we see the greatest opportunities for uv-based AOP 
technologies in the treatment of relatively dilute «50 ppm), low flow 
«100 GPM) streams which are not amenable to biodegradation 
because of toxicity. Combined technologies, such as partial chemical 
oxidation followed by biodegradation of the detoxified material, are 
likely to be the most economical. 
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INTRODUCTION 

We present here results that impact our fundamental knowledge regarding 

metal catalyzed 02 based oxidations and systems that address the mechanism of 
the Ishii/Venturello H202 based catalytic epoxidation chemistry. Our efforts 

continue to focus on fundamental energetic and mechanistic issues that define 

and indeed limit further development in the burgeoning area of selective 

catalytic oxidation. One particular application of a selective 02 based oxidation 
applied to an issue of practical and growing importance, the selective bleaching 
of wood pulp for paper manufacture, is a collaborative venture between our 

laboratories at Emory University and those of Dr. Weinstock and collaborators 

at the U.S. Department of Agriculture Forest Products Laboratory. 

The general goal is to develop catalytic systems that facilitate the selective, 

rapid, and sustained oxidation of organic substrates, RH, with optimal (inex

pensive and environmentally benign) oxidants and reaction conditions. 1-4 In 

addition, we seek systems that are versatile; that is, they have rationally 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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tunable reactivities and are flexible in formulation. We have recently focused 

our attention on some of the most difficult aspects of homogeneous catalytic 

oxidation, namely, the oxidation of highly inert or sensitive and complex 

organic or biological molecules using the two most desirable oxidants, 02 and 

H202. Unfortunately, 02 and H202 are among the most difficult of terminal 

oxidants to use. These oxidants have more modes of reaction, more 

background (uncatalyzed) reactions with substrate, and have a tendency to 

oxidize by mechanisms that are not readily or rationally controlled.1,2 Both 

H202 and 02 can function as oxygen donors and in other oxidative capacities. 
It is in context with the use of H202 and 02 that we now enumerate six of 

the most significant limitations or difficulties with respect to the development 

of optimal, selective, metal-complex-based catalytic oxidation systems. Some of 

the limitations are illustrated in generic equation form below (LxM = transition 

metal center with x ligands L; OX and RED are the oxidizing agent and its 

complementary reduced form).1-7 First, the catalyst must be very stable under 

turnover conditions. Of particular concern is irreversible oxidative 

degradation of organic ligands or matrices (equation 1). All organic materials 

including many fluorocarbons are thermodynamically unstable with respect to 
further oxidation.8 Second, the formation of dead-end intermediate oxidation 

states can be a problem. In catalytic aerobic oxygenation (no reducing agent), 
intermediate oxidation state complexes, i.e. LxM(n+l)+, can be a problem as such 

complexes often do not react readily with 02 and are often reduced or oxidized 
slowly if at all. Such species can be generated by direct reaction with 02 
(equation 2) or peroxy species (equation 3), by reduction of metal oxo species 

(equation 4) or by direct outer sphere oxidation (equation 5). Third, the catalyst 

can inactivate by Il-oxo dimer formation, for example, equation 6. Many such 

dimers are inactive, less active, or still active but less selective in oxidant 
activation and/or substrate oxidation than the starting monomer. Fourth, 

there may be diffusional problems. This is particularly an issue when the 

catalyst is an extended rigid matrix such as a zeolite. One subset of this problem 

is that products can often be substantially larger than substrates and can be too 

large to diffuse out of pores in such catalysts. Fifth, inhibition by one or more 

species generated during catalysis can be a real problem (e.g. equation 7) where 

the adduct complex, Lx(RO)Mn+, is either unreactive or reactive but less 

selective. The sixth and final limitation, and the most significant one for 

metal-facilitated oxidation by 02 in general, is the initiation of autoxidation if, 

in fact, this process is not desired. 

Many of the catalytic approaches and systems under investigation in our 

laboratories are based on soluble early transition metal oxygen anion clusters. 
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LxM + OX ----,1.-_ (L)x-1(LO)M + RED (1) 

[LxM(hJ (2) 

----,1__ LxM(n+ 1)+ + YOO-, Y = M or H (3) 

LxM(n+2)+O + RED + Y+ ----,1 __ LxM(n+ 1)+ + YO- + OX (4) 

----,1.-_ LxM(n+1)+ + RED (5) 

(6) 

(7) 

rhese complexes, which we will refer to as polyoxometalates for convenience, 
are unusually attractive for a number of reasons:9,l0 (1) Many of them are 
readily prepared in quantity from inexpensive starting materials; (2) Most are 

very low in toxicity; (3) They have a range of properties directly relevant to 
catalytic oxidation that can be altered synthetically including ground state redox 
potentials, shapes and molecular charges (of potential value in the selective 

recognition of substrates, etc.), solubility, and other properties; (4) They can be 

derivatized with organic groups and readily immobilized by adsorption or 
covalent attachment. 

Additional features of polyoxometalates impact some of the six limitations. 
First, polyoxometalates are oxidatively resistant as a great majority of them are 
composed of dO transition metal ions (most commonly W(VI), Mo(V), and/or 
V(V» and oxide ions. Second, the unusually high stability of polyoxometalates 

coupled with the tunability of their catalytically relevant properties defines a 

considerable ability to avoid problems associated with intermediate oxidation 

states, Jl-oxo dimers, and product inhibition. Illustrations of two 
representative polyoxometalates, WlO0324-, an isopolyoxometalate (or 

isopolyanion) and (TM)XWl1039n-, a transition metal (TM) substituted 

heteropolyoxometalate (or heteropolyanion) in polyhedral notation are given 
in Figure 1. 
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NON-RADICAL-CHAIN SELECfIVE OXIDATIONS BY 02 CATALYZED BY 

POLYOXOMETALATES 

Many highly oxidizing polyoxometalates, particularly those containing 

vanadium(V), have long been known to directly oxidize a range of organic 

substrates, R, (equation 8) and that reduced forms could be reoxidized by a 

variety of oxidants, OX, and under some conditions, by dioxygen (OX = 02), 

equation 9. The net reaction, equation 10, (the sum of equations 8 and 9) is 

B 

Figure 1. Representative polyoxometalates in polyhedral notation. A. the isopolyanion 
decatungstate (WlO0324-) (D4h point group symmetry) and B. the heteropolyanion family, 
(TM)PWn0395-, where TM is a first row divalent transition metal ion, P is the heteroatom (Cs 
point group symmetry). In the latter class of complexes, which constitute functional oxidatively 
resistant inorganic metalloporphyrin analogs, 11 P is one of many elements that can function as 
the heteroatom. The darker octahedron on the surface and the very dark internal tetrahedron of 
B represent the TM ion and the heteroatom, respectively. In polyhedral notation a 
complementary notation to ball-and-stick or bond representations, the vertices of the polyhedra, 
principally W06 octahedra, are the nuclei of the oxygen atoms. The metal atoms lie inside each 
polyhedron. 

highly attractive as it could form the basis of selective aerobic oxidations (vide 

infra). Several years ago, the Novosibirsk group reported direct oxidations of 

sulfur compounds and bromide by polyoxometalates (i.e. equation 8).12 In 1989 

three groups reported the homogeneous oxidation of a variety of organic 

substrates catalyzed by the representative and readily available 

heteropolyanion, HSPV2MolQ040 (equation 10 via equations 8 and 9). Our 

group investigated the mechanism of oxidation of thioethers, RSR', with 
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R + Pox .. Rox + Pred (8) 

Pred + OX .. Pox + RED (9) 

Pox (catalyst) 

R + OX --------! ... - Rox + RED (10) 

extraordinarily high (>99%) selectivity, by the widely used commercial oxidant 

t-butylhydroperoxide (OX = TBHP).13 Bregeault and co-workers reported the 

highly selective aerobic oxidative cleavage of some ketones with little or no 
mechanistic investigation 14,15 and Ronny Neumann and co-workers reported 

the aerobic oxidation of amines, some alcohols, some alkylaromatic 

hydrocarbons and bromide by equations 8_10.16-19 

In a recent collaborative venture between Emory and the V.S.D.A. Forest 

Products Laboratory in Madison, Wisconsin, the chemistry in equations 8-10 

was applied to a problem of considerable magnitude and environmental 

importance, the bleaching of wood pulp in conjunction with the manufacture 
of paper.20 Wood is a highly organized composite of carbohydrate polymers 

(cellulose and hemicelluloses) and lignin. In the production of high quality 

printing and writing paper, most of the lignin is removed via chemical 

pulping. During this process, a variety of highly colored conjugated aromatic 

structures are generated, principally from lignin. The purpose of bleaching is 

to remove these colored materials along with any residual lignin not removed 

during pulping. At the present time, wood pulp is bleached by chlorine or 

chlorine-based oxidants and although these oxidants achieve the desired 

chemistry - the selective oxidative bleaching of the lignin with minimal 

damage to the cellulose - they have a serious problem. Varying quantities of 
chlorinated organic by-products are produced and while some of these are 

relatively benign, others, such as the dioxins, are among the most deleterious 

of substances. Nearly all chlorinated materials are toxic or carcinogenic to a 

measurable degree. When one considers the amount of wood pulp bleaching 
that takes place in the developed countries, it is not hard to see that the 

environmental impact of chlorine based bleaching is rapidly becoming socially, 

politically, and economically unacceptable. 

In preliminary work, we have demonstrated that polyoxometalates can 

catalyze equations 8-10 where the substrate, R, is wood pulp and the oxidant, 

OX, is either H202 or 02. This approach is effective as the lignin is selectively 

oxidized and removed; the cellulose is minimally affected. Figure 2 gives 

molecular representations of lignin and cellulose as well as the general 

selective oxidation process (equation 8) for bleaching wood pulp by 
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polyoxometalates. Currently, vanadium containing polyoxometalates ("V_ 

polyoxo" in Figure 2) have proven to be the most effective at combining both 
high selectivity and reasonable rates for equation 8 with the ability to be 
reoxidized with 02 (slow at ambient temperature) or H202 (rapid at ambient 

temperature). One of the most pleasing aspects of this chemistry is that the 

number and diversity of polyoxometalates that could, in principle, facilitate 

Wood 

cellulose: 

lignin: 

H&0;:tOC~H&OH~ I - I 
Hf ~ A O-~H "" OCH, 

tlHCOH OCH'¢lHC-O 
:7, :7 

fj.: ~ OCH} ~ lOCH, 

_0 0 

I 
HOCI\-CH-rO 

C:tt
OCHl 

OCHz I - I 
~ ~ A 0-1'" 
~H OCR, H~ 

almost no reaction 

+ 02 (air) + V-polyoxo 

considerable reaction 

Figure 2. Basic scheme for environmentally friendly bleaching of wood - a new and catalytic 
bleaching technology for paper manufacture. No chlorinating agents are used. Wood is composed 
of two principal biopolymers cellulose and lignin whose structures (representative repeating 
units) are illustrated. 

equations 8-10 is so substantial that the oxidative reactivity and selectivity 
(equation 8) can be fine tuned for a particular application (e.g. lignin versus 

cellulose). A telling point here is that 30 or so new polyoxovanadate structures 
have been synthesized and characterized in the last 4 years alone. During this 

brief interval, the number of isopolyvanadates that contain only V(V) has 
increased from 2 to 6.21 -23 The molecular diversity and range of redox 

characteristics among the vanadium-containing polyoxometalates alone 

appears to be vast and it is still largely unexplored and undeveloped. 
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A key in the use of dioxygen as a terminal oxidant in catalyzed oxidations 

lies in equations 8-10, namely the separation of catalyst (polyoxometalate) 

reduction - substrate oxidation, equation 8, from the reduced catalyst 

reoxidation by 02, equation 9. In part, as the reduced forms of the 
polyoxometalates are usually low in reactivity and very stable under turnover 

conditions, equations 8 and 9 can be separated from one another in time 

and/ or in space. As radicals and other reactive species that can initiate radical 

chain oxidation by 02 (autoxidation), the dominant mode of organic oxidation 

by this oxidant, are generated in equation 8, autoxidation can be avoided by 

separating equations 8 and 9. This fact has been appreciated by other groups 

working in this area. We turn now to another aspect of the chemistry in 

equations 8-10 that is subtle but has considerable potential consequences for the 

metal-catalyzed or facilitated 02-based oxidations and that is the nature of the 

02 reoxidation step, equation 9. 

The reoxidation of reduced polyoxometalates by 02 was first examined by 

Matveev and co-workers who concluded that reduction proceeded by a multi

electron transfer in a complex involving 02 and the reduced polyoxometalate 
(a "heteropoly blue,,).24,25 Within the last two years two other groups, those of 

Papaconstantinou and Neumann, also addressed equation 9 where OX = 02 for 

soluble reduced polyoxotungstates. Hiskia and Papaconstantinou investigated 

the reoxidation of three one-electron-reduced heteropolytungstates in water 

and reported interesting rate-pH profiles. Little hard mechanistic information 

was inferred, however, including whether or not oxygen atoms from 02 were 
incorporated into the polyoxometalate or not.26 Neumann and co-workers 

inferred a mechanism involving binding and then incorporation of oxygen 

atoms into the polyoxometalate skeleton versus an "outer sphere" mechanism 

not involving incorporation of oxygen atoms into the polyoxometalate 
skeleton based on infrared lBO-labeling experiments.19 

Two very curious but heretofore unexplained phenomena relate to the 

interaction of reduced polyoxometalates with 02 and are addressed by our 

experiments described right below. The first involves the lack of oxygenated 
products seen in the photochemical functionalization of heptacyclotetradecane 

(HCTD) in the presence of 02 by Christina Prosser-McCartha.27,28 The second 

involves two observations by Neumann and Levin,19 namely, the suppression 

of tetralin autoxidation and the clean conversion of a-terpinene to p-cymene 
in the presence of 02 without formation of oxygenated products. 

Shown in Fig. 3 is one of several preliminary results obtained recently in 

our laboratory addressing the general mechanistic features of reduced 

polyoxometalate reoxidations. Here, two distinct species29 of the two electron 

reduced decatungstate [HxW10032](6-x)-, where x = 0 or 2, were oxidized with 
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170-labeled 02 in acetonitrile and the transformations studied by 170 NMR. 

Fig. 3A shows the natural abundance 170 NMR spectrum of the oxidized 

isopolyanion [WlO032]4- in C03CN. Using peak integration30 to aid in 
assignment, the peaks at 765 and 732 ppm correspond to the belt and cap 
terminal oxygens respectively; the resonances at 434 and 420 ppm are assigned 

to the three types of 112 bridging oxygens where the latter peak is unresolved; 

and the signal at -1.6 ppm is due to the two interior Ils bridging oxygens which 
lie on the C4 axis. Further details concerning this spectrum will be published 
elsewhere. Spectra B, C, and 0 show the oxidation of [Hx W 10032](6-x)- with 
1702. Specifically, Fig. 3B exhibits no signal for an acetonitrile solution of 

[H2WlO032]4- after acquiring 50,000 transients. Following the addition of a 10-

fold excess of 20 atom % 1702 (Fig. 3C), the only signal observed both during 

and after the oxidation was at -8.5 ppm due to H20 formation. 31 In contrast, 

the oxidation of [WlO032]6- with 1702 (Fig. 3D) resulted in the formation of 

several oxygenated organic products (the main peaks are 697, 443, 425, 337, 313, 

and 306 ppm) at the expense of water. No resonances attributable to oxygens of 

the isopolyanion framework were detected. This evidence suggests the 
dominant mechanism for 02 reoxidation of [HxWlO032](6-x)- does not involve 

direct incorporation of oxygen from 02 into the polyoxometalate. More 

interestingly, the presence of H+ leads to suppression of oxygenated organic 

products giving only H20 as the product of 02 reduction. This result suggests 

that equations 8 and 9 may not need to be separated; that is, in the presence of 

both H+ and 02, Pox may selectively oxidize a substrate followed by 02 reacting 

exclusively with Pred to generate H20 thereby completing the catalytic cycle 

without concomitant oxygenation of the substrate. 

Similar results were obtained for HS[PV2MoUP40] and H3[PMo12040] in the 

presence of the substrate 1,3-cyclohexadiene. In particular, during the 
reoxidation of reduced HS[PV2MoHP40] (0.1817 g/2 mL degassed C03CN + 1 eq 
1702 + 5 eq 1,3-cyclohexadiene), no increase in the polyoxometalate peak 

intensities was observed within the first seven spectra taken (total reoxidation 

time at this point is 245.6 min) whereas the water resonance had increased by a 
factor of nine. Furthermore, the initial rates of three polyoxometalate peaks 

(these could be clearly observed in the first spectrum, i. e. without 1702) were 
measured giving relative rates (VH2170 formation/VPox_170 incorporation) of 

5.4,6.8, and 7.7 for 930, 925, and 544 ppm respectively. In a control experiment, 

similar initial rates for 170 incorporation were obtained for Hs[PV2MolO040] + 
H2170 with respect to the reoxidation reaction. Consequently, both the 

presence of a substantial induction period and the relative rate data strongly 

suggest that the source of 170 in [PV2MolO040]S- is from H2170 and not 1702; 
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therefore, an outer sphere mechanism is operable for 02 reoxidation in this 
system contrary to the recent report by Neumann and Levin.19 

INVESTIGATION OF THE MECHANISM OF THE VENTURELLO-ISHII 

EPOXIDATION SYSTEM 

The selective epoxidation of alkenes including terminal alkenes by 

hydrogen peroxide catalyzed by mixtures of phosphate and tungstate under 

phase transfer conditions was first reported by Venturello et al. in 198332 and 
subsequently developed by this group.32-34 Five years later, the group of Ishii 

in Japan began to develop catalysis for the same process but using PW120403- as 
a catalyst precursor rather than a mixture of P043- and W042- used by 

Venturello and co-workers. The Ishii group subsequently developed this 

system extensively, a research effort that continues to this day.35-37 Both the 

Venturello and Ishii systems involved two liquid phases, water and 

chlorocarbon, with phase transfer cations.32-37 The key point is that both these 

systems gave remarkably selective epoxidation and this chemistry is now used 

commercially. As promising as this selective homogeneous catalytic oxidation 

chemistry appears at present, very little is known about what transpires at the 

molecular level in this chemistry. 
In 1985 the group of Venturello et al. reported the isolation from their 

system and the X-ray crystal structure of {P04[W(O)(02}z]4)3-.33 They proposed 

that it was the active species based on some suggestive but not convincing 
experimental evidence. Ishii later came to believe this was also the active 

species in his system. Again, he offered some suggestive but not definitive 

evidence on this point.36 Bregeault and co-workers then prepared and 

spectroscopically characterized some peroxotungstates and concluded that the 

(P04[W(O)(02}z]4}3- was indeed the active species.38 Unfortunately, no kinetics 
or time resolved studies were done by any of these groups. As a consequence, 

nothing was known with certainty regarding the active epoxidizing specie(s) in 

the Venturello and Ishii systems. A point that can not be made too strongly is 

that isolated and characterized metal complexes are rarely the true active 

catalysts. They usually represent kinetic cul-de-sacs. The true catalytic species 

are often present only in small concentrations and not amenable to 

characterization as they are by definition, highly reactive. It was against this 

backdrop that we decided to investigate the kinetics not only of formation of 

{P04[W(O)(02}z]4)3- under the Venturello-Ishii epoxidation reaction conditions 

but also of reaction of this and other peroxotungstates with the alkene 

substrates. The details of this chemistry, including the experimental protocols, 
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results and discussion will be published elsewhere. Research to date has 
clarified the following points, however, which we feel confident in reporting 
here. 
(1) The complex {P04[W(0)(02h14}3-, can be isolated from a reaction of 

H3PW 12040 and H202 after going through several higher nuclearity species 

derived from sequential breakdown of the parent Keggin polyanion. 

(2) {P04[W(0)(02h14)3- is a catalytically important species and perhaps the most 

reactive epoxidizing agent in the system. 
(3) {P04[W(0)(02h14)3- is unstable to degradation in the presence of H20 but is 

more stable in the presence of H202 (50 equivalents). 

(4) Species formed after the reaction of {P04[W(0)(02h14}3- with alkene are also 

active epoxidizing agents under the reaction conditions although collectively 

less so than {P04[W(0)(02h14)3- itself. 

(5) These subsequent epoxidizing species can reform {P04[W(0)(02h14)3- upon 

reaction with as little as one equivalent of H202. 
(6) The Venturello-Ishii chemistry is extraordinarily complex. There may be a 

multitude of weaker epoxidizing agents that are peroxotungstates of higher 

nuclearity. 

EXPERIMENTAL 

Q4[WlO0321 was prepared by the method of Chemseddine et. a1.39 All 

chemicals and solvents purchased were of the finest quality available and no 

further purification was required. A solution of 0.005 M [WlO03216- was 

prepared by controlled potential electrolysis at -2.10 V vs. 0.01 M Ag/ AgN03 in 

acetonitrile containing 0.5 M QPF6. Triflic acid was added as a 0.1 M 
acetonitrile solution. 170 NMR parameters may be found in the Figure 3 

caption. Increasing the delay time in the natural abundance 170 NMR 

spectrum of Q4[WlO0321 (and several other polyoxometalates) led to no 
increase in relative peak integrals; consequently, none of the resonances are 
saturated under the experimental conditons as suggested from linewidth 

measurements and assuming T2=T1.40 In the 1702 reoxidation experiments, 

the acquisition parameters were chosen to allow for complete relaxation of 

H20 (and therefore also [WlO03214-) while still maximizing the signal-to-noise 

for observing any 170 incorporation into [WlO03214- (i. e. long delay time, short 

acquisition time). Several of the oxygenated organic peaks in Fig. 3D, however, 

are much narrower than H20 under these conditions and some saturation of 

these resonances is evident. Further experimental details including the 
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electrochemical synthesis and characterization of [Wl(P32]6- and its protonated 

derivatives will be published elsewhere. 
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ELECTROPOX: BP'S NOVEL OXIDATION TECHNOLOGY 

ABSTRACT 

T.J. Mazanec 

BP Research and Environmental Science Center 
4440 Warrensville Center Road 
Cleveland, Ohio 44128 
USA 

Solid oxide electrochemical cells and oxygen transporting membranes have been used 
to conduct oxygen separation and partial oxidations simultaneously in a single reactor. As 
the substrate hydrocarbon never comes into contact with free oxygen, enhanced selectivity 
and unusual reactivity are to be expected. Important mechanistic insights and the 
development of Electropox, a new process for converting methane to syngas, have resulted 
from this work. 

Studies of methane oxidation using solid oxide fuel cells show that high selectivities 
to C2+ can be obtained by appropriate choice of electrocatalyst. In all cases selectivity 
decreases with increasing conversion, just as it does in the heterogeneously catalyzed 
reaction. A consecutive reaction scheme is proposed to account for the limit of the 
methane coupling yield, and co-feed experiments using CH.JC2H4 mixtures support the 
mechanism. Operation of the cells at higher temperature results in a process integrating 
oxygen separation and syngas production into a single step, which we call Electropox. 

Improvements in cell design and engineering have paralleled the Electropox process 
development. Advanced cell concepts have evolved that incorporate both electronic and 
ionic conducting functionalities into a single membrane. Oxygen transport rates have been 
demonstrated with these materials that may permit their use as oxygen separating 
membranes in chemical reactors. 

INTRODUCTION 

A great variety of chemicals and fuels are prepared by oxidation processes. 
Engineering of the admixing of dioxygen and hydrocarbon in these processes has generated 
a number of different reactors and concepts that allow selective reactions to be conducted 
that would otherwise remain unselective. A design that has only recently received 
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Figure 1 Externally Short Circuited Cells and Dual Phase Membranes 

significant attention in this regard is the solid membrane reactor concept in which oxygen 
separation from air and catalytic oxidation are conducted simultaneously. 

In a ceramic electrochemical reactor oxygen activation is physically separate from 
substrate activation. Activation of dioxygen occurs at a cathodic surface, oxygen traverses 
the electrolyte as oxide ions, the ions react with a substrate on the anodic face, and the 
electrons return to complete the circuit. Two types of electrochemical membrane reactors 
are under study which differ in the route by which the electrons travel from anode to 
cathode; these are illustrated schematically in Figure 1. In the shorted fuel cell reactor the 
electrons return through an external circuit, from which electrical power can be extracted. 
Electroceramic membranes allow the electrons to make their way from anode to cathode 
via electrically conductive phases within the membrane proper. 

Activation of dioxygen in either of these electroceramic reactors offers the opportunity 
to introduce oxygen exclusively as oxide ions. This is in sharp contrast to conventional 
homogeneous and heterogeneous processes wherein dioxygen is activated in the presence 
of the substrate. In conventional dioxygen activation species such as superoxide, peroxide, 
or oxygen radicals can be formed by succesive reduction of oxygen, as shown in Figure 2. 
By directly introducing oxide ions ceramic electrochemical reactors access the 'back door' 
of the manifold of oxygen species compared to conventional processes. It is hoped that the 
ability to introduce oxygen as oxide ions will lead to unusual reactivity or selectivity in 
catalytic oxidations. 
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A particularly challenging oxidation that we have studied in solid electrochemical 
membrane reactors is the partial oxidation of methane. Methane, the chief constituent of 
natural gas, is a very robust hydrocarbon. Products of methane reactions are generally 
more reactive than methane, limiting schemes for direct methane conversion to useful 
materials. l -2 With this in mind, attempts to upgrade methane have begun to focus on the 
relative rates of oxidation of methane compared to its products3-4 and attention has been 
directed toward the fundamental kinetic limitations of conventional processes. Gas phase 
molecular oxygen and partially reduced oxygen species often have been cited as 
responsible for the destructive oxidation of the desired products. If this is the case a 
membrane reactor has the potential to overcome the kinetic limitation of the methane 
oxidation process by keeping free molecular oxygen separated from the products. 

A number of studies of the methane oxidation reaction have been reported using solid 
oxide fuel cells.S-lS Results of these studies demonstrate that fuel cells can act as oxygen 
membranes to produce useful products from methane. The present contribution considers 
the important question of whether the promise of enhanced selectivity can be achieved in 
methane oxidation using oxygen membrane reactors. Results are presented from studies on 
shorted fuel cells as the oxygen separating device and from studies using advanced 
membrane concepts to separate oxygen from air.19-22 An exciting new application of these 
devices has been discovered to be the partial oxidation of methane to synthesis gas in a 
process referred to as Electropox.23 

RESULTS AND DISCUSSION 

Tubular fuel cell reactors can be prepared easily by applying anode and cathode layers 
to the opposing faces of dense yttria stabilized zirconia (YSZ) tubes. The cathode and 

Power Supply 

Silver Wire 
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Air Out 

Figure 3 Tubular Electrocatalytic Reactor 
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anode surfaces must be connected via conductive leads to complete the circuit, as shown in 
Figure 3. In order to enhance the reactivity of the anode surface toward the substrate 
hydrocarbon it can be modified by inclusion of catalytic metals. The cathode can likewise 
be modified to enhance its ability to activate dioxygen. 

The tubular fuel cell is fitted into a sleeve of quartz or other inert material to form the 
reactor. Methane can be fed to one side of the cell while air is fed to the other side. It 
matters little which side is chosen as cathode or anode, except that it is much easier to 
modify and analyze the external tube surface, so for practical reasons the external surface 
was used as the anode. 

Methane oxidation reactions are strongly temperature dependent. Table 1 summarizes 
the effect of temperature on the conversion of methane in a short circuited tubular 
electrochemical reactor. The anode in this cell consisted of silver ink to which PbO and 
Mn304 had been added. As expected, the current, which is a measure of oxygen transport, 
increases with temperature due to the increased conductivity of YSZ at higher 
temperatures. This means that the methane/oxygen ratio is decreasing with temperature in 
these experiments. (Note that all of the oxygen fed in all experiments described herein is 
fed through the electrolyte and not mixed with the feed. For ease of understanding and 
comparison to conventional results the oxygen feed rate is converted to cc of oxygen as if it 
were fed as a gas.) 

As the temperature is raised up to 750 C the selectivity to C2's increases and then 
appears to reach a plateau. The fraction of C2 product that appears as ethylene likewise 
increases with temperature. Oxygen consumption in all of these experiments is 100%. 
None of these observations is inconsistent with other studies of heterogeneously catalyzed 
oxidative methane coupling24.26. The increased conversion of methane follows from the 
increased fraction of oxygen entering the system. Increasing amounts of ethylene can be 
attributed to thermal cracking of ethane taking place in the gas phase. 

Thermal cracking should increase with increased residence time at constant 
temperature. To investigate the role of thermal cracking in the electrocatalytic methane 
oxidation, the residence time was varied for reactions conducted under two conditions, one 
at constant oxygen transport rate and one at constant CHJ02 ratio. A convenient feature of 
the external circuit cells is that the oxygen transport rate can be limited by adjusting the 
resistance in the circuit. If more oxygen is desired a voltage can be applied to drive the 
oxygen transport. 

Table 1 Effect of Temperature with AgPbMn/YSZ/Ag Cell. 

Temp. Oxygen Rate CHJ02 CH4 Molar Selectivity, {%} 
Current [°2] Ratio Cony 

(0C) (rnA) [cc/min] (%) C2H6 C2H4 C3H6 CO2 

700 58 0.22 92 1.0 48.9 51.1 

725 79 0.30 67 1.4 42.7 11.8 45.5 

750 99 0.37 54 1.8 41.7 16.6 41.7 

775 129 0.48 41 2.5 37.5 21.8 40.7 

800 177 0.67 30 3.3 32.0 26.4 41.6 

825 226 0.85 23 4.3 24.9 28.9 4.1 42.1 

CH4 Feed Rate = 20 cc/min 
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Table 2 Effect of Residence Time at Constant Current. 

Res. Oxygen Rate CHJ02 CH4 Molar Selectivity, (%} 
Time Current [°2] Ratio Conv 
(sec.) (rnA) lee/min] (%) C2H6 C2H4 C3H6 CO2 

2.S 125 0.47 47.3 3.2 29.7 30.S 5.5 34.0 

7.1 126 0.47 lS.4 6.4 15.6 31.2 5.7 47.5 

12.7 130 0.49 10.2 10.6 9.2 25.2 6.5 59.1 

SOO C, Ag/YSZ/Ag cell. 

Table 2 summarizes the results obtained when the oxygen transport rate was held 
constant by adjusting cell resistance and the methane feed rate varied. As the residence 
time at 800 C increases the ethylene/ethane ratio increases, although the selectivity to C2's 
decreases. This is consistent with the hypothesis of thermal cracking of ethane following 
the oxidative coupling of methane. Similar results have been observed with heterogeneous 
catalysts. 

Variation of residence time at constant CH4/02 ratio was achieved by applying a 
voltage and controlling the methane feed rate with mass flow controllers. Results of these 
experiments, summarized in Table 3, demonstrate that the methane conversion and 
selectivity to C2's remain nearly constant as the residence time is changed under constant 
CHJ02 ratio conditions. The ratio of ethylene to ethane increases with residence time 
consistent with increased thermal pyrolysis at the longer residence time. 

A feature of the electrochemical cells that make them very attractive as selective 
catalytic reactors is the ability to control the nature of the catalytic site by adjusting the 
potential as well as the composition of the anode. In heterogeneous catalysis the work 
function of the active site is detrmined by the electronics of neighboring atoms and the 
atmosphere to which the catalyst is exposed, but the surface of the anode of an 

Table 3 Effect of Residence Time with Constant CHJ02 Ratio. 

Res. Voltage Oxygen Rate CHJ02 CH4 Molar Selectivity, (%} 
Time Current [°2] Ratio Conv 
(sec.) Volts (rnA) [cc/min] (%) C2H6 CzH4 C3H6 CO2 

2.4 0.6 385 1.45 17.4 6.7 25.7 28.0 4.2 42.1 

2.9 0.5 343 1.29 16.7 7.3 23.8 29.5 4.2 42.1 

3.3 0.4 301 1.13 16.7 7.2 23.0 31.4 3.4 42.2 

3.8 OJ 258 0.97 16.7 7.1 22.0 32.5 5.7 39.8 

4.9 0.2 206 0.77 16.4 7.2 19.6 33.9 5.5 41.0 

6.1 0.1 154 0.58 17.4 6.7 18.5 33.2 5.4 42.9 

7.9 0.0 128 0.48 16.7 6.9 17.6 32.2 5.9 44.3 

800 C, AgBi/YSZ/Ag Cell 
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electrochemical cell is responsive also to its potential relative to the cathode which can be 
adjusted by simply adjusting the voltage of the circuit. In some cases rate enhancements 
beyond that expected from added oxygen have been noted. An elaborate theory, the 
NEMCA effect (Non-Faradiac Electrochemical Modification of Catalytic Activity), has 
been proposed to describe these electrocatalytic rate enhancements.27 According to the 
theory materials can exhibit either positive or negative enhancements depending on their 
electrophilicity. 

Data collected in Table 3 can be used to evaluate the proposed NEMCA effect in the 
oxidation of methane since the CHJ02 ratio was held constant and the only variables that 
are changing are the potential and residence time. According to the theory a significant 
change in the methane conversion should be observed as the voltage on the cell is changed. 
However the methane conversion values are all clustered around 7.0 ± 0.3 % and can be 
considered identical within the error of the measurement. Thus the cell under consideration 
provides no evidence of the NEMCA behavior. 

Table 4 Effect of Anode Composition for AgM/YSVAg Cells. 

Additive Oxygen Rate CH4 Molar Selectivity, (%} 
Current [°2] Conv 

M (rnA) cclmin (%) C2+ CO CO2 

196 0.74 4.3 58.1 41.9 

Sm 262 0.98 3.5 9.3 22.2 68.5 

Ho 263 0.99 2.9 14.8 85.2 

Pb 278 1.05 4.6 42.3 57.7 

Li/Mg 231 0.87 4.0 49.5 50.5 

Bi 251 0.94 3.8 70.3 29.7 

800 C, CH4 flow rate = 20 cc/min 

The effect of the electrocatalyst composition was studied as well. A series of Ag 
electrode cells was modified by incorporating a second metal or metal oxide. The results 
for inclusion of Sm, Ho, Li/Mg, and Bi, along with the naked Ag anode cell are 
summarized in Table 4. These cells all had about the same current and methane flow rate, 
so that the effect of the residence time and CH4/02 ratio was minimized. The methane 
conversions were clustered between 2.9% and 4.3%, but the selectivity to C2+ product 
ranged from 9.3% for Sm to 70.3% for Bi. Thus, there is a dramatic effect of catalytic 
metal on the selectivity to higher hydrocarbons. 

In the search for a guiding principle to correlate all of the experimental observations, a 
graph of the dependence of C2 selectivity on CH4 conversion for a variety of tubular cells 
was .constructed as shown in Figure 4. It appears that all of the data points are bounded by 
a single, limiting curve. This implies that there is a fundamental mechanistic limitation to 
the conversion of methane to higher hydrocarbons that cannot be exceeded.1,2,28 
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Figure 4 Methane Coupling Selectivity and Conversion 

Our interpretation of these results is summarized in the simplified mechanistic scheme 
shown in Figure 5. In this scheme the conversion of methane to ethane/ethylene and then 
to CO2 occurs by a series of consecutive reactions. The relative rates of methane and 
ethylene activation, kl and k2 in Figure 5, determine the upper limit of C2 yield. (Since 
ethane can convert to ethylene readily by non-oxidative pyrolysis and ethylene is more 
stable than ethane the rate of ethylene activation is taken to be the limiting rate.) The direct 
conversion of CH4 to CO2 has been ignored. Assuming this rate is negligible is the most 
optimistic assumption possible as far as catalysis is concerned since conversion of CH4 to 
CO2 cannot contribute to C2 yield. 

Lunsford29,30 and others have determined that homolytic C-H bond rupture is the rate 
limiting step in heterogeneously catalyzed CH4 activation. It is hard to imagine a 
mechanism by which a catalytic site could discriminate between methane C-H bonds and 
the C-H bonds in other compounds under the conditions of methane oxidation. Therefore, 
it can be assumed that carbon-hydrogen bonds of gas phase ethylene can be activated in a 
similar manner. (Any enhanced association of ethylene with the catalytic surface due to 1r 

interactions will increase the effective concentration of ethylene and thus increase its 
destruction, so the most favorable situation will be one in which ethylene does not 
selectively interact with the surface.) The consecutive reaction scheme reduces to two rate 
limiting steps, one for methane activation and one for ethylene destruction, which occur by 
the same mechanism. Since the active site cannot distinguish among C-H bonds, in the 
limiting rate equations for CH4 and C2H4 activation the same concentration of oxidation 
sites, [Ox], can be used as shown in Equations 1 and 2. 

k1 k2 A ----> B ----> C 

Figure 5 Consecutive Reaction Mechanistic Scheme 
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Figure 6 Selectivity/Conversion Relation as a Function ofk2/kl 

Rate CH4 = - kl [CH4] [Ox] 

Rate C2H4 = - k2 [C2HJ [Ox] 

(1) 

(2) 

This greatly simplifies analysis of the system since the two rates differ only in the 
fundamental rate constant and the concentration of the reactants. Computer simulation of 
the consecutive reaction mechanism allows one to determine the k2/kl ratio needed to 
achieve the desired yield of C2H4. Figure 6 shows how the selectivity to B varies as a 
function of conversion of A for various k2/k1 ratios. (Since oxidative activation of ethane to 
give an ethyl radical results in an ethylene product, it only serves to consume oxidant and 
can be ignored. If direct ethane conversion to CO2 occurs this will reduce C2 yield.) The 
results in Figure 4 are fit well by a k:Jkl ratio of about 6. 

Experimental test of this mechanism was conducted by performing a competition 
study with ethylene/methane mixtures in the tubular reactor. The results, summarized in 
Table 5, demonstrate that ethylene oxidation competes readily with methane oxidation 
under the experimental conditions of the electrocatalytic cell. The ratios of k2/k1 calculated 
for these experiments are 4.0 and 4.6. This is in reasonable agreement with the ratio 
derived from the methane coupling experiments. Thus, the consecutive reaction 
mechanism can be applied successfully to systems of this type. The inescapable conclusion 
is that methane dimerization is limited by the relative rates of methane and ethylene 
activation. 

The vast literature on the methane coupling reaction support the notion of a limit to 
the coupling yield of about 30% (or k2/k1 ::: 2) based on consecutive reaction schemes, but 
little experimental data on comparative rates of methane and ethylene conversion are 
available. One of the few attempts to disprove the yield limit by directly measuring CH4 
and C2H4 activation rates over heterogeneous catalysts is by Burch and Tsang.3 In their 
study a LiCl/MnOx catalyst was reported to have k2/kl ::: 0.42 at 700 C, by separately 
measuring the CH4 and C2H4 activation rates, which would provide a maximum C2 yield 
of about 57%. Unfortunately the two experiments were conducted at different 02 
consumption rates, actual methane conversion experiments reached a maximum of only 
12% yield, and no examples of the predicted high yield have been reported. 
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Table 5 Ethylene Cofeed Experiment. 

Feed (Mole %) Oxygen Rate Effluent (mole %) 
Current [°2] 

CH4 C2", (rnA) cc/min CH4 Ethylene 

100 885 3.33 82.4 3.9 

91.4 8.7 620 2.33 86.4 6.8 4.0 

82.7 17.3 490 1.84 79.5 14.2 4.6 

800 C, AgPb/ySZ/Ag cell, CH4 feed rate '" 20 cc/min, applied voltage", 2.0 V 

How low does the k2/k1 rate need to be to achieve economic attractiveness? Since 
stoichiometry dictates that four times as much oxygen is consumed by combustion as is 
used in partial oxidation, the selectivity needs to be about 80% to avoid wasting methane 
and oxygen. 

2 O2 + CH4 = CO2 + 2 H20 (3) 

1/2 O2 + CH4 = 1/2 C2H4 + H20 (4) 

And the per pass conversion of methane needs to be about 80% to minimize the cost 
of separation. At the 80% conversion/80% selectivity point the yield is 64% and k2/k1 is 
about 0.2. Since it seems unreasonable to propose a mechanism by which C-H bonds of 
methane are selectively attacked over those of ethylene at the temperatures required for 
reaction (700-900 C), the yields of C2 products appear limited to modest, economically 
unattractive quantities. 

Our studies turned from the methane coupling reaction to the investigation of higher 
temperature methane reactions. Using tubular electrocatalytic cells with Pt anodes, the 
conversion of methane becomes more selective with CO as the major product at high 
temperatures. As summarized in Table 6 methane conversions can approach 100% with 
CO selectivities up to 97% at 1100· C. This suggested that the electrochemical cells could 
be used for the partial oxidation of methane to synthesis gas. We call this process 
Electropox, for electrocatalytic partial oxidation. 

Table 6 Effect of Temperature on Methane Conversion. 

CH4 Applied Oxygen Rate CH4 Product Selectivity 
Temp Rate Potential Current [°2] Conv 

·C cc/min Volts rnA fcc/min] % C2's CO CO2 

800 20.6 0.0 107 0040 3.1 22.6 56.6 20.8 

800 8.0 0.0 227 0.85 23.5 95.9 4.1 

1000 8.0 0.0 340 1.28 4004 99.9 0.1 

1100 8.0 0.0 330 1.24 39.2 99.9 0.1 

1100 8.0 2.0 994 3.74 99.9 96.8 3.2 

CH4//Pt-YSZ/ySZ/pt//Air cell 

93 



Table 7 Current Density, Syngas Yields in Short Circuit Cells. 

Cell Feed Oxygen Rate Resistance CO 
Current [°2] Yield 
mA/cm2 fcc/min] n-cm2 % 

Pt/YSZ-4/Pt (tube) CH4 15 0.056 50 99 

Pt/YSZ-4/LSM CH4 347 1.30 2.65 

PtBi/YSZ-4/LSM CH4 525 1.97 1.34 56 

PtBi/YSZ-8/LSM-LSM CH4 552 2.08 1.25 61 

PtBi-cermet/YSZ-8/LSM CH4 705 3.14 0.8 

Ni-cermet/YSZ-8/LSM-Pt CH4 930 2.85 83 
H2 1245 4.68 0.45 

For the production of chemicals and fuels from methane the Electropox process 
represents a chance to reap a tremendous benefit. By combining the oxygen separation 
with methane oxidation to syngas, an entire process segment, the oxygen separation unit, 
can be eliminated from a conventional plant. The savings could be as much as 25% of the 
capital investment in a natural gas to fuels plant. In order to achieve this savings oxygen 
separation would need to be done in a relatively small oxidation reactor, requiring high 
oxygen transport rates. Efforts to prove the technical feasibility of the process began by 
focusing on the oxygen transport rate. 

The practical limitation of the tubular YSZ electrolyte reactor is that the current 
densities (oxygen fluxes) are very low. This is due in part to the thick tube wall (1-1.5 
mm) and in part to the poor adherence of the electrodes to the tube, resulting in very large 
contact resistances. By utilizing an externally shorted disc reactor the interfacial resistance 
could be greatly reduced as shown in Table 7. Current densities of greater than 1 A/cm2 

were obtained. Increasing the oxygen flux greatly reduces the size of the reactor required 
to convert a given quantity of natural gas, and makes the process economically attractive. 

Another way of improving the oxygen flux is to introduce an internal short circuit. 
Since for most natural gas upgrading schemes electricity is not a valuable product due to 
the remote location of the plant, the external circuit is superfluous. A short circuit is 
obtained by introducing into the ionic ally conducting electrolyte a second phase to conduct 
electrons. This is demonstrated schematically in Figure 1. Oxide ions can migrate from air 
to natural gas via the ionically conducting phase and electrons can return via the 
electronically conducting phase. 

Dual phase membranes have been tested that exceed the preliminary oxygen flux 
targets for a commercial Electropox process. Table 8 summarizes some of the oxygen flux 
results obtained with dual phase membranes separating hydrogen and air at 1100· C. 
Membranes with oxidic as well as metallic electronic conductor phases have been tested. 
Ease of fabrication and high oxygen flux make these ideal candidates to form into 
membranes of all shapes for conducting the Electropox process. 
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Table 8 Oxygen Flux Results for Dual Phase Membrane Discs at 1100 C 

Membrane Feed Oxygen Rate Thickness 
Electronic/Ionic Current [Oz] 

Phase mNcmz [cc/min-cmz] mm 

(Pd).5 / (YSZ).5 Hz 555 2.1 0.8 
CH4 530 2.0 0.8 

(Pt).5 / (YSZ).5 Hz 467 1.8 0.8 

(B-MgLaCrOx).5 / (YSZ).s Hz 114 0.4 0.8 

(ln9of1"l0).4/ (ySZ).6 Hz 275 1.1 0.8 

(ln9oPr 10).5 / (y SZ).5 H2 601 2.3 0.8 
Hz 1458 5.5 0.3 
Hz 1611 6.1 0.25 

(In9SPrZ.5ZrZ.5).s / (YSZ).s Hz 2083 7.8 0.3 
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1. INTRODUCTION 

Selective, catalytic processes to convert methane into higher hydrocarbons or 

oxygenates are of great industrial importance because they would enable the conversion of 
abundant, remote natural gas reserves to useful petrochemicals and fuels.1-6,7a One of the 

most studied conversion processes is oxidative coupling, the formation of ethane, ethylene, 
and higher hydrocarbons (abbreviated as Cz+) from the reaction of methane with oxygen.2-

14 Alkali-promoted metal oxides are relatively selective catalysts for this conversion. A 

wide variety of oxides have been studied, including: basic oxides such as MgO,7 rare-earth 
oxides such as Sm203,9,lO and transition metal oxides such as Mn oxides2,3,11 and 

NiO.12-14 With all of these materials, deep oxidation of methane to CO2 and H20 

competes with oxidative coupling. The highest yields (methane conversion times selectivity 
to C2+) achieved to date are below 30%. It is estimated that methane conversions in excess 

of 60% and C2+ selectivities greater than 80% are necessary for an economic conversion 

process. 1 One of the challenges in achieving better yields is to design or discover catalytic 

materials that have a high intrinsic selectivity for oxidative coupling, and a minimum activity 

for deep oxidation. 
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In order to design selective catalysts, it is necessary to understand the influence of 
catalyst structure on reaction pathway and reaction rate. Some of the fundamental aspects of 

oxidative coupling that need to be understood include: what is the nature of the surface site 

responsible for methane activation, how is this site produced by reaction of the material with 

gas-phase oxygen, what is the nature of the surface site for deep oxidation to produce C02, 

how is it produced, is it the same as the site for methane activation, how do these sites 

depend on catalyst structure? It is important to determine whether activation and oxidation 
occur on the same site. If they do, production of CO2 is inescapable. 

The variety and complexity of the structures of most catalysts make it difficult to 

determine the nature of the active sites and whether activation and deep oxidation occur at 
the same site. For alkali-doped MgO and CaO, Lunsford has shown a correlation between 
methane activation and the existence of 0- species, identified by ESR.7b,7d Under 

oxidative coupling conditions, this 0- site is produced to a significant extent only in the 

presence of gas-phase oxygen. No significant conversion occurs in the absence of gas

phase oxygen. Similar behavior is observed for other non reducible oxides. In contrast, a 
number of reducible metal oxides can for a time selectively convert methane to C2+ 

hydrocarbons in the absence of gas-phase oxygen. This suggests that for these materials a 

lattice oxygen site at the surface is responsible for selective activation. (Lattice oxygen is 

subsequently replenished by reacting the reduced material with gas-phase oxygen.) 
Examples include supported and promoted manganese oxides, with C2+ selectivities in 

excess of 80% at low methane conversion3,1l and LiNi02, for which C2+ selectivities near 

100% have been reported.12d The nature of the site responsible for deep oxidation is less 

well understood. It is possible that the active sites for reducible materials are different from 

those for non-reducible materials. In both cases however, it is clear that the reaction of 

dioxygen with these materials is a key step in producing active sites. 

Of the wide range of catalyst materials studied, lithium-substituted nickel oxides are 

unusual in that they form sufficiently simple structures that a relatively complete 
characterization is possible.IS-17 In addition, the origin of the selectivity imparted in nickel 
oxide by lithium substitution is particularly interesting. NiO readily reacts with CH4 at 

temperatures above 873 K, but only CO2 and H20 are formed.12,22 This is quite different 

than the case of MgO, which has little or no reactivity toward methane without the addition 
of alkali metal. Somehow, substitution of Li cations for Ni cations converts nickel oxide 

from a material which is highly active and selective for complete combustion to one that can 

be highly selective for hydrocarbon production. 

Recently, we have shown that the selectivity of lithium nickel oxides depends on the 

structure, especially on the long-range order of the cations.17 Here we report results on 

studies of the kinetics of reaction of gas-phase oxygen and of methane with an ordered 
structure that has high C2+ selectivity. The catalyst material used in this study has the 

composition Lio.44Nio.560, close to the theoretical limit for complete substitution, 

Lio.sNio.sO. We confrrm for this composition that lattice oxygen can be highly selective for 

methane activation and production of C2+ hydrocarbons. However, a proper accounting of 

C02 that remains on the catalyst as a carbonate, reveals that the selectivity is only 75%, in 

contrast to an earlier study in which a nearly 100% C2+ selectivity was reported.12d In 

addition, we identify a surface oxygen state in equilibrium with gas-phase oxygen that 
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participates in the production of C02. We characterize the reaction kinetics of these two 
sites using transient isotope-switching techniques and steady state rate measurements. 

2. EXPERIMENTAL 

The transient isotope-switching apparatus has been described previously.IS The 
reactor was a plug-flow, fixed-bed quartz microreactor, 8 mm in diameter, with a total 

volume of 0.8 cc. Approximately 0.4 g of catalyst was supported in the middle of the 

reactor on a fused quartz frit Temperature in the catalyst bed was measured with a chromel
alumel thermocouple shielded in a quartz jacket. The reactant gas stream was controlled by 
a mass flow control switching system capable of switching one or more of the reactants to 
its isotopically labelled counterpart in approximately 1 s. The partial pressures and flow 
rates of the reactants are not altered by this switch so that the steady-state concentrations of 

reactants and products in the gas phase, and on the catalyst surface, are not disturbed. 
The lithium nickel oxide catalyst used in this study was synthesized by reacting 

lithium carbonate and nickel oxide in air at 1073 K. The catalyst was characterized by x-ray 

diffraction to determine the purity of phase, and by microanalysis to determine the elemental 
cOmpOSItIon. The nominal composition of the catalytic material used here was 

Lio.44Nio.s60. The short and long range order of the material was characterized by small 
angle neutron scattering, EXAFS, and x-ray scattering. IS,I7 The catalyst is black in color 

and has a surface area of approximately 2 m2 g-1, as determined by gas adsorption. To 
remove surface carbon contamination and any carbonate phase remaining from the synthesis 
or formed during methane conversion, the catalyst was heated to 923 K in a flow stream of 
20% oxygen in either argon or helium. 

Rates of consumption of reactants and formation of products were monitored 

continuously with a quadrupole mass spectrometer (Extranuclear) through a capillary 

sampling tube located at the outlet of the reactor, and periodically by a fast gas 
chromatography system (MTI M200). This GC system was capable of determining the 

entire product distribution through C4 hydrocarbons every 60 s. Oxygen 1602 (99.997%) 
was obtained from Airco, Ar (99.999%) from Airco, and 20% 1802(97%) in Ar (99.998%) 
from ICON. 

3. RESULTS AND DISCUSSION 

The technique of transient isotope-switching can provide fundamental information 

about the kinetics of catalytic reactions that is difficult or impossible to obtain with other 

methods. Following a gas-phase isotope switch at steady state, transients of products 

labeled with the original isotope result from reactions of intermediates that have been left 

behind on/in the catalyst after the gas-phase switch. The area under the transients provides a 

direct measure of the steady-state concentrations of intermediates on/in the catalyst at the 
time of the switch. The temporal shape of the transients provides information on the 
reaction kinetics of the intermediates. In the present study, we compliment the transient 

techniques with steady-state measurements to obtain information on the rates of the various 
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reactions over a temperature range wider than that accessible by the isotope-switching 
method. 

We fIrst present, in Sec. 3.1., results concerning the exchange reactions of gas
phase dioxygen with the surface of the catalyst. In Sec. 3.2., we present results on the 
kinetics of exchange with lattice oxygen. Exchange reactions with lattice oxygen are 
relatively slow and require higher temperatures than that required for exchange with the 

surface state. The rapid exchange between 02(gas) and surface oxygen, and the slower 
exchange between surface oxygen and lattice oxygen, allows us to preferentially populate 
the surface state with labelled oxygen, and thereby investigate the contribution of each 

species to catalytic oxidation reactions. Experimental results on the reactions of these species 
with methane are presented in Sec. 3.3 .. 

3.1. SURFACE OXYGEN STATE 

3.1.1. Evidence for a Surface-Bound Oxygen State 

In Fig. 1. we show the time dependence of the mass spectrometric signals for gas
phase 1602, 160 180, and 1802 following a switch from 20% 1602 in Ar to 20% 18~ in Ar 

at 678 K and at a total flow rate of 40 cc min-I. The mass spectrometric intensities are 
converted to the partial pressures of each species in the reactor. The calibration against 
absolute number density in the reactor is readily accomplished because the feed gas provides 
an accurate, internal reference point. In the upper panel of Fig. 1, it is shown that upon 

switching, the partial pressure of 1602 decreases rapidly with a complementary increase in 

the partial pressure of 1802, the result being a constant oxygen pressure. In the lower 
panel, it is shown that 160 180 evolves from the reactor, with a relatively rapid rise in rate 
followed by a slower decay. To check whether gas-phase reactions or reactions at the 
reactor wall contribute to the isotope exchange, a blank experiment was conducted with the 
catalyst replaced by quartz chips. No 160 180 was observed at temperatures up to 1123 K. 
The full width at half maximum (FWHM) of the 160 180 evolution peak is - 29 s at 678 K, 
much longer than the - 1 s of the isotope switching transient. There is also a decay in the 
1602 intensity, and a rise in the 1802 that occurs over a similar time. This is less obvious in 

Fig.1 because the amount of ~ desorbing from the surface is a small fraction of the partial 

pressure of ~ coming into the reactor. Subtracting the signals due to rapidly changing feed 
gas components following the switch, which decay/rise exponentially with a time constant 

of - 1 s, we fInd that the area under the 1602 decay is approximately equal to the area 

"missing" in the 1802 rise. Furthermore, the areas are roughly 1/2 that of the area under the 
160 180 transient. Thus, we fInd that the distribution of isotopes in the products is 

consistent with that expected for statistical exchange, i.e. 1602 : 160 180 : 1802 (taken up by 

catalyst) = 1 : 2 : 1. 

These results show that there is a bound state of oxygen in or on the catalyst that can 

exchange with gas-phase oxygen. Prior to the switch of the gas-phase label, all of these are 
160. After the switch to 1802 in the gas-phase, 160 is gradually lost from the catalyst, and 
180 gradually builds up. 160 can be lost in two ways, either as 1602, or as 160 180. 
Eventually, the exchangeable state loses all of its 160 and becomes fully saturated with 180, 
at which point no further desorption of 160 180 is detected. 
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Fig. 1. Transient responses of mass spectrometric intensities of oxygen at 678 K upon switching from 
20% 16Q2 in Ar to 20% 1802 in Ar. A background in the 16Q180 signal due to 16Q18Q in the oxygen-18 
feed has been appropriately subtracted. The flow rate was 50 cc-min-l. The catalyst was LiO.44Nio.560 
(weight = 0.36 g). The solid curve is a result from a model, see Sec. 3.1.2. for detail. 

The number of 160 atoms contained in the 160 180 transient is 1.8x1018. This 
number is obtained from the integral of the 160 180 signal over time. It is shown below that 
for a statistical exchange of isotopes an equal number of 160 atoms will desorb as 1602. 

Hence, at 678 K, the total number of exchangeable oxygen atoms is 3.6x1018. Given a 
catalyst weight in this experiment of 0.36 g, a surface area of - 2 m2 g-l, and a surface 

oxygen atom site density of 1.6xl015 cm-2 [for the (100) surface1S], this corresponds to a 
coverage of - 0.3 monolayers (- 5xlOI4 cm-2) of 160. 

An important characteristic of the exchange process at temperatures below about 850 
K, is that if the gas-phase label is switched from 1602 to 1802 and then back again to 1602, 

the shapes and amplitudes of the transient signals do not change, irrespective of the time the 
catalyst is exposed to 1802. This shows that the reservoir of exchangeable oxygen is flxed. 
Extended exposure to 1802, up to 400 s, does not lead to an increase in the amount of 
oxygen exchanged. An example of this is shown in the left panel in Fig. 2. This argues 
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Fig. 2. Transient responses of mass spectrometric intensities of 16()180 at 823 and 1125 K upon switching 
from 20% 16()2 in Ar to 20% 1802 in Ar, followed by switching back to 20% 16()2 in Ar. The total flow 
rate was 40 cc-min-1. 

against the existence of a diffusion limited exchange with lattice oxygen atoms near the 
surface, and indicates that the exchangeable oxygens are confined to the surface. Above 
850 K, participation of lattice oxygen in the exchange with gas-phase oxygen becomes 
detectable and the shape of the transient does depend on the exposure time. This is shown 
in Fig. 2b, and will be discussed in Sec. 3.2 .. 

Another important characteristic below 850 K (this will be discussed in more detail 
in Sec. 3.1.3.), is that the catalyst is saturated with exchangeable oxygen for oxygen partial 
pressures ranging from 0.2 to less than 0.002 atmospheres. Consequently, the kinetics of 
16()180 production in Fig. 1 is determined by the desorption kinetics of the surface oxygen, 
rather than by the the adsorption kinetics of the gas-phase oxygen. This is consistent with 
the observation by Lambert and coworkers18a that oxygen chemisorbs on activated lithium 
nickel oxide even at room temperature, which indicates that the activation barrier to 

adsorption is rather low. 

To recapitulate the characteristics of the isotope exchange at temperatures below 
about 850 K, we find that 

1. There is a fixed reservoir of exchangeable oxygen. Extended exposure to labeled 

gas-phase 02 does not increase the amount of exchange. This indicates that sub-surface 
lattice oxygen does not participate in the exchange. We conclude that the exchangeable 
oxygen is confined to the surface. 

2. The number of exchangeable oxygen atoms is approximately 5xl014 cm-2, 

equivalent to about one-third of a monolayer Thus, the adsorption site is not a minority, 
defect site, as has been proposed.l9a The population of these sites under reaction 
conditions can be quite high in the presence of gas-phase 02, and this chemisorbed oxygen 
can contribute significantly to the catalytic reactivity of these materials. 
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3. The statistical distribution of isotopes in the products is consistent with an 
exchange mechanism consisting of dissociative adsorption of dioxygen to produce surface
bound oxygen atoms, together with recombinative desorption of chemisorbed atoms to give 
(h(gas). This is not unequivocal however. Based on the statistics of the exchange alone, it 
is not possible to rule out a 4-center exchange reaction involving a chemisorbed, dinuclear 
oxygen species, such as 02-.20 Exchange of isotopes between dinuclear species would 
result in the same labelling statistics as atom recombination. A four-center reaction 
mechanism, however, is considered to be highly improbable based on bonding, orbital 
overlap/symmetry and entropy considerations. We therefore assume that the exchange 
proceeds through a surface-bound atomic oxygen. We designate this as O(s), and 
distinguish it from lattice oxygen, designated 0(1), which may exist at the surface but which 
does not participate in the exchange below roughly 850 K. 

4. The O(s) state is saturated over the range of oxygen partial pressures 
investigated. The adsorption rate is sufficiently high over the entire range that when 
desorption occurs the sites are rapidly repopulated. Thus, for these temperature and 
pressure conditions, desorption is the rate-limiting step in the isotope exchange. 

3.1.2. Kinetic Analysis of Oxygen Isotope Switching Results 

The following sections provide a kinetic analysis of the transient responses based on 
an atomic state for the chemisorbed oxygen, O(s). We show that this approach allows us to 
account for the qualitative features of the results described above, the temperature 
dependence of the rate of isotope scrambling under steady-state conditions, and results from 
temperature programmed desorption (TPD) experiments performed at very low pressure. 
The steady-state exchange and TPD experiments are described in Sec. 3.1.3 .. The kinetics 
of isotope exchange of 02 (gas) with oxide materials have been reviewed by Gellings and 
Bouwmeester.2o Readers are referred to this work and references therein for a more 
comprehensive discussions of the mechanisms and kinetics involved in more complex 
systems. 

The steps in the oxygen exchange reaction when restricted to the catalyst's surface 
can be written as: 

1802(g) ~ 2180(s) 
180(S) + 160(s) ~ 160180(g) 
160(s) + 160(s) ~ 1602(g). 

The desorption rates of 160 180 and 1602 are given by 

and 

(1) 

(2) 
(3) 

(4) 

(5) 

where e and e* are the relative surface coverages (relative to the coverage at saturation) of 

103 



atomic 16() and 180, respectively; k({ is the rate constant for the second-order recombinative 
desorption of surface oxygen atoms; and n is the density of surface sites where oxygen 
atoms adsorb. Material balances for the two oxygen isotopes on the surface are given by 

..1£\ F(t) 2 * 
lo8L = 2S- - 2~ne - 2~nee 
dt n 

(6) 

and 

e+ e* = eo. (7) 

where eo is the total relative coverage of the surface oxygen at steady state; F(t) is the 

incident flux of 1602(g) upon the surface; S is the probability of dissociative chemisorption 
per collision. At the time of the switch, t = 0, F(t) declines exponentially with a time 
constant of roughly 1 second. (The flux of 18~(g) increases in a complementary fashion.) 
Note that terms associated with the reverse reaction in Eq. 2 are not included in the above 
material balance. This is expected to be valid under conditions where read sorption of 
160 180 can be neglected, which is certainly the case in the current experiments where the 
pressure of desorbed 160 180 is less than 1 % of the steady-state pressure of oxygen in the 
gas phase. 

Upon switching, although the gas-phase isotopic label is changed from 16 to 18, the 
overall steady state between dissociative adsorption and recombinative desorption is 
maintained - the total pressure of 02 and the total coverage of surface oxygen remain 

constant. Using Eqs. 6 and 7, and taking F(t) as a step function rather than an exponential 
decay, we have: 

(8) 

(9) 

It is interesting to note that despite the second-order kinetics associated with the 
recombinative desorption of the surface oxygen atoms, surface coverage of 160 deceases 
exponentially upon switching from 1602 to 1802. The rate expressions for production of 
1602 and 160 180, Eqs. 4 and 5, become 

(10) 

(11) 

Eq. 10 shows that immediately following the isotope switch, the rate of production 180 160 
increases rapidly, reaches a maximum when the surface concentrations of 180 and 160 are 
equal at t = 0.35(k<I neO)-I, and then declines more slowly as the concentration of 160 at the 
surface falls off exponentially. The FWHM of the peak is equal to 0.88(k({ neo)-I. We can 

obtain a value for k<I at 678 K from the FWHM of the 180 160 desorption transient shown in 
Fig. 1, or by fitting the entire curve using Eq. 10. The value for k({ obtained from fitting the 
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curve is 6xlO-17 cm2 s-l. The calculated 160 180 desorption transient is shown in Fig. 1 
(solid curve), and is in reasonable agreement with the data. 

Using the value for k<I obtained by fining the 180 160 (g) transient in Fig. 1, the 
dependence of the coverages of 160 and 180, and the desorption rates of 16~ and 160 180 

as a function of time can be calculated using Eqs. 8 to 11. The results are shown in Fig. 3. 
We see that upon switching from 16~ to 18~, the coverage of 160 decreases exponentially 
as the coverage of 180 increases. When they become equal, the production rate of 160 180 

reaches a maximum. At longer times the production rate of 160 180 declines exponentially, 
as does the production rate of 1602. 
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Fig. 3. Results from a model that describes the kinetics involved in oxygen isotope switching from 20% 
I~ to 20% lS02• The swface coverages of 16() and 180. and the desorption rates of 160z and f6() ISO are 
plotted as a function of time. 

The number of molecules in the 160 180 transient can be determined accurately 
because the signal is not obscured by a high pressure of feed gas with the same isotopic 
composition. To determine the total oxygen surface coverage at steady state we also need to 
know the amount of 160 that desorbs as 1602. The percentage of 160 atoms that desorb as 
160 180 (NIV80 ) and that desorb as 1602 (N16oJ can be determined from integration of Eqs. 
10 and 11. The amounts are given by 

(12) 

and 

(13) 
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These show that 50% of the 160 atoms on the surface desorb as 1602, and the other 50% 
de sorbs as 180 160. Experimentally, we find that the area under the 1602 curve in Fig. 1, 
corrected for the contribution from the exponentially declining 1602 (g) feed, is 0.5 ± 0.2 
of that under the 160180 transient, in good agreement with the calculation. 

In principle, the dependence of ~ on temperature can be determined by conducting 
the same isotope switching experiment at different temperatures. In practice, this approach 
is limited by the narrow temperature range that can be used. As the temperature increases, 
the FWHM of the 160 180 desorption transient rapidly becomes comparable to or shorter 
than the isotope switching time. The variation of ~ with temperature can be determined 
over a wider range of temperatures using the steady-state method described in the next 
section. 

3.1.3 Kinetics of Desorption of the Surface Oxygen 

The dependence of kd on temperature was determined by measuring the rate of 
isotope exchange at steady state as a function of temperature with a feed gas consisting of an 
equi-molar mixture of 1602 (10%) and 1802 (10%) in Ar. The exchange rate is reflected in 
the steady-state concentration of isotopically labeled species in the gas phase. The 
dependence of the gas-phase concentrations on temperature is shown in the left panel of Fig. 
4. Mass spectrometric signals of 1602, 180 160 and 1802 at 32, 34, and 36 amu were 
monitored continuously as the reactor temperature was raised from 500 to 873 K at a rate of 
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Fig. 4. Isotope exchange reaction of 1602+1802 -.. 2160 180 over Lio.44Nio.560 (weight = 0.35 g). 
Reactants: 10% 1602 and 10% 1802 in Ar. Flow rate: 40 cc min-I. Left: mass spectrometric signals of 
amu 32, 34 and 36 as a function of temperature. Heating rate: - 0.3 K s-I. Right: Arrhenius plot of the 
steady-state isotope exchange rate. 
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- 0.3 K s-l. The reactor was then gradually cooled. Signals obtained during cooling (not 
shown) follow exactly those obtained during heating, indicating that the rates measured 
were indeed steady-state rates. As shown in the left panel of Fig. 4, signals of 1602 and 
1802 decrease equally as temperature increases. This supports that the exchange reaction 
below 873 K involves only the surface oxygen, not the lattice oxygen, since otherwise, the 
mass 36 signal would decrease faster than that of mass 32. The decrease in the 1602 and 
1802 signals is accompanied by a corresponding increase in the 160 180 intensity. 

An Arrhenius plot of the rate of 180 160 formation as a function of temperature from 
673 to 873 K is presented in the right panel of Fig. 4. The vertical dash line is a marker for 
10% conversion. Rates to the right of the marker (from 670 to 813 K) can be described 
very well by the solid straight line, which has a slope that corresponds to an apparent 
activation energy of 48 kcal mol-I, and an intercept of 1xlOZ7 molecules-cm-2-s-1. Rates to 
the left of the marker fall below the straight line due to loss of the exchange product 160 180 
through its reaction on the catalyst as the concentration of 160 180 becomes significant. 

For an equi-molar 160:zl1802 feed, the total rate of oxygen desorption (sum of the 
desorption rates of 1602, 180 160 and 1802) is simply twice the production rate of 180 160. 
It is given by 

2 (0) Ed 
R = (n9) k exp(--) 

d d kaT 
(14) 

where k~O) and Ed are the pre-exponential factor and activation energy terms of the rate 
constant ~, and ka is the Boltzmann constant. Differentiating the logarithm of ~ with 
respect to T-l yields the following expression 

(15) 

The first term to the right of Eq. 15 is the apparent activation energy determined from the 
Arrhenius plot (48 kcal.mo}-l). The second term depends upon the variation of surface 
oxygen coverage with temperature. The latter was determined to be zero from a pressure 
dependence study of the isotope exchange rate. In the pressure dependance study, the total 
oxygen partial pressure was reduced to 20% and 2% of one atmosphere, respectively. The 
molar ratio of 1602 to 1802 was maintained at 1:1. At conversions less than 10%, the rate 
of 180 160 production in each case was identical to that shown in Fig. 4. This clearly shows 
that under these conditions, the catalyst is saturated with the surface oxygen, and the 
desorption of the surface oxygen is the rate-limiting step in the exchange reaction. Thus, the 
second term in Eq. 15 is zero. As a result, the activation energy of the recombinative 
desorption of the surface oxygen equals the apparent activation energy of 48 kcal moP. 

With the surface state saturated (9 = 1), the intercept of the Arrhenius plot in Fig. 4 

is equal to 0.5k~O)n2, cf. Eq. 14. With n = 5x1014 cm-2 (the number density at saturation 

determined in the transient experiments, cf. Sec. 3.1.1.), the value for the pre-exponential 

factor, k~O), is 8xlO-3 cm2 s-1. This is a reasonable value for recombinative desorption 
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involving species with moderate surface diffusivity. Thus, the rate coefficient for the 
recombinative desorption of O(s) is 

k.J = 8xlo-3 exp(-48/k8T) [cm2 S·l). (16) 

The rate parameters determined from steady-state measurements gives a value for kci 
at 678 K that is roughly a factor of 10 lower than the value obtained in the transient 
experiments. This is probably reasonable agreement. At the same time, we fmd that these 
rate parameters can be used to reproduce the thermal desorption spectrum. The thermal 
desorption spectrum of the surface oxygen from lithium nickel oxide has been measured by 
Lambert and coworkers, and is reproduced in left of Fig. 5.19a The temperature at the 
maximum desorption rate is 790 K. Using the rate coefficient k.J determined from our 
steady-state experiments, and taking a heating rate of 3 K s·l, we can successfully simulate 
the desorption spectrum. The results are shown on the right side of Fig. 5. 
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Fig. S. Left: Thennal desorption spectra of oxygen by Lambert et al.19a (Reproduced with pennission 
from Journal of Catalysis). Right: Calculated thennal desorption spectrum resulting from recombinative 
desorption of the surface oxygen, using the rate coefficient expressed by Eq. 16. The heating rate used is 3 
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3.2. LATTICE OXYGEN STATE 

The 160 180 transient upon switching from 20% 1602 to 20% 1802 was measured at 

a number of temperatures above 678 K. The results are presented in Fig. 6. At 678 K, the 
160180 transient is substantially longer than the switching time (cf. Sec. 3.1.1.). At 873 K, 
the O(s) desorption/exchange rate is significantly faster and the FWHM of the transient (- 2 
ms, calculated from k.J) becomes much shorter than the isotope switching time (-1 s). As a 
result, the rate of 160 180 tracks the gas-phase switching rate, i.e., the 160 180 intensity is 
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detennined by exchange during the switching time when both 1602 and 18<>:z are still in the 
reactor. However, there is apparently still no exchange with lattice oxygen since the 160180 
signal after the switch decreases rapidly to zero. At 923 K, we start to see 160 180 at longer 
times, which signals the participation of lattice oxygen in the exchange. More and more 160 
from the catalyst participates in the exchange as temperature increases above 923 K. 
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Fig. 6. Transient res~onses of mass spectrometric intensities of 160 180 from 873 to 1125 K upon 
switching from 20% 602 in Ar to 20% 1802 in Ar. The flow rate was 40 cc min-I. The catalyst was 
LiO.44Nio.S60 (weight = 0.36 g). 

As lattice oxygen begins to participate in the isotope exchange reaction, 180 

populates not only the surface state but also lattice sites, both at the surface and in the near 

surface region of the catalyst The depth to which the catalyst becomes labeled depends on 
the details of the bulk diffusion kinetics, but, in general, the longer the time to which the 

catalyst is exposed to 1802, the greater the depth of the labelling. Consequently, when the 
gas-phase oxygen is switched back to 16(h, the decay of the 160 180 transient that marks the 
replacement 180 lattice sites will depend on the previous exposure time. This is shown in 
the right panel of Fig. 2. In the second switch, 160 180 is produced with a faster decay in 
rate and smaller time-integrated area compared to the initial switch from 1602 to 1802. This 
is due to labelling only to a limited depth, and the competition between replacement by 160 

and diffusion further into the bulk. Longer exposure times result in slower decay rates and 

more 180 showing up the the second transient This is contrasted by the case where only 

the surface oxygen is involved in the exchange reaction, shown in the left panel of Fig. 2, 

and discussed in sec. 3.1.1.. 
The data in Fig. 6 indicate that temperatures in excess of - 900 K are required for the 

gas-phase oxygen isotope to exchange with the lattice. This is consistent with the 

observation by Lambert et. aI.19a that - 900 K is needed to cause the lattice oxygen to 

desorb into the gas phase. The temperature for desorption of the surface oxygen is much 
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lower. Apparently, the activation energy associated with the desorption of the lattice oxygen 
is greater than that of the surface oxygen (48 kcal mol· l ). Although it is not known for 

Lio.44Nio.560, the activation energy for the diffusion of oxygen in NiO has been determined 
to be 57.7 kcal mol· I .21 

3.3. REACTIONS OF SURFACE AND LATTICE OXYGEN WITH CH4 

Oxidative coupling of methane is the reaction of methane with an activated oxygen 
(active oxygen on a metal oxide catalyst in the present case) to form ethane and water. This 
reaction can occur in the absence of 02(g) with many reducible metal oxides 2-6,11,16 

(17) 

and in the presence of 02(g) with some reducible and some non-reducible metal oxides 4-10 

(18) 

It has been shown in many cases that Cf4 is activated on the surface via hydrogen 
abstraction by certain oxygen species on the catalyst, producing gas-phase methyl radicals.7b 

The methyl radicals can further recombine in the gas phase to produce ethane. Production of 

ethane competes against the production of C02 via deep oxidation of methane, the coupling 
intermediates, or products. To understand how to design a catalyst that is highly selective for 
coupling, it is essential to understand the reaction pathways of the different oxygen species 

on the catalyst. 
Reaction of Cf4 with the lattice oxygen of lithium nickel oxide can be studied by 

reacting Cf4 on LiO.44Nio.S60 in the absence of gas-phase oxygen. In order to determine 
the intrinsic reactivity and selectivity on a nearly stoichoimetric material, the catalyst was 
exposed to a small pulse of Cf4 22. The duration of the pulse was such that less than three 
layers of the lattice oxygen were reacted. A typical pulse was 15% Cf4 for 10 s. We find 
that the lattice oxygen has a rather high selectivity in converting Cf4 to C2H6. Between 
973 and 1023 K, the selectivity to C2H6 was 75%. The remaining 25% was fully oxidized 

to CO2, but only 1 % remained in the gas phase, 24% remained on the catalyst as carbonate. 

The amount of carbonate left on the catalyst was determined by oxygen titration following 

the Cf4 pulse. An initial C2 selectivity of nearly 100% has been reported.11d We think 

that value is too high, possibly caused by improper counting of the carbonate formed on the 

surface. So we see that lattice oxygen plays a rather effective role in the coupling pathway. 

If one extends the duration of the Cf4 pulse, the catalyst maintains the selectivity of 75% 

for - 30 s, and then enters a less selective stage. Eventually, the selectivity decreases 

precipitously when the catalyst is reduced beyond a critical extent,12,22 

In order to investigate the role played by the gas-phase and the surface oxygen, 

pulses of~ and O2 with fixed Cl4 (13.5%) but different O2 (0 to 8.2%) partial pressures 

were reacted on Lio.44Nio.s60 at 1023 K, and conversion of methane and selectivity were 
determined. 22 With increasing oxygen partial pressure, the production rate of C2H6 

decreased, accompanied by an increase in the rate of CO2• Importantly, the conversion of 
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CRl did not increased significantly in the presence of gas-phase oxygen. The presence of 
surface and gas-phase oxygen only reduced the overall selectivity. These results suggest 
that the surface oxygen does not help substantially the activation of the C-H bond of 
methane. Rather, if any thing, it leads to complete oxidation. 

To further study the reaction between methane and the surface oxygen, we used 
oxygen isotope labeling to preferentially populate the surface state with 180. Determining 
the isotope label of oxygen in carbon dioxide provides us with information on the reactions 
of methane with the lattice and the surface oxygen. The results at 973 K are shown in Fig. 

7. 
The reactant-gas composition in the reactor is shown on the top of the diagram. 

Mass spectrometric intensities of ethane, carbon dioxides, and water (not shown) were 
monitored continuously as reactants were switched. At first, there was only 1602 in the 
reactor. Both surface and lattice oxygen had 160 label. When the reactants were switched 
to 1802 and CRl, the surface oxygen state was rapidly populated by 180. Fig. 7 shows that 
reaction of methane on this surface produces both ethane and carbon dioxide. The oxygen of 
the carbon dioxides, however, is mainly 180 (87% 180 and l3% 160), i.e. the surface/gas-

1602 1802 + CH4 C H4 

----t-~1 _I -

-::i 
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Fig. 7. Reaction of CH4 with the surface 160 and the lattice 180 at 973 K. The reactant composition in 
the reactor is shown on the top of the figure: 20% 160 2 in Ar to 20% C~ + 10% 180 2 in Ar to 20% C~ 
in Ar. The low rate was 40 cc min-I. The dips in the mass spectrometric signals at t - 80 s are caused by a 
transient decrease in pressure from the flow controller. 
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phase oxygen label. No C160 2 was detectable. We estimate that roughly 1/2 the oxidation 
occurs in the gas phase, and 1/2 is catalyzed by the surface.22 These results indicate that 
the surface oxygen leads to complete oxidation, whereas the lattice oxygen is relatively 
selective to coupling. A couple of factors may complicate the carbon dioxide results, 
however. First, carbon dioxide can adsorb on the catalyst, producing carbonate by reacting 
with either a surface 180 or a lattice 160. When the carbonate decomposes to carbon 
dioxide, its label can be altered. Second, in addition to the rapid population of the surface 
oxygen state, the lattice state may also be popUlated by 180 at 973 K, although at a much 
slower rate. All these could complicate the interpretation of the carbon dioxide results. We 
assessed the extent of these processes by reacting a pulse of C160 2 and 1802 on 
Lio.44Nio.S6160, and monitoring the carbon dioxides. The result shows that 180 can 
exchange with the oxygen in C160 2 as a result of reactions on the catalyst. Approximately 
15% of the carbon dioxide (C160 2) did remain unexchanged. Since no C160 2 was 
observed in Fig. 7, and since in the absence of the gas-phase oxygen the lattice oxygen 
converts methane to ethane with rather high selectivity (75%), we conclude that the lattice 
oxygen does not contribute appreciably to C02 formation, whereas the surface oxygen 
does. 

Another important observation in Fig. 7 is that the rate of C~ production decreases, 
accompanied by an increase in the rate of ethane production when the gas-phase oxygen was 
turned off. This is consistent with the results of the Cf4 + 02 pulse experiments described 
above, and with the picture that the surface/gas-phase oxygen leads to complete oxidation. 

4. SUMMARY 

Kinetics of reactions between gas-phase oxygen molecules and Lio.44Nio.s60 have 
been studied from 673 to 1073 K, using both transient isotopic switching technique and 
steady-state exchange rate measurements. Oxygen adsorbs dissociatively on the surface, 
and undergoes isotopic exchange with the oxygen on (in) the catalyst. There are two types 
of oxygen, namely, surface oxygen O(s) and lattice oxygen 0(1), each associated with 
distinct desorption kinetics and chemistry. Below - 900 K, only O(s) exchanges with the 
gas-phase oxygen, whereas 0(1) does not. The density of exchangeable surface oxygen 
atoms, given by the integrated intensity of the isotopically labeled transient, is 5x1014 cm-2. 
This corresponds to about 1/3 of a monolayer. The steady-state rate of isotopic exchange 
between the gas-phase and O(s) was measured below 873 K, using an equi-molar mixture 
of 160 2 and 1802 at total oxygen pressures of 2 to 20% of one atmosphere. The exchange 
rate has a zeroth-order dependence on the oxygen pressure under these conditions, 
suggesting that the surface is saturated with O(s). Since the exchange rate is limited by the 
recombinative desorption of O(s), the experimentally determined activation energy 
corresponds to the activation energy for the recombinative desorption of O(s). The rate 
coefficient for the recombinative desorption of O(s) is determined to be 

k.J = 8xlO-3 exp(-48/kBT) [cm2 S-l]. 

Additional oxygen-isotope tracing experiments reveal that under conditions for the oxidative 
coupling of methane, O(s) leads mainly to the formation of CO2, whereas 0(1) is responsible 
for the activation of methane. 
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OXIDATION OF OLEFINS TO ALDEHYDES USING 

A PALLADIUM-COPPER CATALYST 

Timothy T. Wenzel 

Union Carbide Corporation 

PO Box 8361, South Charleston, WV 25303 

INTRODUCTION 

The oxidation of terminal olefins with palladium salts usually affords methyl 
ketones. I -3 However, in 1986 it was reported that aldehydes could be obtained using a 
catalyst comprising (CH3CN)2Pd(N02)CI and CuCl2 in t-butanol solvent, which was 
proposed to be bimetallic with the N02 group intact.4 Our studies suggest that this catalyst 
is best described as a Wacker-like oxidation catalyst modified by an alkyl nitrite, and we 
report an improved version of this catalyst. Moreover, the application of our system to the 
oxidation of terminal olefins with allylic substituents has led to some insight as to the 
potential role of the copper co-catalyst in Wacker-like reactions. 

RESUL TS AND DISCUSSION 

At the time of this report, we were independently working with the same PdlCu 
catalyst but in tetrahydrofuran. We added CuCl2 to (CH3CNhPd(N02)CI,5 and cationic 
analogs6 in order to slow isomerization of the olefinic double bond,7 but we found that the 
oxidation rate acquired a positive dependence on [CuCI2]. IR analysis of a mixture of 
(CH3CNhPd(N02)CI and CuCl2 in THF revealed that the N02 group is immediately 
transferred to the copper forming (CH3CNhPdCl2 and a mixture of what appear to be two 
copper nitrate species and a copper nitrosyl species! The identical mixture of copper 
species can be obtained by treating CuCl2 with one equivalent of AgN02; treatment with 
Ag15N02 proved the bands were N,O stretches. The addition of I-hexene to the mixture 

*IR data (THF-d8): Nitrate bands: 1549, 1500, 1300, 1288, 1255 em-I. Nitrosyl band: 1860 em-I. The 
nitrosyl compound could be independently generated by treating CuCI2 with NOCI in THF. This nitrosyl 
complex is rapidly converted to the mixture of nitrate species on exposure to oxygen. 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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of copper-NOx species quantitatively formed 2-chloro-l-nitrohexane (Figure 1). There
fore, no metal nitro catalyst is involved in THF solvent. 

We subsequently developed an efficient catalyst for oxidizing terminal olefins to 
ketones starting with a non-nitro based catalyst. This catalyst comprised PdCI2, CuCl, 
LiCI, CH3CN and CuCl2 in tetrahydrofuran or sulfolane solvent. No evidence of catalyst 
deactivation was observed even after> 100 turnovers. 

At this time, it was reported that the (CH3CNhPd(N02)CI / CuCl2 catalyst in tBuOH 
was quite selective for making aldehydes from simple alpha olefins. We decided to 
examine this catalyst by IR spectroscopy to see if the nitro group was transferred from Pd 
to the olefin substrate as was the case for our catalyst. In fact we found a much simpler 
process: when CuCl2 was added, the nitro group was immediately transferred from 
palladium to t-butanol to give t-butyl nitrite. 

We next tested our nitro-free formulation in tBuOH and found that it also gave high 
yields of aldehyde, along with the corresponding methyl ketone (Figure 2, Table 1). 
Catalyst lifetimes seem to be very good as we have never seen definite signs of 
deactivation. The addition of t-butyl nitrite tended to reduce olefin isomerization but it also 
reduced the aldehyde yield. 

O2 , PdlCu 

~R .. + 

tBuOH 

Figure 1. Transfer of the nitro group from Pd to olefin. 

Selectivities for the oxidation of simple alpha olefins are significantly higher than in 
standard Wacker-like reactions where typically no aldehyde is produced. For instance, 
with only CUCl2 as the copper source, up to 57% aldehyde is initially obtained for 1-
octene, but the selectivity decreases as the reaction proceeds (Figure 3). Moreover, an 
induction period of about 20 minutes is observed. When both CUCl2 and CuCI are used, 
there is no induction period. However, the aldehyde selectivity for I-octene is lower (30-
35%), but it remains steady throughout most of reaction. Olefin isomerization occurs with 
both variants and tends to reduce aldehyde selectivity at longer reaction times. 

Better aldehyde selectivities are obtained with various allyl derivatives and much less 
isomerization is observed.2,3 For instance, up to 90% aldehyde selectivity has been 
observed with allyl acetate. However, allylic substrates also tend to undergo exchange of 
the allylic group with the solvent under certain conditions to give t-butoxy aldehydes and 
ketones. Allyl ethers in particular tend to do this. This can be controlled (or encouraged) 
to a certain extent by changing the counterion of the auxiliary chloride source. For 
instance, with allyl acetate and MgCl2 as the chloride source, up to 28% of the product has 
t-butoxy groups instead of acetoxy groups (Table 1). Switching to tetraalkyl ammonium 
chlorides completely eliminated any exchange. Allyl acetate tends to undergo several other 
side reactions that can also be controlled by using tetraalkyl ammonium chlorides. 
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Table I. Yields and selectivities for the oxidation of various terminal olefins to aldehydes 

and ketones. 

substrate commenl~ time % % allylic aldehyde % yield 
(hr) conversion exchange select.d ald+ket 

l-octenea 0.5 12 30% 8 
3 49 31% 38 

noCuCI 0.5 4 57% 1 
noCuCl 3 56 28% 39 

allyl acetateb acetonitrile 100 3 75% 60 
acetonitrile (c) 90 5 86% 56 
p-nitrobcnzonitrile 100 0 73% 75 
benzonitrile 1 100 0 69% 63 
p-mcthoxybenzonitrile 5 96 0 56% 21 
MgCI2 (0.25 mmol)e 1 93 28 75% 58 

THF solvcntf 5 42 0 27% 21 
10% H20 / DMFg 5 100 0 2% 40 

aO.25 mmol (CH3CN)2PdCI2, 1.0 mmol CuCI2, 0.5 mmol CuCl, 0.5 mmol LiCl, 7 mmol l-octene, 5 mL 

tBuOH, 60 °C, 40 psi oxygen. b0.25 mmol PdCI2, 1.0 mmol nitrile, 0.5 mmol CuCI, 0.5 mmol NaCI, 10 

mmol allyl acetate,S mL tBuOH, 60°C, 40 psi oxygen. cSame as (b), but 50°C. dMoles aldehyde / (moles 

aldehyde + moles ketone). eln place of NaCI. fTetrahydrofuran with CH3CN. gO.5 mmol PdCQ, 0.5 mmol 

CuCl, 5.3 mmol allyl acetate, 2.3 mL 10% H20 / DMF, 20°C, 40 psi 02. 

The choice of nitrile is also important. In general, nitriles with electron withdrawing 

substituents, such as p-nitrobenzonitrile, tend to increase aldehyde selectivity and yield 
(Table 1). 

There are several unusual aspects to this catalyst that should be accounted for by any 
mechanism that we propose. First, with simple alpha olefins like l-octene, the aldehyde 
selectivity, and the presence of an induction period, depends on the initial oxidation state 
of the copper. 

Second, both exchange of the allylic substituent and oxidation of the double bond can 
occur with allylic substrates. The unusual aspect is that the oxidation reaction can be 
switched on or off depending on whether oxygen is present, whereas the exchange reaction 
remains unaffected. Therefore, the Pd(II) is still present and active under nitrogen, but it 
will not oxidize the olefin until oxygen is added. This runs counter to the accepted role of 
copper and oxygen in the Wacker system, which is to simply re-oxidize Pd(O). Figure 4 
demonstrates this for the oxidation and exchange of ethyl allyl ether in t-butanol solvent. 
In this particular case, the amount of t-butoxy aldehyde actually exceeds the amount of 

ethoxy aldehyde all the way through the reaction, even thought the amount of allyl t-butyl 

ether is much lower than the amount of allyl ethyl ether. Therefore, most of the t-butoxy 

aldehyde does not arise by subsequent oxidation of the exchange product (allyl t-butyl 
ether). 

Mechanistic Studies 

The superficial mechanism of this reaction appears to be very much like that 

proposed for the Wacker reaction (Figure 5). However, in this case t-butanol serves as a 
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hindered nucleophile which attacks the palladium-coordinated olefin at the less hindered 
terminal carbon to give an intermediate sec-alkyl palladium species (1) which either loses 
HX to give the exchange product or goes on to give aldehyde (Path b, Figure 5). 
Competing attack at the more-hindered internal olefinic carbon leads to the corresponding 
primary-alkyl palladium species, which leads to methyl ketone. Oxidation product that has 
exchanged with solvent can either arise by oxidation of the allylically-exchanged product 
(path c) or by partitioning of the intermediate 1 (path a). The oxidation pathways most 
likely occur by ~-hydrogen migration followed by further attack on the coordinated vinyl 
ether by water (as a trace contaminant in the t-butanol which is then regenerated from 
Pd(O) by CuCI2/ 02 / HCI in the usual way). It is also possible that t-butanol could attack 
the coordinated vinyl ether to form a di-t-butyl acetal. This is probably less likely given 
that t-butyl acetals are uncommon and might also be difficult to hydrolyze once formed. 

0 

)lR 

0 

-"R 
II/""-.. .. HC R 

R =C6 43"10 (CuCI2) 57"10 (CuCI2) 
70"10 (CuCI) 30"10 (CuCI) 

R= Ph 31"10 69"10 

0 
0 

~OH ~OtBU + 
II~OtBU .. HC 

66"10 33"10 

0 
0 

~OAC ~OAC + II~OAc .. HC 

10"10 90"10 
10"10 H2O/DMF: (98"10) (2"10) 

0 0 

-"CHO 
.. tBUO~ + 
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II II 

HC...........,.CH 
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0 

-"C02Et 
.. tBUO~ + II 

C02Et HC...........,. C02Et 
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Figure 2. Selectivity for aldchyde vs. kctonc for various alkencs. 
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Evidence for this mechanism is as follows: 1) there is a first order dependence of the 
initial rate of aldehyde formation on the t-butanol concentration in DMF solvent; 2) the use 
of n-butanol or s-butanolleads to ketal and acetal products, although those derived from s
butanol readily decompose to the ketone and aldehyde under the reaction conditions;8 3) 
the selectivity for aldehyde increases as: n-butanol < s-butanol < t-butanol; 4) small 
amounts of water increase the rate, but larger amounts decrease aldehyde selectivity 
probably due to competing attack by water on the coordinated olefin; and 5) non-protic 
solvents such as THF give much lower rates and aldehyde selectivities. 

The proposed mechanism does not explain the induction period observed when CuCI 
is omitted nor does it explain how copper and oxygen switch on the oxidation pathway 
during the exchange of allylic compounds with solvent. These observations are of possible 
relevance to the Wacker reaction because the influence of copper (and oxygen) on the 
Wacker reaction has long been debated.9 Also, little is known about the factors that 
influence the decomposition of the hydroxy (or alkoxy) palladated intermediate, such as 1. 

70 

60 ----- CuCI2 / CuCI 
-B-- CuCI2 

50 
III 
"C 
>- 40 &; 
III 
"C 
iii 30 
~ 0 

20 

10 

0 
0 0.5 1.5 2 2.5 3 3.5 

hours 

Figure 3. Effect of the oxidation state on the oxidation of l-octene. 

There are at least three possible roles for copper and oxygen in this system: 1) the 
CuCI serves as an HCI scavenger, to reduce the concentration of HCI formed by 
spontaneous decomposition of Pd(II) and thus promote oxidation; 2) the possible 
intermediates involved in the oxidation of CuCI by oxygen, such as copper peroxo 
species, 12 might function as Lewis acids, oxidants or nucleophiles to promote oxidation; 
and 3) the reaction might proceed via a Pd-OOH intermediate. 10 

The involvement of a Pd-OOH species, derived from palladium hydride 2 (Figure 2), 

was excluded because both copper and oxygen are required to initiate the oxidation 
reaction. Furthermore, no deuterium is incorporated into the aldehyde product when 
tBuOD / D20 is used as the solvent, which must occur if the hydride in 2 is converted to a 
hydroperoxide. 
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Possibility (1), the formation of an HCI scavenger from CuCl and oxygen, seems 
likely because stoichiometric experiments with (nBuCNhPdC12 and allyl acetate indicate 
that HCI is required to prevent spontaneous reduction of palladium to Pd(O), while still 
permitting exchange to occur. This was further confirmed by substituting CUCl2 + LiOH 
for CuCb + CuCI in a catalytic experiment. The two experiments were nearly identical: 
neither had induction period and the aldehyde selectivity was constant throughout the 
reaction. 

8 

'0 7 
-----*B- oxygen 

11- --.a---- nitrogen 
II> 6 0 exchange 
E 

5 product 

U 4 ::I 
'0 
0 

3 ii 
., 

2 oxidation II> 
0 products E 

0 
0:00 1 :40 3:20 5:00 6:40 8:20 

rxn time (hr) 

Figure 4. Effect of oxygen on the conversion of allyl ethyl ether to oxidation products (aldehyde + ketone) 

and exchange product (t - butyl allyl ether) in tBuOH (30 °C, 0.05 M PdCI2, 1:4:2:2:4:40 PdCI2:CH3CN: 

CuCl: NaCl:CuCI2:allyl ethyl ether). Downward curve for exchange product with 80 psi oxygen is due to 

oxidation of this product. 

Possibility (2) was tested by adding oxidants to stoichiometric reactions comprising 
(nBuCNhPdCI2 / HCI (l/l) in tBuOH. Ferrocenium, oxygen or CuCl2 neither switched on 

the oxidation pathway nor affected the exchange rate. However, CuCI / 02, t-butyl nitrite 

and N02 all switched on the oxygen pathway without having any effect on the exchange 
reaction. Since t-butyl nitrite is a known re-oxidant in palladium-based oxidations, this 
demonstrates that an oxidant can also switch on the oxidation pathway. However, in most 

cases where it is employed, including these stoichiometric studies, the amount of aldehyde 
is substantially lowered, whkh might indicate a change of mechanism. Further 
experiments will be required to distinguish between the two possible functions listed above 
for CuCl/02. 
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NEW METAL COMPLEX OXYGEN ABSORBENTS 

FOR THE RECOVERY OF OXYGEN 

Dorai Ramprasad*, Andrew G. Gilicinski, Thomas J. Markley and Guido P. Pez 

Corporate Research Group, Air Products and Chemicals, Inc. 
Allentown, PA 18195-1501 (USA) 

INTRODUCTION 

Emerging non-cryogenic technologies for the separation of air use zeolites and 
microporous "molecular sieve" carbons as moderately selective nitrogen and oxygen 
adsorbents, respectively.1,2 While the zeolites have a thermodynamic affinity for N2, 
use of carbons relies on a kinetic selectivity for the passage of oxygen into the 
micropores. It is well known that certain coordination compounds of cobalt and iron 
reversibly react with oxygen under near ambient conditions.3,4 Since this is a chemical 
rather than a physical interaction as is seen with zeolites and carbons, it should be 
possible to use such metal complexes as 02 equilibrium sorbents for air separation. We 
have been conducting a long term research effort to prepare such metal complex oxygen 
carriers for use in future generation non-cryogenic air separation devices.5 The primary 
interest in such complexes is in their use in pressure or temperature swing processes for 
the production of inert gas (N2,Ar) and oxygen.6,7 For these applications, the oxygen 
complex could either be used as a circulating liquid or as a solid sorbent. In order to be 
useful in a commercial process an oxygen complex has to satisfy several requirements. It 
must (a) bind 02 rapidly and reversibly, (b) have a high stability (>1 year lifetime), and 
(c) be accessible via simple synthetic techniques at minimal cost. 

The most difficult problem that has precluded this use of oxygen complexes in a 
commercial process is that of limited operational lifetime. All known oxygen complexes 
including hemoglobin and myoglobin in living systems degrade with time.3,4 With 
cobalt(II) oxygen complexes there are three general degradation mechanisms: (1) an 
irreversible formation of 2:1 Co:02 peroxo-bridged dimers by carriers that otherwise 
function reversibly as 1:1 Co:02 carriers, (2) irreversible ligand oxidation, and (3) 
central metal atom oxidation.8 The design of ligands that sterically inhibit the formation 
of the 2:1 peroxo dimers has been an exciting area of fundamental research. Two 
classical examples are the "picket fence" porphyrin9 and the lacunar or "dry cave" 
complexes.8 However, the problem of ligand oxidation is generally regarded as being 
the most harmful since it is essentially irreversible. 
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Martell and coworkerslO elucidated the degradation mechanisms of a number of 
polyamine ligand Co(II) complexes which form 2:1 peroxo dimers with oxygen. Their 
results can be summarized as follows: 
(a) Conversion to the 02-inert Co(III) complexes of the original ligand with release of 

H202: 

(1) 

(b) Oxidative dehydrogenation of the coordinated ligands: 

LC0 3+-0-0-C0 3+L - 2H20 + 2CoK2L2+ (2) 

(c) Oxygen insertion into a coordinated ligand: 

LC0 3+ -0-0-C0 3+L - 2CoL02+ (3) 

As an example of the first mechanism, the 2:1 J.t-peroxo complex: Co202(OH)(bipY)43+ 
(bipy = 2,2'-bipyridyl) was shown to degrade in aqueous solutions to a Co(III) species 
and H202 with the relatively oxidation resistant bipyridyl ligand remaining 
unchanged. 11 

In other work with polypyridine ligands Huchital and Martell et al12 prepared 
[Co(terpy)(bipy)]2+ and [Co(terpy)(phen)]2+ (terpy = 2,2'; 6',2"-terpyridine; phen = 
1,10-phenanthroline) complexes in aqueous solutions which were identified in situ* by 

potentiometric titration methods.# Solutions of the former absorbed 02 at pH 3.0 giving 
a 2:1 02 complex having a half-life of 88 min at room temperature. Since in these 
[Co(II) polypyridine ]2+ -02 systems degradation results (at least in part) from a further 
reaction of the bound O~ to yield hydrogen peroxide (mechanism (a», we sought to 
prepare [Co(terpy)(bipy)] + and related polypyridine complexes as discrete compositions 
and study their 02 reactivity in aprotic media. 

Synthesis and Characterization 

Our initial synthetic strategy for generating a [Co(terpy)(bipy)]2+ complex in 
acetonitrile is shown in Equation 4. 

Co(terpy)CI2 + 2AgPF6 + bipy - [Co(terpy)(bipy)](PF6)z + 2AgCH (4) 

The reaction was conducted under an N2 atmosphere and the silver chloride 
precipitate was removed by filtration. Attempts were made to isolate the complex 
[Co(terpy)(bipy)](PF6)z from the remaining acetonitrile solutions by precipitating it via 
addition of ether under nitrogen. However, the orange solids isolated by this procedure 
did not show any oxygen activity when redissolved in acetonitrile. Fortuitously, we 
discovered that the same reactions when done in the presence of air generated solids 

*By reacting these solutions with NH4PF6 a solid precipitated which on the basis of chemical analysis 
for N alone was postulated to be [Co(terpy)(phen)H20) (PF6h. No 02 reactivity properties were 
reported for this rna terial. 

#Lunsford et alB reported on the synthesis of a [Co(terpy)(bipy»)2+ species entrapped in the cage of a Y 
zeolite. It was shown by EPR spectroscopy to yield with oxygen a mononuclear, 1:1 Co:~ reversible 
oxygen complex. 
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which appeared to be 02 active when taken up in acetonitrile. The electrochemistry of 
solutions of these solids showed the presence of an 02 active species as the minor 
component, and an 02 inactive product. Cyclic voltammograms of these solutions under 
N2 and 02 are reproduced in Figures lea) and (b), respectively. The cyclic 
voltammograms under N2 show two oxidation waves: one at E~ = -O.02V (major 
species) and another at E~= O.2lV (minor species).* On introducing oxygen the current 
due to the minor species at -O.02V diminished and a new oxidation wave appeared at E~ 
= O.84V due to an oxygenated species. The first cited wave at -O.040V was unchanged 
indicating the major species to be 02 inactive. 

Various experiments were conducted in order to maximize the concentration of 
the "active" [Co(terpy)(bipy)]2+ species. Two synthetic methods proved to be successful 
(Equations 5 and 6). 
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Figure 1. Cyclic voltammetry results for a 0.001 M solution of Co(tetpy)(bipy)]+2 complex in 
acetonitrile with 0.10 M tetrabutylammonium hexafluorophosphate as supporting electrolyte. Scan rate 
was O.lD Volts/sec in all experiments. Potentials are referenced vs. silverlO.OlD M silver nitrate in 
acetonitrile. (a) Impure complex under nitrogen, (b) impure complex under oxygen, (c) purified complex 
under nitrogen, and (d) purified complex under oxygen. 

*E~ is taken as the mean of the oxidation and reduction peak potentials for the reversible couple. All 
potentials reported here are referenced to the AglO.OlM AgN03 couple measured at +0.292V versus SCE 
(saturated calomel electrode). 
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air 
Co(terpy)CI2 + 2AgPF6 + bipy -------------------> 

acetone 

1/2[(terpy)(bipy)Co-0-0-Co(terpy)(bipy)](PF6)4 + 2AgCIl (5) 

methanol 
Co(terpy)CI2 + 2NH4PF6 + bipy -------------------> 

air 

1/2[(terpy)(bipy)Co-0-0-Co(terpy)(bipy)](PF6)4 + 2NH4CI (6) 

The pure "active" [Co(terpy)(bipy)]2+ complex was thus isolated as its oxygen 
adduct; its identity and purity were established by elemental analyses, a crystal structure 
determination, and electrochemistry. Figures l(c) and (d) show cyclic voltammograms 
of a pure sample of the complex in its free and oxygenated forms, respectively. In 
contrast to the impure sample (Figures lea) and (b)), the species at E~= 0.21 V is now the 
major component. With the oxygenated solution a new wave appears at E~ = 0.S4V 
which indicates the presence of the !l-peroxo dimer. 

Single crystals of the above 02 adduct (as an acetone solvate) were grown from 
acetone/pentane solutions and the crystal structure determined by x-ray 
crystallography.14 Figure 2 shows an ORTEP diagram of the !l-peroxo dimer cation. 
The cobalt coordination geometry is distorted octahedral, with most of the distortion 
attributable to the chelate rin& dimensions determined by the rigid ligand framewor~. 
The peroxo bond is 1.419(7)A and is at the short end of the usual range (1.4l-1.49A) 
suggesting a considerable n* to d orbital back donation. 

The synthetic methods of Equation 5 also proved good for the use of 
phenanthroline and substituted phenanthrolines as ligands. We were able to prepare and 
isolate complexes with 1,10-phenanthroline, 3,4,7,S-tetramethyl-l,10-phenanthroline, 
and 4,7-diphenyl-l,10-phenanthroline substituting for bipyridine. 
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Figure 2. ORTEP view of the [Co(terpy)(bipy)]z024+ ion of 
[Co(terpy)(bipy)]z°2(PF6)402CH3COCH3' 



Oxygen Chemistry of [Co(terpy)(bipy)]2+ Complexes in Acetonitrile 

The [Co(terpy)(bipy)]2+ complexes were found to bind 02 reversibly in 
acetonitrile as shown: 

2[Co(terpy)(bipy)]2+ + 02 - [(terpy)(bipy)Co-0-0-Co(terpy)bipy]4+ 
The UV/visible spectrum of a 10-3 molar solution of [Co(terpy)(bipy)]2+ in 

acetonitrile showed dramatic differences under N2 and 02. A characteristic band was 
found to develop at -670 nm upon exposure of the solutions to 02. The spectral changes 
could be reversed either by purging with N2 or by warming. However, these acetonitrile 
solutions after standing for a week were found to lose much of their 02 binding 
capability. Since this change was seen either in the presence of 02 or N2, we concluded 
that the deactivation process did not involve oxidation. Our conclusions were validated 
by electrochemical measurements done over time with a solution of 
[Co(terpy)(bipy)]rF6h in acetonitrile. A cyclic voltammogram of a pure sample of 
[Co(terpy)(bipy)] + under N2 was recorded in Figure l(c). Over a few days it was 
found that the current due to the 02-active species at E~ = 0.21 V decreased and the 02-
inactive species grew in at E~= -0.02V. The estimated rate of decay was roughly 7% of 
the active complex per day. These results proved that the 02-inactive component was a 
Co(II) species, and that the deactivation was caused by a rearrangement of the 
[Co(terpy)(bipy)]2+ complex and not to oxidation. 

Solvent Screening and Synthesis of Triflate Complexes 

The oxygen binding studies done on the [Co(terpy)(bipy)]2+ complex in 
acetonitrile showed that the oxygen active form of the complex rearranged slowly to an 
02 inactive form. We felt that a possible reason was that acetonitrile as a coordinating 
solvent might aid in the rearrangement of the active complex via displacement of the 
bipy or terpy ligands. Several other solvents were screened, including N,N
dimethylformamide, N-methyl pyrrolidone, dimethylsulfoxide, propylene carbonate, 
sulfolane and nitrobenzene. Of these solvents nitrobenzene is the least coordinating but 
still has a high dielectric constant. Indeed, a solution of [Co(terpy)(bipy)1202(PF6)4 in 
nitrobenzene gave a long-lived 02-adduct but the oxygen was so tightly bound that 
purging with N2 did not give the deoxygenated form. We now had a stable oxygen 
adduct but at the expense of reversibility. 

We felt that it would be easier for the oxygen to come off the complex if there 
were a weakly coordinating anion to replace it. The anion of our choice was CF3S03-
(trifluoromethane sulfonate, or triflate). The oxygen adducts of several 
[Co(terpy)(polypyridine)]2+ triflate complexes were prepared using analogous methods 
to those used for the synthesis of the PF6- salts (Equation 5). In contrast to the latter, 
solutions of the triflate complexes in nitrobenzene could be deoxygenated by purging 
with N2. 

The presence (in the solid state) of a coordinated triflate on the sixth site was 
definitively proven by an x-ray crystal structure determination14 of one complex, 
[Co(terpy )(3,4, 7,8-tetramethyl-l,1 O-phenanthroline) S03CF3]S03CF3. The structure of 
the cation is shown in Figure 3. The Co(II) center is six coordinate with a highly 
distorted ligand geometry, caused by the coordination requirements of the terpy ligands. 
The planes of the two neutral ligands are nearly perpendicular. The Co-N(1) distance, 
2.103(4)A is slightly longer than the Co-N(2), 2.08(4)A, reflecting the trans influence of 
the one triflate group which is clearly bonded to cobalt with D(Co-O), 2.165(3)A. All 
the s-o distances of the coordinated triflate are longer than in the free ion, as expected, 
with the longest s-o distance being the one coordinated to cobalt. 

127 



The utilization of complexes with triflate replacing hexafluorophosphate indeed 
gave complexes which in nitrobenzene now displayed reversible 02 affinity, ie. the 02 
could be removed by purging the solutions with nitrogen. This is seen quantitatively in 
Table 1. For complexes [Co(terpy)(L)X]Y (as defined in the Table) log Ko2 values of 
the order of ca. 4.8 or lower correspond to the above described observable 02 
reversibility. This is realized either in acetonitrile solutions, or in the less coordinating 
solvent nitrobenzene in the presence of anions of varying donor character. Specifically, 

C20 

C3a 

Figure 3. The structure of [Co(terpy)(3,4,7,8-tetrametbyl-l,lO-pbenantbroline)triflate]triflate. 

the 02 binding for [Co(terpy)(bipy)](PF6h in nitrobenzene was too strong to measure. 
However, in the presence of the increasingly coordinating anions, triflate or 4-chloro, 3-
nitrobenzene sulfonate the 02-affinity (log Ko2) decreased dramatically from 4.8 to loS 
respectively. We also investigated other anions as alternatives to triflate and found that 
N03-, CH3S03-, C6HSS03- were all too strongly coordinating to cobalt resulting in 
non-02 active complexes. 

Stability and Regeneration of Complexes 

The stability (operational lifetime) of the new oxygen complexes was determined 
by two techniques: a) electrochemical monitoring, b) UV/visible spectroscopy. 

128 



Table 1. Dioxygen Binding Constants (log 1<02)* for Selected [Co(terpy)(L)X]Y 
Complexes in Solution 

Ligand Anions Solvent log Ko2 (25°C) 

(L) (X,Y) (M-1 atm-1) 

bipy CH3CN,l CH3CN 4.4 

bipy 1 PhN02 3 

bipy CF3S0r,2 PhN02 4.8 

bipy 4Cl,-3N02-C6H3S03-,2 PhN02 1.5 

1,1O-phenanthroline CH3CN,2 CH3CN 3.8 

4,7-diphenyl CH3CN,2 CH3CN 4.1 
1,10-phenanthroline 

4,7-diphenyl CF3S0r,2 PhN02 4.7 
1,1O-phenanthroline 

ly = PF6- 2y= CF3S03- 3Too high to measure. 

* The oxygen binding constant log 1<02 was defined for the equilibrium, according to 
the formula: 

2 complex + 02 - dimer 
1<02=[ dimer ]/[ complex ]2P02 

where P is the pressure of 02' Concentrations of the bound and unbound forms of 
the complexes were calculated from cyclic voltammetry data by conversion of the 
peak current values as described below. Characterization of the current response in 
the cyclic voltammetry experiment is done using the following equation: 15 

ipeak (reversible) = (constant) n2/3 A DlI2y1l2 C 

where ipeak is the peak current measured in the voltammetry experiment, n is the 
number of electrons transferred, A is the electrode area, D is the diffusion coefficient 
of the reacting species, v is the scan rate of the potential sweep, and C is the 
concentration of the reacting species. C is determined by measuring the peak current 
and applying known values to the remaining variables. Of these, n is 1 for the 
oxidation of the complex, A is determined by the electrode used, D is measured in a 
separate chronocoulometry experiment, and v is known. Chronocoulometry was used 
to obtain diffusion coefficients for the concentration calculations, using the 
relationship between charge and time for diffusion limited current after a potential 
step:15 

Q = (2nFADl/2CtI/2)/nl/2 

where F is the Faraday constant, t is time, and the other variables are as defined 
above. A typical diffusion coefficient was 2.0 x 10-5 cm2/sec for [Co(terpy) 
(bipy)](PF6h in acetonitrile. 
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The stability of [Co(terpy)( 4, 7-diphenyl-1,10-phenanthroline )](triflate)z under 
oxygen was evaluated first using cyclic voltammetry. Activity, defined as measured 
concentration of active complex versus original concentration, was 80% over 30 days 
under 02 and 91 % for the same period under N2, both under near anhydrous conditions. 
These compared to 35% retained activity under "wet" conditions (contact with lab 
atmosphere). As far as we are aware, these results represent the best stability yet 
achieved for solution based equilibrium oxygen complexes, with the possible exception 
of the Co(I1) BISTREN complex.16 

Lifetime studies were also conducted using UV Ivisible spectroscopy. The 
complexes in dry nitrobenzene were stored under 02 for several months. It was found 
that [Co(terpy)( 4, 7-diphenyl-1,1O-phenanthroline )0)z(triflate)4 as a 0.001 molar 
solution retained 65% of its activity after two months. Since water had been shown to 
have a detrimental effect on the stability of the complexes, we felt that increasing the 
concentration of the complex in solution relative to any adventitious water might 
improve the stability. Indeed, this was found to be the case and a 0.1 molar solution 
showed 90% activity after sixty days at 25°C. This corresponds to a projected half life of 
8 months. 

Finally, we attempted to regenerate oxygen complexes which had lost activity 
over time. Heating a solution of nearly spent ( <5% active) [Co(terpy)(bipy)](triflate)z in 
nitrobenzene to 150°C under N2 followed by cooling in an air purge resulted in a partial 
regeneration of the complex to 46% activity. This may be due to either the removal of 
water from a coordination site or a rearrangement of the complex to the active form. 

CONCLUSIONS 

Cobalt(I1) polypyridine complexes of general formula [Co(terpy)(L)X]Y where 
terpy = 2,2';6',2"-terpyridine, L = 2,2'-bipyridine or 1,10 phenanthroline and substituted 
derivatives thereof and X, Yare anions, were prepared for the first time as discrete 
crystalline (non-hydrated) compounds. Solutions of the complexes in aprotic solvents 
were found to in many cases reversibly absorb oxygen. The resulting 02-binding 
equilibria were characterized by a combination of spectroscopic and electrochemical 
methods. Oxygen affinities could be rationally altered by the use of solvents or anions of 
varying coordinating power. Several of the complexes were shown to exhibit a 
remarkable stability (ie. longevity) in solution. One representative sample retained 90% 
of its oxygen-binding activity after 60 days at room temperature. Furthermore, a simple 
method was found to partially regenerate complexes that had lost oxygen activity over 
time. These results represent a major step towards the goal of utilizing metal complex 
absorbents for the recovery of oxygen. 
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INTRODUCTION 

Molecular oxygen is often expected to be the easily available oxidant, but its utilization 
in organic synthesis has been restricted to several reactions because of the difficulties in 
carrying a desired reaction out exclusively. Molecular oxygen is caputured and activated by 
transition-metal complexes coordinated by organic ligands whose stereochmical and 
electrochemical properties could be tuned by modofication of its ligand systems. Several 
new and efficient synthetic oxidation reactions of olefins using molecular oxygen were 
recently developed based on the above concept. 

This work has been done at Basic Research Laboratories for Organic Synthesis, Mitsui 
Petrochemical Industries, Ltd. 

COBALT(II) COMPLEX CATALYZED OXYGENATION 

Oxygenation of carbon-carbon double bond with molecular oxygen or air is one of the 
most important reactions in organic synthesis and much effort has been made to develop 
practical procedure of oxygenation by the use of molecular oxygen. Several oxygenation 
reactions with molecular oxygen by the combined use of transition-metal complexes and 
reducing agents have been studied by a number of groups; for example, (tetraphenyl
porphyrinate)manganese(III) complex/NaBH4 (or colloidal Pt-H2)1, (tetraphenyl
porphyrinate)cobalt(II) complex/Et4NBH42 or NaBH43 or [bis(salicylidene-y-iminopropyl) 
methylamine]cobalt(II) complex/primary or secondary alcohol4 were shown to be effective 
catalytic systems for oxygenations of olefins to form ketones as major products. However, 
there have been only a few reports concerning the selective oxygenation of olefins into the 
corresponding alcohols by use of molecular oxygen. 

Catalytic Oxidation-Reduction Hydration 

Because it was reported that bis(acetylacetonato)cobalt(II) readily absorbed molecular 
oxygen in the coexistence of base, such as pyridine,5 cobalt(II) complex was first chosen as 
a transition-metal catalyst. When 4-phenyl-l-butene was treated with an atmospheric 
pressure of molecular oxygen in 2-propanol in the presence of a catalytic amount of 
bis(acetylacetonato)cobalt(II), the corresponding oxygenated product, 4-phenyl-2-butanol, 
was clearly detected on thin-layer chromatography. As shown in Table 1, the reaction 
smoothly proceeded to afford 4-phenyl-2-butanol as a major product along with 1-
phenylbutane and 4-phenyl-2-butanone when a catalytic amount of bis(acetylacetonato)-
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cobalt(II) was used in secondary alcohol such as 2-propanol or cyc1opentano1.6 On the 
contrary, no reaction took place when primary or tertiary alcohol such as ethanol or tert
butylalcohol was used as a solvent. Also, cobalt(II)salen complex is not employed as 
effective catalyst at all. 

Table 1. Cobalt(II) complexes and solvent for Oxidation-Reduction Hydration 
OH 0 

~ Co(U)Complex ~ ~ ~ ~ ~ .. ~ +~ +~ 

I ~ 1 atm 02 I ~ I ~ I ~ 
Solvent 

Entrya) Co (II) Complex Solvent 
Yields I % 

Conversion I %AICOhOI Ketone Alkane 

Co(acac)2 )-OH 100 46 8 17 

2 Co(acac)2 OOH 100 45 9 16 

3 Co(acac)2 EtOH No Reaction 

4 Co(acac)2 -tOH No Reaction 

5 Co(salen) )-OH No Reaction 

a) Reaction conditions; 4-phenyl- vy ,--.. 
1-butene (2.0 mmol) and Co(JI) Q 0 0- N. .Nb 
complex (0.4 mmol) were heated Co(acac)2= CQ Co(salen)= 'I ~ O·Co.O 'I 1/ 
in 10 ml of solvent at 75°C for 1 h 0 0 - -
under O2 atmosphere. AA 

It is interesting to point out that the present reaction affords the corresponding hydrated 
product, alcohol, as a major product, directly from olefin via simultaneous transfer of 
oxygen and hydrogen even under mild oxidative conditions. Since both oxidation 
(oxygenation) and reduction (hydrogenation) occurred at the same time in the present 
hydration reaction, it was thus named as "Oxidation-Reduction Hydration". 
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Table 2. Selectivity for alcohols in Oxidation-Reduction Hydration 
OH 0 cat.C L 

C H ~ 02 

S 17 02, >- OH 
.. CSH17 A + CSH17 A + CSH17 ~ 

,75°C Alcohol Ketone Alkane 

Entrya) Ligand (LH) Y· Id 10 / 6) 
Conversion I % Ie s /0 

Alcohol Ketone Alkane 

2 

3 

4 

5 

6 

7 

8 

9 

o 0 
A.,A. 

Ph 
No Reaction 

o 0 (Hacac) 100 
A.A.. 
o 0 
~H (Hecbo) 100 

C02Et 
o 0 
Ph~ 

o 0 
AAOEt 

o 00 rO 

100 

87 

ts ~NJ 94 
u 0 (Hmodp) 

o 0 100 
tBU~CF3 

100 o 0 (Htfa) 
~CF3 
U (Hhfa) No Reaction 

CF3 CF3 

45 7 22 

72 14 2 

59 17 15 

65 10 2 

74 7 5 

81 9 4 

81 13 2 

a) Reaction conditions; 1-decene (2.0 mmol) and Co(II) complex (0.4 mmol) were heated in 
10 ml of 2-propanol at 75°C under O2 atmosphere. b) Determined by GC analysis. 



Catalytic activities of several cobalt(II) complexes having various 1,3-diketone-type 
ligands were next examined. It was interesting to find that the ratio of the hydrated product 
(alcohol) to the oxidized product (ketone), and to the reduced product (alkane) was 
influenced by the structure of the ligand system'? As shown in Table 2, the selectivity 
toward the hydration was increased when cobalt(II) complex, having been coordinated by 
the ligand with electron-withdrawing group, was employed as a catalyst. The yield of 
alcohol was improved up to 81 % by using bis(trifluoroacetylacetonato)cobalt(II). In order to 
clarify possible catalytic activity, the redox potentials of cobalt(I1) complexes were 
measured (Figure 1).8 Catalytically active compelxes were characterized by their redox 
potentials between C02+ and C03+. It was found that the complexes ranging from 0.0 V to 
+0.5 V in their redox potentials showed the catalytic activities in the present hydration 
reaction. No catalytic activities were shown at all by complexes having higher or lower 
redox potentials other than in the above-mentioned range. 

] I 

o 0.5 1.0 -+- E1I2N vs Ag I Ag+ in CH3CN 
N R t' Oxidation·Reduction I N R . 

o eac Ion Hydration" • 0 eactlon 

Figure 1. Relationship of redox potentials and catalytic activities of Co(Il) complexes 

The relationship between structure of the ligands and catalytic activity of cobalt(II) 
complex can be explained as follows: In the case of cobalt(II) complexes coordinated by 
ligands with the electron-donating groups such as 3-phenyl-2,4-pentanedione (Entry 1 in 
Table 2), the redox potential indicates that the complex itself is readily electrically-oxidized 
and is also oxidized by molecular oxygen, and the oxidized complex, therefore, shows no 
catalytic activities any longer in the present hydration reaction. On the contrary, in the cases 
of cobalt(II) complexes coordinated by ligands with strongly electron-withdrawing groups 
such as hexafluoroacetylacetone (Entry 9 in Table 2), it is reasonable to assume that the 
caputure of molecular oxygen by cobalt(II) complex is difficult. 

As mentioned above, it was considered that one oxygen atom of molecular oxygen 

Scheme 1. Oxidation-Reduction Hydration 

(Oxidant) was introduced into olefin to form 
the corresponding alcohol while another 
oxygen atom was reduced by two hydrogen 
atoms from secondary alcohol (Reductant) to 
form water (Scheme 1). Then, the amount of 
water formed during the reaction was measured 
by taking the hydration of l-decene in 2-
propanol catalyzed by Co(ecbo)2. It was 
observed then that the amount of water 
increased as the hydration proceeded and 
nearly two moles of water were formed along 
with one molar of hydrated product, 2-decanol. 

The addition of water extremely decreased the yield of the hydrated product based on 
cobalt(II) catalyst because of deactivation of cobalt(II) catalyst. Therefore, it was expected 
that the yield based on the catalyst would be improved by removal of water formed during 
the hydration. Then, several methods for removal of water from reaction system were 
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examined. By addition of Molecular Sieves 4A into the reation mixture, the yields of 
alcohol based on the catalyst increased up to 8500%. Furthermore, azeotropic removal of 
water was found to be more effective and convenient to afford alcohol in 9140% yield based 
on cobalt(II) catalyst. It is noted that azeotropic procedure is apparently effective to prevent 
deactivation of cobalt(II) catalyst and to lead to the improvements of yields of alcohols 
based on the catalyst. 

The present procedure was successfully applied to Oxidation-Reduction Hydration of 
various olefins. As shown in Table 3, both of acyclic and cyclic olefins were hydrated in 
high yields based on cobalt(II) catalyst. Exo- and trisubstituted olefins were converted into 
the corresponding tertiary alcohols in more than 10000% yield based on the catalyst (Entries 
2 and 4 in Table 3). Also, olefinic compounds having functional groups such as ester, acetal 
and amide groups were hydrated into the corresponding alcohols in high yields without any 
decomposition. 

Table 3. The effective Oxidation-Reduction Hydration of various olefins 
~ cat.Co(ecbo)2,02 -. -'" 

R~ ~ R ....,. >- OH azeotrope OH 

Entryaj Olefin Alcohol Yield /% b) 

~ ~ 9080 
OH 

2 ~ ~ 10110 

3 ~ ~ 9780 

4 U Cf: HO 10370 OH 

do~ o OH 
5 cro~ 8700 

'...,: '...,: 
6 MeO-O~ OH 9340 

0 Meo-O~ 
7 cr~ crN'Y' 8340 , N 

'...,: H OH ...,: H 

a) Mixture of 5.5 mmol of olefin. 0.043 mmol of Co(ecbob and 25 ml of 
2-propanol was gently refluxed under °2 , b) Yield based on Co(ecbo)2 
and determined by GC analysis. 

The present oxygenation reaction catalyzed by cobalt(II) complex with the combined 
use of molecular oxygen (Oxidant) and 2-propanol (Reductant) was also applied to several 
oxidation reactions as secondary alcohols into ketones,9 the direct preparation of ketones 
from vinylsilanes,IO and stereoselective oxidative cyclization of 5-hydroxyalkenes into 
tetrahydrofuran derivatives. 1 1 

Peroxygenation Using Silanes as Reductant 

Silane is expected to be one of the most reliable reductants in organic synthesis.!2 
Thus, the empolyment of triethylsilane in place of 2-propanol in Oxidation-Reduction 
Hydration was tried and was found that triethylsilane also behaved as an effective reductant 
(hydrogen donor) in the hydration of olefin when bis(1,3-diketonato)cobalt(II) complex was 
employed as a catalyst.!3 Futhermore, an unexpected peroxygenated product, 
triethylsilyldioxy derivative, was obtained when the above reaction was carried out at room 
temperature. I4 For example, 4-phenyl-l-butene reacted with molecular oxygen and 
triethylsilane at room temperature in the presence of a catalytic amount of 
bis(acetylacetonato)cobalt(I1) complex to give the corresponding I-phenyl-3-
triethylsilyldioxybutane in a good yield (Scheme 2). 

~ + ~'Co(modpi2 _ [~SiEt,) 
H- ~ Et3SiH + 02 -

RT, in CI __ CI 

Olefin Triethylsilane Silyl peroxide 

Scheme 2. Direct peroxygenation of olefins 
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Then, the effects of ligands of cobalt(II) complexes in the above reaction was examined 
and was found that various bis(1,3-diketonato)cobalt(I1), especially Co(modp)2, were 
effectively employed as catalysts. Preparation of a peroxy compound directly from olefin 
has been considered to be difficult because of its unstability. The present peroxygenation 
reaction, however, provides a facile and efficient method for the direct introduction of 
dioxygen function into the carbon-carbon double bond of olefinic compounds under mild 
conditions (Table 4). In addition, the triethylsilyldioxy derivative here is expected to be a 
potentially useful synthetic intermediates. 

Table 4. Peroxygenation of various olefins with molecular oxygen and triethylsilane 

Entrya) Olefin Silyl Peroxide Yield I %bj 

PhJl. 
~OSiEt3 

95 
~SiEt3 

2 ~ 80 

3 PhjlO~ jl --J<90SiEt3 99 

0 
Ph 00 

4 Ph)l~ Ph)lH-"(' 80 

N N 00SiEt3 
0 o 00SiEt3 

5 Ph~Ph Ph~Ph 75 

a) All reactions were carried out by treating olefin (1 mmol) ~ rO 
with triethylsilane (2 mmol) and 0.05 mmol of Co(modp)2 H ad N.../ 
under O2 atmosphere in 5 ml of 1,2-dichloroethane. m p = t8u 
b) Isolated yield. 0 

Besides peroxygenation of simple carbon-carbon double bond of olefins, it was found 
that several a,j3-unsaturated esters were also peroxygenated according to the present 
procedure to produce the corresponding triethylsilyldioxy derivatives. 15 The introduction of 
heteroatoms onto a-carbon of a,j3-unsaturated carbonyl compound is useful for synthesis of 
a wide variety of natural products such as amino acids. Therefore, the preparation of a
hydroxy esters from a,j3-unsaturated esters was examined in order to demonstarte the 
synthetic utility of the present peroxygenation reaction. Peroxygenation of a,j3-unsaturated 
ester with molecular oxygen catalyzed by cobalt(II) complex was acheived by the addition of 
a catalytic amount of tert-butylhydroperoxide yielding the corresponding triethylsilyldioxy 
derivatives in high yields. The triethylsilyldioxy derivative was smoothly desilylated in 
acidic methanol to give a-hydroperoxycarboxylate whose structure was confirmed by the 
analysis of 1 H NMR spectra after isolation. The hydroperoxide was subsequently converted 
into a-hydroxy carboxylate in a high yield by reduction with an aqueous solution of 
Na2S203 at room temperature (Scheme 3). 

R\"'~'lf0R2cat Co(acac)2, cat t-8uOOH [R1~~~~l 
~ 0 02, Et3SiH, RT" 0 

H+ [R1_ ~OI~>R2l Na2S203 as. R1_ ~HOR2 
MeOH, R"r' ...., "Y MeOH/H20 ...., y 

o 0 
55 - 88 % yield 

Scheme 3. Hydration of (l,p-unsaturated carboxylic acid ester 

During the course of our continuing study, our interests have been focused on the direct 
preparation of a-hydroxycarboxylate from a,j3-unsaturated esters. In the case of employing 
phenylsilane I6 as a reductant in the above oxygenation reaction, it was found that the 
reduction of silyldioxy intermediates, derived by the peroxygenation of a,l3-unsaturated 
ester, proceeded successively to afford the corresponding a-hydroxy carboxylic acid ester in 
high yield. And manganese(II) complex, bis(dipivaloylmethanato)manganese(II) 
(Mn(dpm)2), was more effective than cobalt(II) complex for the direct hydration of a,j3-
unsaturated esters. 17 The reaction proceeded smoothly and the corresponding a
hydroxycarboxylates were obtained regioselectively in high yields (Table 5). 
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Table 5. Manganese(II) catalyzed hydrauon of varIOus a,~-unsaturated esters 
R3 cat R3 OH 

R1 ~ Mn(dpm)2, O2, PhSIH3 R10 
C02 R 4 0 °C 2-propanol" C02R4 

R2 ' R2 
Entrlj a,~-Unsaturated Ester a-Hydroxy Ester c oj Yield /% oj 

2 

3 

OH 

....J. C02Bn 
OH 

VC02Bn 
OH 

~C02Bn 

91 

91 

86 

~ e) OH 
4 C02Me ~ C02Me 94 

e) OH 
84 5~C02Me~ 

C02Me 

6 
J-C02Bn 

OH 

-t C02Bn 

JC02Bn 

OH 
7 ...::x C02Bn 

Et02C ~ C02Etf) 
OH 

8 
Et02C ~ C02Et 

Me02C C02Me f) 
Me02C C02Me 

9 '-< \=I HO OH 
10 Me02C~ C02M~) Me02C~ C02Me 

a) Reaction condilions, substrate 2 0 mmol, Mn(dpmb 0 04mmol 

PhSIH3 4 0 mmol, 2 propanol 10 ml O°C, 1 atm 02 b) Isolated 

Yield c) Entries 1 to 8, no ~ hydroxycarboxyllc aCid ester was 

formed d) All products gave salisfactory1H NMR and IR spectra 

e) PhSIH3 3 0 mmol 2 propanol 2 ml f) Solvent ethanol 5 ml 

g) Solvent, ethanol 3 5 ml and 1 2 dlchloroethane 1 5 ml 

92 

94 

82 

78 

76 

tBuyytBu 

o 0 
Hdpm 

Bn = CH2Ph 

The present system (phenylsllane and cobalt(II) complex) was apphed to the couphng 
reaction of (l,p-unsaturated carbonyl compounds WIth aldehydes 18 

NICKEL(II) COMPLEX CATALYZED AEROBIC EPOXIDATION 

EpoXIdes are one of the most useful synthetIc IntermedIates for the preparatIOn of 
oxygen-contaInIng natural products or the production of epoxy reSInS, etc Much effort has 
been made to develop the duect and selective epoXIdatIon of olefIns by use of molecular 
oxygen However, It IS still dIffIcult to control the reaction because of over-OXIdations or 
sIde-reactions under conventIOnal severe reaction COndItIOnS such as hIgh pressure of oxygen 
or hIgh reactIOn temperature Then, It IS deSIred to search for a mIlder reactIOn In order to 
develop an effICIent epoxidatIon method Only several effectIve catalysts have been reported 
for the epoxidatatIon wIth molecular oxygen under mIlder reactIon condItIOns, I e 
(tetramesItylporphmato )ruthemum(II), 19 or oxoethoxo( tetra-p-toly lporphmato )molybdenum 
(V),20 for example However, practIcal synthetIC methods are not yet successfully 
estabhshed because of the comphcated reaction systems 

Nickel(II) Catalyzed Epoxidation in Primary Alcohol 

"OXIdatIon-ReductIOn Hydration" of olefIns Into the correspondIng hydrated 
compounds USIng molecular oxygen (OXIdant) and secondary alcohol (Reductant) In the 
presence of a catalytIc amount of bIS(1 ,3-diketonato )cobalt(II) was descnbed In the pnor 
sectIOn Based on the detalled observatIon on the hydratIon reactIOn, It was revealed that one 
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oxygen atom from molecular oxygen and two hydrogen atoms from 2-propanol were 
simultaneously introduced into olefin to afford the hydrated product, and here, secondary 
alcohol behaved as most effective reductant. Therefore, in the epoxidation with molecular 
oxygen, it is postulated that secondary alcohol would also behave as a reliable reductant to 

accomrbPliSh a catalY~:, :c~e~(aCP)2 ~O ~ 0 ~ 
~ >- - 0 ... ,0 

OH, MS4A, 75°C VO(acp)2 = V. 
R R ~ 0 

Scheme 4. Epoxidation with molecular oxygen and alcohol catalyzed by bis(1,3-diketonato)oxovanadium(IV) 

In the presence of a catalytic amount of bis(2-alkyl-I,3-diketonato)oxovanadium(IV), 
norbornene analogues were monooxygenated by the combined use of molecular oxygen and 
2-propanol to afford the corresponding epoxides in good yields (Scheme 4).2"1 Our 
continuous study revealed that nickel(II) complexes having electron-donating 1,3-diketone 
ligands were excellent catalysts for epoxidation of olefins with molecular oxygen. In the 
case of using primary alcohol (I-butanol), it was found that epoxide was formed in higher 
yield compared with the case of using secondary alcohol (2-propanol) or in absence of 
alcohol (Scheme 5).22 

I O2, cat. Ni(dmp)2 I 
~ primaryalcohol-~ 0 0 

MS4A,100°C ~ 

Hdmp~eoQ VOMe 
Scheme S. Nickel(II) complex catalyzed epoxidation with molecular oxygen and primary alcohol 

Several 1,3-diketone ligands were examined for epoxidation with molecular oxygen and 
I-butanol, and was found that nickel(II) complexes having electron-donating ligands 
behaved more effectively as catalysts as shown in Figure 2. In the case of using bis[I,3-
di(p-methoxyphenyl)-I ,3-propanedionato]nickel(II)(Ni(dmp )2), the desired epoxidation pro
ceeded smoothly even under lower oxygen pressure. 

Ni(dmph 

N;~~ N;¢~), N{~~f!: N;~~:N{~f), 
\ ~2al( ¢E"~::N"(CH'~ 

Figure 2. Relationship of oxidation potentials and catalytic activities 
in aerobic epoxidation catalyzed by nickel(II) complexes and primary alcohol 

Highly Efficient Aerobic Epoxidation Catalyzed by Nickel(II) Complex 

After screening several reductants in the aerobic epoxidation of olefins catalyzed by 
nickel(II) complexes, it was found that an aldehyde acts as an excellent reductant when 
treated under an atmospheric pressure of molecular oxygen at room temperature (Scheme 
6).23 Similar reactions have been reported in the patents. Propylene was monooxygenated 
into propylene oxide with molecular oxygen in the coexistence of metal complexes and 
aldehyde such as acetaldehyde24 or crotonaldehyde,25 but the conversion of olefin and the 
selectivity of epoxide were never reached satisfactory levels. Recently, praseodymium(III) 
acetate was also shown to be an effective catalyst for the aerobic epoxidation of olefins in 
the presence of aldehyde.26 
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First, several aldehydes (reductants) were screened hy taking the expoxidation of 2-
methyl-2-decene catalyzed hy Ni(dmp)2 (Table 6). In case of employing hutyraldehyde, hoth 
conversion of oletin and yield of the epoxide were low. On the contrary, the corresponding 
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Table 6. Epoxidation of 2-methyl-2-decene by using several aldehyde 

~ C8L NI(dmp)2 1.0 
1.0atm02,AT-~ 

2.0 eq. Aldehyde 

1 

2 

3 

4 

Aldehyde Conversion I % til Yield I % til 

........... CHO 10 7 

)- CHO 100 quant. o CHO 100 quant. 

-t-CHO 100 quant. 

a) Reaction conditions; 2·Methyl·2-decene 2.5 mmol in 2.0 ml of 
1,2·dichloroethane, 1.0 atm of 02 for 12 h. b) Determined by GC. 

Table 7. Epoxidation of various olefins«A) Standard MethOd'/) 

Olefin Epoxide 

1 

d)~ 
2 ~ 
3~OAC ~OAC 

~OAC 
~OAC 

4~OAC 

5 

6 

7 

8 

9 

10 

11 

12 

13 

~ 
OAe 

~e 

~C 

Do~ 
-0 ...... -01 
~~AC 

o OAe 

~ 
~Zl ~ZI 

U" ~ cy (10 
~ o~ 
hOBZ' ~OBZI 

CeH'7 CeH'7 . · ff>:"~ _rWH 
ACO~cOW'H~ 

H H 0 

Yield/% 

quant.b) 

quant.b) 

quant.b) 

14~~93b) 

15 ~~B5bJ 

Nole 

Ph../ 
Bzl= 8 

a.:~ 24:76e) 

a) Reaction conditions; Olefin 2.5 mmol in 1,2·dichloroethane. b) Determined by GC analysis. 
c) Isolated yield. d) Under an atmospheric pressure of air. e) Diastereomer ratio was determined by NMR. 



~ cat NI(dmp)2 ~ 
R' ~atm~· R' 

R2CHO RT R2COOH 

Scheme 6. Epoxldatton by Nlckel(II)-a1dehyde method 

epoxlde was ohtained in quantitative yields when aldehydes having secondary or tertiary 
carhon next to the carhonyl carbon such as Isohutyraldehyde, cyclohexanecarhaldehyde or 
pival-aldehyde were employed, respectively. According to the ahove procedure (Method (A) 
Standard Method), various trisubstituted or exo-terminal olefins and norhornene analogues 
were smoothly monooxygenated into the corresponding epoxides in high to quantitative 
Yields under an atmospheric pressure of oxygen at room temperature (Table 7). Here it 
should he pointed out that, in every case, no over-oxidation at allyhc position nor cleavage 
reaction of carhon-carbon double bonds took place to any extent. Exo-terminal olefin and 
styrene derivative were also monooxidized mto correspondmg epoxides in high Yields, 
respectively (Entries 14 and 15). In the case of the epoxldation of tnsuhstltuted olefin, the 
corresponding epoxide was obtained in quantitative yield even under air (Entry 2). 

For the aerobic epoxidation of 1,2-disubstituted olefins, the use of smaller amount of 
nickel(II) complex was effective to Improve yield of the corresponding epoxlde «(B) 
Dilution Method). Isovaleraldehyde was found to be remarkably effective for the 
epoxidation of terminal olefin, and 1,2-epoxyalkane was obtained in good to high yield «(C) 
Isovaleraldehyde Method).27 

Various 1,2-disubstituted olefins were monooxygenated into the corresponding 
epoxides in high yields by Method (B), and also in the case of terminal olefin by Method 
(C), respectively (Table 8). 

Table 8. Epoxldauon of vanous olefms 

Entry Olefm Epoxlde Yleld/% Note 

(8) Dilution Method 

1~ 97a c) CIS trans=51 49 

2~ 92ac) CIS trans=13 87 

3 Ph~ Ph~ 75ac) 

4 01 0 0 84ac) 

(e) Isovaleraldehyde Method a.... 
5 ~ ~75bC) 

6~~89bd) 
L I bd) Ph .......... 

7 ~OBzl ~OBZI 97 Bzl= n 
o 

8 ~OBzl ~OBzl 62bd) 
a) (8) Dilution method, Reaction conditions, Olefin 25 mmol, Isobutyraldehyde 3 0 eqUiv , NI(dmp)2 
03 mol%, In 1,2-dlchloroethane 100 ml, 1 0 atm 0 2 ,RT b) (e) Isovaleraldehyde method Reactlo 
conditions, Olefin 3 0 mmol, Isovaleraldehyde 6 0 eqUiv , NI(dmp)2 0 3 mol%, In 1,2-dlchloroethane 
10 0 ml, 1 0 atm 0 2 ,RT c) Determined by GC analYSIS d) Isolated Yield 

Table 9. Highly effiCient epoxldatton catalyzed by mckel(II) complex 

Entry Amount of catalyst / mol% Yield / % b) Yield based on catalyst / % b) 

1 40 1000 2,500 
2 0256 1000 39,000 
3 00096a) 98 1 1,020,000 

a) Reaction conditions, 2-Methyl-2-decenel0 0 mmol, lsobutyraldehyde 20 0 mmol, 
NI(dmpl2 0 6 mg In 6 0 ml of 1,2-dlchloroethane 1 0 aim O2 for 12 h 
b) Determined by GC 
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The efficiency of nickel(II) complexes in the present epoxidation was demonstrated by 
taking epoxidation of 2-methyl-2-decene as a model reaction. Through the three 
experiments carried out in the presence of 4.0 mol%, 0.256 mol%, and 0.0096 mol% of 
Ni(dmp)2 against olefin, respectively (Table 9), it was found that, even in the case of 
employing only 0.0096 mol% of Ni(dmp)2, the epoxidation proceeded smoothly and the 
corresponding epoxide was obtained in 1020000% yield based on Ni(dmp)2. 

When the present efficient epoxidation catalyzed by nickel(II) complex was applied to 
the oxidation of enolates, <l-silox~ carbonyl compounds were obtained via possible silyl 
rearrangement of siloxy epoxides.2 And <l-hydroxy carbonyl compounds were obatined in 
good yields by successive desilylation with potassium fluoride (Scheme 7). 

fSiR33cat. Ni(rnac)2 [~OS6R33l 
R1"'~ .. R1 

R2 02.RCHO 
R2 

Enolate 

o 0 
Hrnac=~ 

o KF 0 
~ R1~OSiR33 --R1~OH 

R2 R2 76 - 88 %yield 
a-Hydroxy Carbonyl 

Compound 
Scheme 7. Synthesis of a-hydroxy carbonyl compounds 

I I Catalyst 1.0 I 
~ .. ~ 

OH 02. RCHO OH 

Catalyst Conversion I % Yield I % 

Ni(dmp)2 67 57 
Fe(dmp)s 100 quant. 

Scheme 8. Epoxidation of citronellol 

As shown in Scheme 8, 
epoxy alcohol was obtained in 
quantitative yield without any 
over-oxidation of hydroxyl 
group by using iron (III) 
complex as a catalyst, whereas 
nickel(II) complex-catalyzed 
epoxidation of citronellol 

stopped half-way and the yield of epoxy alcohol was moderate.29 It was assumed that 
nickel(II) complex was deactivated due to the undesirable coordination by hydroxyl group of 
olefinic alcohol, while iron (III) complexes having three 1,3-diketone ligands might not be 
preferable for the coordination by hydroxyl function. 

AJ 0 
Ph Catalyst I"' Ph 

N' .. ~N' 
CH3 02. RCHO 0 CH3 

Catalyst Conversion I % Yield I % 

Ni(acac)2 trace 
Fe (acac)s 33 26 
VO(acac)2 81 71 
VO(dpm)2 92 87 

Scheme 9. Epoxidalion of a.~-unsalurated carboxamide 

Bis( acety lacetonato )nickel(II) 
or tris(acetylacetonato)iron(III), 
which exhibited excellent catalytic 
activity for epoxidation of aliphatic 
or aromatic olefin, was not suitable 
for the oxygenation of <l,I3-
unsaturated carboxamide and the 
corresponding epoxide was formed 
in low yield. On the other hand, it 
was found that bis(acetyl
acetonato)oxovanadium(IV) is ef

fectively employed as a catalyst, and <l,p-unsaturated carboxamide was oxygenated with 
molecular oxygen and isovaleraldehyde catalyzed by bis(dipivaloylmethanato)oxo
vanadium(IV)(VO(dpm)2) to afford the corresponding epoxide in 87% yield.3 0 It was 
postulated that the epoxidation of <l,p-unsaturated carboxamide would be promoted by 
oxovanadium(IV) complex which could interact with amide group of <l,p-unsaturated 
carboxamide to afford the corresponding epoxide. 

o 0 6 cat. Ni(dpm)2 a 
Aoatm~" 0 91% yield 

J-CHO J-COOH 

Scheme 10. Aerobic Baeyer-Villiger reaction catalyzed by nickel(II) complex 
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The present oxidation reaction catalyzed by nickel(II) complex with the combined .use 
of molecular oxygen and aldehyde31 ,32 was applied to the aerobic ~xi?ation of ~ldehyde mto 
the corresponding carboxylic acid,33 and the aerobic Baeyer-Vllhger reactIon (Scheme 
10)34, respectively. 

MANGANESE(III) CATALYZED ENANTIOSELECTIVE EPOXIDATION 

Optically active epoxides have attracted much attention as versatile intermediates35 for 
the synthesis of a wide variety of chiral compounds such as biologically active compounds 
and ferroelectric liquid crystals,36 etc. Sharpless and Katsuki developed the efficient 
titanium-catalyzed epoxidation of allylic alcohols by using tert-butyl hydroperoxide as an 
oxidant affording optically active 2,3-epoxy alcohols in good yields with very high 
enantiomeric excesses,37 which has been successfully applied to the synthesis of a number of 
natural products. Much effort has been made to develop an efficient and widely applicable 
enantioselective epoxidation of simple olefins, and several enzymatic systems for terminal 
alkenes38 have been reported. In the nonenzymatic systems, artificial metal-porphyrins have 
been designed as cytochrome P-450 modeling systems for enantioselective epoxidation of 
styrene analogues as the catalysts.3 9 Recently, Jacobsen40 and Katsuki41 independently 
reported that Mn(III)-salen complexes are effective catalysts for enantioselective epoxidation 
of unfunctionalized olefins by using terminal oxidants such as iodosylbenzene39-41 or 
sodium hypochlorite.42 Except for artificial-bleomycin catalyzed epoxidation,43 few have 
been reported on the utilization of molecular oxygen for enantioselective epoxidation of 
simple olefins. 

~-Selective Epoxidation of Cholesterol Derivatives Catalyzed by Manganese(II) 
Complex 

Stereochemistries of the epoxidation of 5,6-double bond in cholesteryl benzoate were 
examined with molecular oxygen and isobutyraldehyde using several metal complexes 
coordinated by 1,3-diketones as catalysts (Table 10). It was found that epoxidation 
catalyzed by metal complexes, such as nickel(II), iron (III), or manganese(II) complexes 
coordinated with 1,3-diketones (acetylacetone), afforded the hindered 5,6 ~-epoxide as a 
major isomer.44 In the case of employing Mn(dpm)2 as a catalyst, stereoselectivity of 5,6 ~
epoxide was improved up to 80% (Entry 5). On the contrary, it was reported that by usin3 
peracids such as mCPBA or MMPP (magnesium monoperphthalate hexahydrate),4 
cholesteryl benzoate was converted into the corresponding mixture of 5,6 u- and 5,6 ~
epoxides in the ratio of 71 to 29 (mCPBA, Entry 1),46 and 85 to 15 (MMPP),45 respectively. 
It is interesting to point out that the less-hindered 5,6 u-epoxide was obtained as a major 
product when a peracid was used as an oxidant. These remarkable reverse stereoselectivities 
in the epoxidation of cholesteryl benzoate obviously indicate that the active oxidant of the 
present metal complex catalyzed epoxidation is not a simple peroxycarboxylic acid 
generated from an aldehyde with autoxidation manner, but that an oxygenated metal 
complex is tentatively considered as the reactive intermediate of the present epoxidation. 

Table 10. Stereoselective epoxidation catalyzed by manganese complex 

o ~~~~~pOXidatiO~ 0 ~,~:17 0~~~~17 
Ptr""O H H Ph,J<~H-' p!1'" H H 

5 H Ct··~ H K' 
6 a-Epoxide ~-ErOXide 

Entry Epoxidation reagent a-Epoxide: ~-Epoxideb 
1 mCPBA 71 : 29 

-;a)- -c"ai.~~(~~~;, -~2~ >- ~~~- ------;; ----~~ -----
3a) cat.Fe(acac)s 33 67 

4a) cat.Mn(acac)s 23 77 

5a ) cat.Mn(dpm)2 20 80 

a) Cholesteryl Benzoate 245 mg (0.5 mmol), isobutyraldehyde (2.0 mmol), 
catalyst (0.0047 mmol, 0.94 mol%) in 1,2-dichloroethane (5.0 ml), RT, 
1.0 atm O2, 2.0 h. b) Determined by HPLC analysis. 
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Enantioselective Aerobic Epoxidation of Unfunctionalized OIefins 

Stereochemical observations in the epoxidation of cholesterol derivatives mentioned 
above suggest that the manganese complex participates directly in the oxidation step and the 
enantioselective aerobic epoxidation should be realized by employing optically active 
manganese complexes as catalysts. 

H Q H 

Ad1Q~ 
kCI-~ 

Ph~. J/h Optically active manganese 
}---'. (III) complex, Cyclo-Salen-Mn 

~ N +N~O (III)CI, was prepared by the 
J.t1n reported method41l and purified 

RO 0 1'0 OR with column chromatography on 
CI silica-gel or washing its benzene 

(5, S)-Cycio-Salen-Mn(llI)CI (S,S)-Ph-fJ-diketone-Mn(III)CI solution with aqueous lithium 
Figure 3. Optically active manganese(III) catalyst chloride solution.47 Ph-p-diketone
Mn(III)CI complex was synthesized from the corresponding alkyl(R) acetoacetate in 5 steps 
and purified by a similar procedure48(Figure 3). 

As the results of the screening of various aldehydes, pivalaldehyde worked quite 
effectively for the enantioselective aerobic epoxidation of unfunctionalized olefins such as 
1,2-dihydronaphthlene derivatives (Scheme 11). It is noted that i) in the case of epoxidation 
catalyzed by Salen-type complex, addition of a catalytic amount of N-methylimidazole 
effectively improved the optical yield of epoxide and ii) bulkiness in ester moiety of p
diketone-type catalyst also influenced the optical yield to higher values. 

cat 0:)0 ~I ~ 'Mn(III) complex ~ 
R-vv ~ R-I 
~ ~m 02, RT ~ ~ Optically active 

~CHO ~COOH 
Scheme 11. Enantioselective epoxidation of unfunctionalized oledins with molecular 

oxygen and aldeIJyde catalyzed by optically active manganese(III) complexes 

The present system was applied to the enantioselective epoxidations of various simple 
olefines. 1,2-Dihydronaphthalenes which contained no function groups were converted into 
the corresponding optically active epoxides in good yields with good enantioselectivities 
(52-72% ee, Entries 1-4). The enantioselective aerobic epoxidation of 1,2-benzo-l,3-

Table 11. Enantioselective epoxidation of various unfunctionalized olefins 
Optical yield I %ee oj (Yield I % aj) 

Entry Olefin 
Salen-Mn(III) ,B-Diketone-Mn(III) 

ro 63(78) 64(70) 

2 190 52(73) 53(13) 

3 (J(k 72(80) 53(40) 

4 (JQ 63(35) 70(43) 

5 W BnO ::,... 66C)(38) 43C)(73) 
N02 

6 vro 57(38) 59(67) MeO ::,...1 

7 Oro ~I 83(52) 84(52) 

a) Isolated yield. b) Determined by GC analysis unless otherwise stated. 
ASTEC Co. Chiraldex 8-DA (20 m x 0.25 mm ID x 0.125 Jl film). c) Determined 
by HPLC analysis. Daicel OD(+) ( Hexane: 2-propanol). 

Further studies on the elucidation of reactive intermediates and stereochemistry in the 
present asymmetric reaction are under active investigations. 
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cycloheptadiene afforded the corresponding epoxide with high enantiomeric excess in the 
coexistence of Mn(III) complex (Cyclo-Salen-Mn(I1I)Cl: 83%ee, Ph-p-diketone-Mn(I1I)Cl: 
84%ee, Entry 7). 

EPOXIDA TION OF OLEFINS UNDER NEUTRAL CONDITIONS 

Several efficient oxidation reactions with molecular oxygen were developed using 
transition-metal complexes coordinated by variuos ligands in combination with appro,&riate 
reductants. Recently, it was found that cyclic ketones such as 2-methylcyclohexanone and 
acetals of aldehyde such as propionaldehyde diethyl acetal50 were effectively employed in 
aerobic epoxidation of olefins catalyzed by cobalt(II) complexes. In the latter case, ethyl 
propionate and ethanol were just detected in nearly stoichiometric manner as coproducts 
(Scheme 12), therefore the reaction system is kept under neutral conditions during the 
epoxidation. 

I 1 aim O2, cat.CO(maC)2 I C H 
~C7H15 ~ ~ .~ 715 

45°C 0 
99% yield 

....--..,.. OEI ....--..,.. OEI 

. I'OEI . n + EIOH 
H 0 

Scheme 12. The aerobic epoxidation of olefins under neutral conditions 
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1 . Introduction 

The mechanisms by which an "oxene equivalent" is transferred from an oxygen 

donor to metalloporphyrins to provide higher valent metallo-oxo porphyrins and the 

oxygenation reactions of the latter have been the subject of considerable attention. Interest in 

these reactions stem from their relevance to the biochemical reactions of peroxidases with 

alkyl hydroperoxides,l catalases with hydrogen peroxides2 and the metabolic reactions 

catalyzed by cytochrome P-450 enzymes. The cytochrome P-450 enzymes catalyze, among 

other reactions, the epoxidation of alkenes.3 Studies on these heme containing 

monooxygenases reveal that one of the key steps during the reaction is the formation of an 

enzyme bound hypervalent iron-oxo porphyrin. From this, ensued investigations directed 

toward the elucidation of the mechanisms of formation and reactions of such species. 

We describe here a summary of our studies using iron, manganese and chromium 

meso-tetraarylporphyrins. An understanding of the mechanisms of these simple cases have 

begun to provide a conceptual basis for the understanding of the enzymatic pathways. 

Consideration is given to two problems: (1) the mechanisms of oxidation of metallo

porphyrins by hydroperoxides in aqueous solution; and (2) the mechanism of alkene 

epoxidation by higher valent metallo-oxo porphyrins. 

2. Reactions of Hydroperoxides with Metallo-Tetraarylporphyrins in 

Aqueous Solutions4 

The reactions of hydroperoxides with meso-tetraarylporphyrins were carried out in 

aqueous solution because it is in water that conditions (ionic strength, acidity, ligand species 

concentration) are best controlled and the data (kinetic, electrochemical, etc.) interpretable. A 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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description of studies carried out in organic solvents has appeared elsewhere.5 The water 

soluble meso-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphyrin, (1)H2, and meso-tetrakis

(2,6-dichloro-3-sulfonatophenyl)porphyrin, (2)H2, (Chart I) were prepared and metallated 

Chart I 

R 

R 

R 

with Fe(III) and Mn(III) to provide (1)FeIII (X)2, (2)FeIII(X)2, (1)Mn IIl(X)2, or 

(2)MnIII(X)2 (where X = H20 or HO- axial ligands). The bulky aryl substituents on these 

metallo-porphyrins prevent the formation of Il-oxo dimers and reduce their tendency to 

aggregate in solution. Due to the presence of the four m-sulfonate substituents (1)FeIII(X)2, 

(2)FeIII(X)2, (1)MnIII(X)2, and (2)MnIII(X)2 exist as mixtures of four atropisomers. The 

electronic environments of the metal centers of a set of atropisomers have been shown to be 

comparable and are kinetically indistinguishable. 

2. 1. Electrochemical Studies on the Redox Chemistry and Acid
Base Behavior of (1)FeIII(X)2 and (1)MnIII(X)2 in Water6-8 

The pKa and EOI values for (1)FeIlI(X)2 and (1)MnIlI(X)2 were determined from the 

the appropriate Nemst-Clark plots of the acidity dependences of the potentials for stepwise 

le- oxidation and reduction. The results are summarized in Schemes I and II for (l)FeIII(Xh 

and (1)MnIII(X)2 respectively. Inspection of Scheme I shows that: (1) the pKaJ and pKa2 

values for the iron(IV) species are lower than those of the corresponding iron(III) species due 

Scheme I Scheme II 
OH +1.04 V OH 

2 +e 2 

~ --:-~ 
OH2 OH2 

pKa/=5.8 ·It H+Jt pKa/=4.1 ·It H+Jt 

OH +0.86. V OH + 1.17. V OH 

$ · +~ ~ C$ · +~ • ($+ 
OH2 •e OH2 •e OH2 

OH +0.9~ v OH 

~ .~:. ~ 
OH2 OH2 

pKaZ= 10.6 ·It H+Jt pKaZ = 9.0 ·It H+Jt pK.z= 9.0 ·It H+Jt pKa2= 12.2 ·It l t+Jt pKaZ = 9.9 ·It l t+ Jt 

OH +0.77 V OH +1.17. v OH 

~ .+~'. C$ .~~. ($.+ 
OH ·e OH e OH 

OH +0.7~V OH 

~~~ 
OH ·e OH 
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to the greater electropositive character of Fe(IV) metal; (2) the EO' potentials for le- oxidation 

of the three Fe(IV) species are essentially identical; and (3) the pK a1 values for 

(l)FeIV (H20)2 and (-+l)FeIV (H20)2 are essentially the same as the pKa2 values for 

(l)FeIV (HO)(H20) and (·+l)FeIV (HO)(H20). These findings indicate that the electron 

density of the Fe(lV) moieties in Fe(IV) porphyrin and Fe(IV) porphyrin 1t-radical cation 

states are very similar for identical H20 and HO-ligation. For (1)MnIlI(X)2, the decrease in 

pKa1 and pKa2 values with increase in oxidation state from Mn(III) to Mn(IV) are 

qualitatively the same as those for (1)FeIII(X)2. 

2.2. Kinetics of Reactions of (1)FeIII(X)2 and (2)FeIII(X)2 with 

Organic Hydroperoxides9-15 and Hydrogen Peroxide16-18 

Kinetics of the reactions were followed by the use of the sodium salt of 2,2'-azinobis

(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as an easily oxidizable trap for the reactive 

higher valent iron-porphyrin intermediates and any radical products derived from YOOH (Y 

= alkyl or H). The one electron oxidation of ABTS provides ABTS·+ (Amax = 660 nm). 

Regardless of whether YO-OH bond scission is homolytic (eq la) or heterolytic (eq 2a), a 

(Porph)FeIII(X)2 + YOOH -+ (Porph)FeIV (X)2 + yO· (I a) 

(Porph)FeIV (X)2 + ABTS -+ (Porph)FeIII(X)2 + ABTS·+ (lb) 

YO· + ABTS -+ YOH + ABTS·+ (I c) 

(Porph)FeIII(X)2 + YOOH -+ (·+Porph)FeIV (X)2 + YOH (2a) 

(·+Porph)FeIV (X) 2 + 2ABTS -+ (Porph)FeIII(X)2 + 2ABTS·+ (2b) 

single turnover of catalyst provides two ABTS·+ species (eq Ib,c vs. 2b). Reactions are first 

order in (porph)FeIII(X)2 and YOOH and zero-order in ABTS between pH 2 and 13 (eq 3). 

-d[YOOH]/dt = kly[(Porph)FeIII(X)2][YOOH] (3) 

The pH dependencies of the second-order rate constants (kly) for the bimolecular react

ions of (1)FeIII(X)2 with three alkyl hydroperoxides are shown in Figure I, while the pH 

dependence of kly for the reaction of (2)FeIII(X)2 with H202 is shown in Figure 2. The 

results for the reactions of (2)FeIII(X)2 with alkyl hydroperoxides and (l)FeIII(X)2 with 

H202 are much the same. Though the plots of Figures 1 and 2 differ in shape, the kinetics of 

the reaction display pH dependence consistent with a scheme involving the critical formation 

of three hydroperoxide-coordinated iron (III) intermediates, I1H2+, IIH, and 11-, at different 

pH values. The kinetic expressions were derived from Scheme III with a steady state 

assumption in I1H2+, IIH, and 11- for alkyl hydroperoxides and a preequilibrium assumption 

in the same for H202. 

Examination of the pH dependence of kty for the reactions with alkyl hydroperoxides 

(Figure 1) shows that at low pH, kly is independent of acidity as described by eq 4. Near 

neutrality it displays a "bell-shaped" dependence resulting from a superimposition of the pH 

log krate profiles of the reactions of eqs 5 and 6. At high pH, it displays a second "bell-
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Figure 1. Plot of log kly vs pH for the reaction of (1)FeIII(X)2 with (Ph}z(C0 2Me)COOH ( ..• ); 

(ph)(Me}zCOOH (-); and t-BuOOH (_._). The points are experimental (ref 15), and the lines were genemted 
from an equation (refs 13 and 14) derived from Scheme III with an assumption of steady state in the 
intermediates IIH2 +, IIH, and 11-. 

46 

'H,O ... 
0 0,0 ; 34 

C> 
,g 

22 

• • 

35 70 105 

Figure 2. Plot of log kly vs pH(O) for the reaction of (2)FelII(X}z with hydrogen peroxide in H20 and 
O2°. The points are experimental (ref 18), and the lines were generated from an equation that assumes 
Scheme III and preequilibrium between starting states and the intermediates IIH2+, IIH, and 11-. Values of 
solvent kinetic deuterium isotope effects (klyH/klyD) can be appreciated by a simple comparison of k1y in 
H20 and 020 in the regions where kly is independent of pH(O) . 

... 
; 

0 C> 
,g 

·2 

·4 

4 7 8 9 10 11 12 13 
pH 

Figure 3. Plot of log k1y vs pH for the reaction of (1)MnIlI(X)2 with (Ph)2(C02Me)COOH (solid oval); 
(Ph)(Me)2COOH (open oval); and t-BuOOH (hatched oval). The points are experimental (ref 25), and the 
lines were genemted from an equation (refs 24 and 25) derived from eq 16 with an assumption of steady state 
in the intermediates IIH, and II-. 
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Scheme ill 

Y(X)H 

[c~61+ kJ[yOOH] III • e .. 
OH2 k_J 

OH k3[yOOH] 

~ . .. 
k_3 

OH2 

Ka2 -H+! t +H+ 

[ 
OH]- -~:r 
e$>~ 

OH +OIf 

[ 
H OYj+ b' 

e$> 
OH4l 
1lli2 

[H pY PYj b cEh ~ -
OH OH2 

Illi 

Ka4 -H+! t +H+ 

shaped" dependency described by eq 7. The ascending portions of the "bell-shaped" plots 

are brought about by the increase of a reactant or intermediate concentration with increase in 

pH [IIH, eq 5; [(I)FeIlI(OH)(H20))]+, eq 6; (I)FeIII(HOh-+ ROO-, eq 7], while the 

descending portions are due to the concentrations of a reactant or intermediate 

{[(I)FeIII(H20h]+, eq 5; IIH, eq 6; (I)FelII(OH), eq 7} becoming limited by increase in 

pH. For the pH vs log kly profiles of the reaction of (2)FeIIl(X)2 with H202 (Figure 2), 

the plateau regions at low, intennediate and high pH relate to the rate detennining conversion 

of IIH2+, IIH, and 11- to products. 

[(I)FeIII(H2Oht 
kJYOOH] 

IIH2+ 
k2 

products (4) .. ----k_l 
Ka3 

[(I )FeIII(H2Oh]+ 
k1[YOOH] 

IIH2+ 
-H+ k4 .. "- IIH ---- products (5) 

k_l +H+ 

[(I)FeIII(OH)(H2O)] 
kAYOOH] 

IIH 
k4 

products (6) .. ----
KD 

k_3 

[(I)FeIIl(OH)zf 
-HO-

(I)FeIII(OH) 
k5[YOO-] k6 .. "- If • products (7) .. 

+HO- k_5 

The reactions of (I)FeJII(X)2 and (2)FeJII(X)2 with alkyl hydroperoxides and H2~ 

are not subject to general-acid or general-base catalysis in the presence of oxygen acids 
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/oxygen bases. Additionally, no catalysis is observed for the reactions for alkyl 

hydroperoxides with buffer nitrogen acids/bases. However, general catalysis is observedfor 

the decomposition of H202 through lIH2+ (eq 4) with buffers of 4-substituted 2,6-

dimethylpyridines. The Br~nsted plot of log kgb (eq 8) vs pKa of the 4-substituted 2,6-

dimethylpyridines·H+ provide a P value of -0.1. 

-d[product1/dt = kgb[(2)FeIII(H20)(H202)][nitrogen base] (8) 

An examination of the deuterium solvent kinetic isotope effects (SKIEs) for the 

reactions with (1)FeIII(X)2 and (2)FeIII(X)2 show that the SKIEs values are comparable for 

alkyl hydroperoxides and hydrogenperoxide. Moreover, the SKIEs for the decomposition of 

IH2+ (kf//kjJ) display values that are >2 and <3, while the values for the decomposition of 

IIH (k4H/k4D ) are -1.0. This establishes that the decomposition of lIH2+ at low pH 

represents general-base catalysis with water solvent as the catalyst. In contrast, the reactions 

at intermediate pH (i.e., IIH decomposition) are not subject to such catalysis. Recall that 4-

substituted 2,6-dimethylpyridines act as general base catalysts in the decomposition of IIH2+. 

2.3. Influence of Hydroperoxide substituents on Rate Constants 

Examination of Figure 1 shows that the greatest difference in the kly values for the 

reactions of (Phh(CH30CO)COOH, Ph(CH3hCOOH and t-BuOOH with (1)FeIII(X)2 are 

in the plateau region at low pH where kly [= kJk2/(k-J+k2)] relates to the decomposition of 

the IIH2+ species (Scheme III). A plot of kJk2/(k-J+k2) vs the pKa of the substituted 

alcohols (Phh(CH30CO)COH, Ph(CH3hCOH and t-BuOH displays a slope of PIg --

0.22.19 Since complexation of (1)FeIII(X)2 with YOOH to provide the reactive species 

IIH2+ involves the terminal oxygen of the hydroperoxide, and the pKa 's of the most electron 

deficient (Ph)z(CH30CO)COOH and the least electron deficient (-BuOOH differ by about 

only 0.4 units, the values of the equilibrium constants (kJ/k-J) for the complexation of the 

alkyl hydroperoxide with (1)FeIII(X)2 are expected to be much the same for the three alkyl 

hydroperoxides. Thus, the PIg of -0.22 relates to the breakdown of the IIH2+ species. 

Analysis of the kinetic data for the decomposition of IIH complexes suggests that the PIg 

value is even smaller. Thus, the reaction of alkyl hydroperoxides with (1)F elll (X)2 display 

a marked insensitivity to polar effects. 

2.4. Mechanism of Iron-Coordinated Peroxide 0-0 Bond Cleavage 

as Shown by Products and Stoichiometries 

The products of the reaction of (1)FeIII(X)2 with t-BuOOH in the absence ofthe 

trapping agent ABTS are (CH3hC=O (90%), CH30H (90%), and t-BuOH (15%). Thus, 

90% of t-BuOOH is converted to t-BuO·, which fragments to provide (CH3hC=O and 

CH3·. The rate constant for fragmentation of t-BuO· radicals is appreciable in water (k = 1.4 

x 106 s-I).20 With increasing [ABTS], the yields of (CH3hC=O and t-BuOH approach 15% 

and 84%, respectively. Thus, -15% of the t-BuO· intermediate cannot be trapped by 

ABTS, regardless of ABTS concentration. Moreover, the product yields are insensitive to 
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pH (-4-11.5), buffer, ionic strength (with NaN03), or presence of 02. Within limits of 

detection, neither Cf4, C2H6, (t-BuOh nor 02 is a product. 

The lack of (t-BuOh establishes that eqs 9 and 10 are unimportant at the low [t

BuOOH] used. Although t-BuOO' was detected by spin trapping, the bimolecular reaction of 

eq 11 is also of little consequence since it is not competitive with unimolecular fragmentation 

of t-BuO at low [t-BuOOH]. t-BuOO' is likely to result from the reaction of eq 12. 

2t-BuO· -+ (t-BuOh (9) 

2t-BuOO -+ (t-BuOOh -+ (t-BuOh + 02 (10) 

t-BuO' + t-BuOOH -+ t-BuOH + t-BuOO' (11) 

(1)FeIV(X)2 + t-BuOOH -+ (1)FeIII(X)2 + t-BuOO· (12) 

The 90% yield of (CH3hC=0 with t-BuOOH is not in accord with a mechanism invol

ving the heterolytic cleavage of the 0-0 bond of iron-coordinated hydroperoxide. A 

heterolytic mechanism (Scheme IV) can provide only 50% (CH3hC=0 while homolysis 

Scheme IV 

(l)FeIII(Xh + t-BuOOH -+ ("+l)FeIV(Xh + t-BuOH 

(l'+)FeIV (Xh + t-BuOOH -+ (l)FeIV (Xh + t-BuOO' 

2t-BuOO' -+ 2t-BuO' + O2 

t-BuO' -+ (CH3hCO + CH3' 

(l)FeIV (Xh + CH3' -+ (l)FeIII(Xh + CH30H 

Scheme V 

(l)FeIII(Xh + t-BuOOH -+ (l)FeIV (Xh + t-BuO' 

t-BuO' -+ (CH3hCO + CH3' 

(l)FeIV (Xh + CH3' -+ (l)FeIII(Xh + CH30H 

(Scheme V) provides (CH3hC=0 in 100% yield. Thus, only a mechanism involving 

homolytic 0-0 scission can explain the yields of products in the reaction of (1 )FeIIl(X)2 

with t-BuOOH. Scheme VI accommodates these findings for the reactions of (1)FeIII(X)2 

and (2)FeIII(X)2 with t-BuOOH. The fragmentation of t-BuO· within the intimate pair for 

[(1)FeIII(X)2t-BuO·] is proposed to account for the 15% of t-BuO· that cannot be trapped 

by ABTS. 
In the reaction of (1)FeIII(X)2 with H202, rate controlling 0-0 bond homolysis can be 

(1)FeIII(H20)(H202) -+ [(l)FeIV (H20)(OH) ·OH] 

-+ (·+l)FeIV (H20)(OH) + HO-

(1)FeIV(H20)(OH) -+ ('+1)FeIV(H20)(OH) (+1.17V SCE) 

HO- -+ HO' (+ 1.65V SCE) 

(13) 

(14a) 

(14b) 
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Scheme VI 
Association 

(l)FelII(Xh + (CH3hCOOH -4 (l)FeIII(X)«CH3hCOOH) 

Caged Reactions 

(l)FelII(X)«CH3hCOOH) -4 I (l)FeIV(O)(X), '0C(CH3h) 

(l)FeIJI(O)(X), '0C(CH3h -4 {(l)Fe1V(O)(X), CH3', (CH3hCO) 

I (l)FeIV(O)(X), CH3', (CH3hCO) -4 (l)FelII(HzO)(X) + CH30H + (CH3hCO 

Non-Caged Reactions 

(l)FelII(X)«CH3hCOOH) -4 (l)FeIV(Xh + (CH3hCO' 

(CH3hCO' -4 (CH3hCO + CH3' 

(l)FeIV(O)(X) + CH3' -4 (l)FelII(HzO)(X) + CH30H 

Following Reactions 

(l)FeII\HzO)(X) + CH3' -4 (l)FeII(HzO)(X) + CH30H 

2 (l)FeII(HzO)(X) + Oz -4 (l)FeII\X)-O-O-FeII\I)(X) 

(l)FelII(X)-O-O-FeIII(l)(X) -4 2 (l)FeIV(O)(X) 

(l)FeII(HzO)(X) + (l)FeIV(O)(X) -4 2 (l)FelII(HzO)(X) 

Peroxide Oxidation 

(l)FeIV(O)(X) + (CH3hCOOH -4 (l)FeIII(HzO)(X) + (CH3hCOO' + H+ 

(CH3hCOO' -4 (CH3hCO' + 1/20z 

(CH3hCO' -4 (CH3}zCO + CH3' 

followed by a second Ie- transfer (eq 13). The oxidation of the Fe(IV) species by HO·, 

within the solvent cage, is thennodynamically favored on the basis of reduction potentials (eq 

14).21 This is not true when HO· is replaced by alkyl-O·. 

2.5. Summation of Findings for the Reactions of (I)FeIII(X)2 and 

(2)FeIII(X)2 with Hydroperoxides 

The reactions of alkyl hydroperoxides with (I)FellI(X)2 and (2)FeIlI(X)2, (i) are 

not subject to general-acid or general base catalysis at any pH by either oxygen or nitrogen 

acids or bases; (ii) display a deuterium SKIE > 2 for the rate-determining decomposition of 

intermediate IIH2+ (Scheme m but not for IIH or 11-; (iii) show a marked insensitivity of rate 

constants to polar effects; (iv) display products and product stoichiometry that are pH 

independent; and (v) produce a product stoichiometry that can only be explained via 

homolytic 0-0 bond cleavage (eq la). The deuterium SKIE at low pH indicates solvent 

general-base catalysis. We propose a preassociation of H20 with the iron(I1I) coordinated 

hydroperoxide (Chart II). 

For the reactions of H202 with (1)FeIlI(X)2 and (2)FeIII(X)2: (i) the deuterium SKIE 

associated with the decomposition of IIH2+ at low pH(D) is > 2; (ii) no catalysis by oxygen 

bases or acids is observed; and (iii) general base catalysis of decomposition of IIH2+ by 2,6-

dimethylpyridines displays a Bnljnsted ~ = 0.1. Features i and ii are similar to alkyl hydro

peroxides. A ~ = 0.1 indicates an early transition state and little dependence of kgb on the 

basicity of the catalyst. This would explain the weak base H20 (at 55M) acting as a general-
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base catalyst (Chart II). The lack of catalysis by oxyanion bases may be explained by eq 15, 

where the value of C may be greater for 2,6-dimethylpyridines than for carboxylates due to 

log kgb = ~pKa + C (15) 

the greater solvation of carboxylates and/or to the electrostatic repulsion of the negatively 

charged carboxylates. Shielding by an electrostatic effect is a real possibility. The 

relationship of pKaJ of (1)FeIII (X)2 to ionic strength (Guntelberg-Debye-Huckel 

expression)23 suggests that the m-sulfonate substituents on the porphyrin invokes a charge of 

-2 at the iron(III) center. 

2.6. Comparison of the Reactions of (1)FeIII(X)2 and 

(1)MnIII(X)2 with Hydroperoxides24-26 

The pH dependencies of kly for the bimolecular reactions of (1)MnIII(X)2 with three 

alkyl hydroperoxides are shown in Figure 3. For (1)MnIII(X)2, the kinetics of the reactions 

display pH dependence consistent with a scheme involving the critical formation of two 

hydroperoxide-coordinated manganese(III) intermediates at intermediate and high pH values. 

At low pH the the reaction of (1)MnIII(X)2 with hydroperoxides could not be determined 

over spontaneous decomposition of hydroperoxide. The kinetic expression was derived 

from the pathway shown in eq 16 with a steady state assumption in intermediates IIH and 11-. 

k2 
-_~~ products (16) 

A comparison of the log kly VS. pH profiles for the reaction of (1)MnIII(X)2 and 

(1)FeIII(X)2 with (Phh(CH30CO)COOH, Ph(CH3hCOOH, and t-BuOOH (Figures 1 & 3) 
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shows that the values of kly are comparable only at high pH (Le. II- decomposition). As pH 

decreases (1)FeIII(X)2, becomes a much better catalyst. These differences in kly at different 

pH's relate to the pH dependences of EO' potentials for (1)FeIII(X)2 (Scheme I) and 

(1)MnIII(X)2 (Scheme II). Thus, a comparison of the change in EO' for the le- oxidation of 

[(1)FelII(H20)2]+, (1)FeIII(OH)(H20) and [(1)FeIII(OH)2]- with [(1)MnIII(H20)2]+, 

(1)MnIll(OH)(H20) and [(1)MnIII(OH)2]- shows that the change in potential from iron to 

manganese for the different species are 130 mV (MG# = 3.0 kcal. mol-I), 70mV (MG#= 

1.6 kcal. mol-I), and 20 mV (LiLiG# = 0.5 kcal. mol-I), respectively. Hence, kly for the 

reactions of [(1)FeIII(OH)2]- and[(1)MnIII(OH)2]- are comparable, while at lower pH 

(1)FeIII(OH)(H20) and [(I)FeIII(H20)2]+ are far more reactive than their manganese 

counterparts. General catalysis with (Porph)FeIII(X)2 is seen only with the IIH2+ species 

(Scheme II), while the reactions through the IIH2+ species cannot be detected with 

(Porph)MnIII(X)2. Thus, it is not surprising to find that the reactions of hydroperoxides 

with (1)MnIII(X)2 and (2)MnIII(X)2 are not subject to general-acidlbase catalysis by H20, 

oxygen acids/oxygen bases, or nitrogen bases/nitrogen acids at any pH. 

The relationship between the rate constants and the pKa of (Phh(CH30CO)COH, 

Ph(CH3hCOH and t-BuOH are comparable for (I)MnIII(X)2 and (I)FeIII(X)2, suggesting 

homolytic 0-0 bond cleavage of manganese(III)-coordinated alkyl hydroperoxide. This is 

supported by the products obtained from the reaction of t-BuOOH with (I)MnIII(X)2. 

Product analysis in the absence of the ABTS trapping agent provide (CH3hC=0 (60-70%), 

t-BuOH (12%), t-BuOOCH3 (22-25%), (t-BuOh, CH30H and HCHO, while in its presence 

(CH3hC=0 (5%) and t-BuOH (89%) are formed. The product distribution showed no 

dependence on the pH of the reaction solutions. 

With imidazole, (I)MnlII(X)2 forms a monoligated species which reacts with alkyl 

hydroperoxides (eq 17) with a rate constant, kIm, exceeding kly by -4 to to-fold for 

t-BuOOH. The product distribution for the reactions in the presence of imidazole showed 

-d[YOOH]/dt = kIm[(I)MnIII(X)("imidazole")][YOOH] (17) 

significant dependence on the pH of the reaction mixtures. At intermediate pH values, the 

product profiles are consistent with a homolytic mechanism for 0-0 bond cleavage, where 

the major product was (CH3hC=0 (63-67%), with remainder being t-BuOH (19%), t

BuOOCH3 (13-16%), (t-BuOh, CH30H and HCHO. At high pH (-12), the yield of t

BuOH (63%) increased dramatically with concomitant decreases in the yields of (CH3hC=0 

(34%), t-BuOOCH3 (4%), (t-BuOh, CH30H and HCHO. The change in product 

distribution at high pH finds explanation in a change in mechanism of 0-0 bond cleavage 

from homolysis to heterolysis as a result of the deprotonation of the manganese(III)

coordinated imidazole (eq 18).25 A change in the basicity of the axially ligated imidazole ring 

(I)MnIII(OOY)(ImH) -+ [(I)MnIII(OOY)(Im)]- + H+ (PKa = 11.5) (18) 

by proton dissociation represents a mechanism whereby the reactivity at the metal center can 

be altered. 
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3. Mechanism of Alkene Epoxidation by Higher Valent Metallo-Oxo 

Porphyrins27 

Investigations directed toward the elucidation of the mechanisms of oxidation of 

alkenes by higher valent iron, chromium and manganese-oxo tetraarylporphyrins have 

resulted in a number of intermediates being proposed along the reaction path. These include 

the formation of intermediates such as a metallaoxetane, I,2S an alkene-derived 1t-radial 

cation, 11,29-31 a carbocation, 111,30-34 and a carbon radical, IV,35-39 together with a 

mechanism involving the concerted insertion of an "oxene" into the alkene double bond, 

V,40-42 (Chart III). These intermediates have been implicated on the basis of the stereo-
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chemistry of the product epoxides and the nature of other products that are produced. While 

the stereochemistry of the epoxide products relate directly to the mechanism of epoxidation, 

the nature of the other products that are formed may not be relevant if these products arise 

from reactions which are parallel or competing with the epoxidation reaction. Thus, the 

structures of products, other than epoxide, mayor may not contain information concerning 

the mechanism of epoxidation. For example, the catalytic oxidation of cis-stilbene by 

(CIsTPP)MnITI(OH)43 and C6F5IO provide cis-stilbene oxide, trans-stilbene oxide, 

benzaldehyde, diphenylacetaldehyde, and deoxybenzoin as products. The numerous 

products can be accommodated by a step-wise mechanism where all products arise from 

intermediates on the way to epoxide, or by mechanisms which are parallel and competing 

with epoxidation. 

3.1. Metallaoxetanes, I, Are Not Required Intermediates in 

Epoxidation 44-46 

Epoxidation via metallaoxetane intermediates, I, have been proposed to occur by a 

2a+2s cycloaddition of the alkene and metallo-oxo species followed by a concerted reductive 

elimination.2S The proposed requirement of I as an intermediate may be assessed by 

determining whether epoxidation occurs with metalloporphyrin catalysts that sterically 

prohibit the formation of I. Thus, when the sterically encumbered (BrsTPP)FeIII(CI) was 

used as a catalyst with C6F5IO oxidant to generate the (+'BrS TPP)FeIV (0) epoxidizing 

species, all cis-alkenes, including terminal alkenes were cleanly epoxidized. Although 

quantitative yields of epoxide were obtained, approach of the alkene to the iron(IV)-oxo 

reaction center is restricted by the bulk of the eight a-bromo substituents.44,45 

157 



We turned to molecular modeling to detennine whether formation of I was possible for 

the reaction of (+·Br8 TPP)FeIV (0) with alkenes. 0-Bromo substituents were appended, with 

a fixed Br-C bond distance of 1.85 A, on the phenyl rings of the X-ray structures of both the 

planar (TPP)FeIIl(Cl) (S = 5/2)47 and the extremely convexed [(+·TIP)FeIIl(Cl)](SbCI6-) (S 

= 2),48 and the phenyl rings were rotated to energy minima. In the convexed structure, the 

iron was 0.46 A out of the pyrrole nitrogen plane and 0.99 A out of the pyrrole p-carbon 

plane. For the construction of the putative metallaoxetane ring, the template X-ray structures 

of an iridium azametallacyclobutane, [Cp*(PMe3)lr(CH2CMe2NH2+)],49 and a platinum 

oxametallacyclobutane, [(As(C6HS}J)zPt(C2(CN)40)],SO were considered. Both structures 

displayed similar bond lengths and bond angles for the four-membered rings, and 

Cp*(PMe3)lr(CH2CMe2NH2+) was chosen as the template for the construction of the iron 

metallaoxetane. Structures of the metallaoxetane ring systems derived from cis-stilbene and 

2,3-dimethyl-2-butene were constructed by fixing the structure of the four-membered ring 

according to the X-ray structure and energy minimizing the orientation of the substituents. 

Assembly of the putative porphyrin metallaoxetanes was carried out by superimposing the Fe 

of the porphyrin and the Ir of the metallaoxetane, followed by readjustment of the substituent 

positions to provide minimal steric interactions. 

Examination of the computer constructed cis-diphenylmetallaoxetanes and the 

tetramethylmetallaoxetanes showed very unfavorable steric interactions between the phenyl 

and methyl substituents and both the porphyrin ring and the o-bromo substituents. These 

severe steric effects do not depend on the porphyrin being planar or convexed. In order to 

avoid these steric interactions, the Fe-C and F-O bond lengths of the metallaoxetane rings 

must be extended to unreasonable values of >3.2 A. It was concluded that metallaoxetanes 

could not be required intermediates in alkene epoxidation by hypervalent metal-oxo 

porphyrins. 

3.2. Rate-Limiting Formation of an Alkene-Derived 1t-Radical Cation, 

II, Cannot Be a Required Intermediate in Epoxidation51,52 

The feasibility of the rate-limiting formation of a 1t-radical cation intermediate, II, can 

be assessed by examining the linear free-energy correlation between the second-order rate 

constants (k2) for the bimolecular reaction of alkenes with the relatively stable Cr(V)-oxo 

tetraarylporphyrins and the potentials for the Ie- oxidation (AEl/2) of the alkenes. The linear 

correlation between log k2 and AEI/2 for the reaction of 16 alkenes with (Br8TPP)CrV(0)(X) 

is shown in eq 19 and Figure 4. Also, the bimolecular reactions between five variously 

log k2 = -2.99(AEI/2) + 4.02 (19) 

substituted Cr(V)-oxo tetraarylporphyrins and norbornene display a linear correlation 

between k2 and the le- reduction potentials (CEl/2) of the Cr(V)-oxo tetraarylporphyrins as 

shown by eq 20. The electrochemical emf values for the le- oxidation of alkenes by 

log k2 = -9.03(CEl/2) + 8.57 (20) 
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Figure 4. Plot of the log of the second-order rate constants for the reactions of a series of alkenes with 
(BrgTPP)CrV (O)(X) vs E1/2 for Ie" oxidation of the alkenes. The alkenes are as follows: (1) 1,4-diphenyl-
1,3-butadiene; (2) 4-methoxystyrene; (3) l,l-diphenylethylene; (4) 4-methylstyrene; (5) 2,3-dimethyl-2-
butene; (6) cis-stilbene; (7) styrene; (S) 4-acetoxystyrene; (9) cyclohexene; (10) norbornene; (11) cis
cyclooctene; (12) 4-cyanostyrene; (13) cis-2-pentene; (14) cycIopentene; (15) I-hexene; (16) l-octene; (17) 
trans-p,p'-dimethoxystilbene; (IS) (2)-1,2-bis(trans-2,trans-3-diphenYlcyclopropyl)ethene; (19) trans-~
methylstyrene; (20) trans-5-decene; (21) trans-2-pentene; (22) trans-2-hexenyl acetate. The log k2 values for 
trans-stilbene and trans-p.p'-dicyanostilbene exhibit large negative deviations due to steric effects (discussed in 
ref 71). 

(BrsTPP)CrV(O)(X) (CEl/2 = 0.88 V vs SCE)(eq 22) is given by CEl/2 -AEl/2 (eqs 2la,b). 

From the emf values, the standard free-energies (.1GO) for the equilibria of eq 22 may be 

calculated and compared with the free-energies of activation (.1G;t) obtained from the k2 

values by use of the Eyring equation.53 

(Brg TPP)Cr v (O)(X) + e

alkene'+ + e-

(Brg TPP)Cr v (0) (X) + alkene 

------
------

(Brg TPP)CrIV (0) + X 

alkene AE1/2 

(Brg TPP)CrIV (0) + alkene'+ 

(2la) 

(2lb) 

(22) 

A comparison of .1Go and .1G;t values for the alkenes shown in Figure 4, indicates that 

those alkenes located below the dashed-line display .1G;t < .1Go (i.e., free energy of II 

exceeds that of the transition state for the rate-limiting step) while those located above the 

dashed line display .1G;t > .1Go (i.e., free energy of transition state exceeds that of II). 

When .1G;t < .1Go, the redox reaction of eq 24 cannot be involved and the 1t-radical cation, 

II, cannot be an intermediate nor can it be a product formed from a competing reaction. 

About half the alkenes examined displayed .1G;t < .1Go. Examination of the reaction of 

(BrSTPP)CrV (0) (X) with l-octene, shows that .1Go exceeds .1G;t by -21 kcal mol-I. For II 

to exist as an intermediate solvent caged species, [(BrS TPP)CrIV (O)(X) + l-octene 1t-radical 
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cation], it must be stabilized relative to the solvent separated species by upto (21 + Y) kcal 

mol- I [where Y = LiG* for reversion of solvent-caged intermediates to solvent separated 1-

octene x-radical cation and (BrS TPP)CrIV (0)]. The possibility of a change in mechanism for 

the epoxidation from one involving the intermediate formation of a solvent caged pair to 

another is considered unlikely since there is no break in the plot of Figure 4. 

The conclusion that the mechanism does not involve rate-limiting le- transfer to form n 
is further supported by the slope of Figure 4. For reactions that involve an initial electron 

transfer, the relationship between the rate constants and the potentials for the le- oxidation 

(AEI/2) of the alkenes can take three possible scenarios: (i) at one extreme, the diffusion of 

reactants toward each other is rate-limiting and log k2 is independent of MEI{l (slope = 0); 

(ii) while at the other extreme, le- transfer is so endothermic that log k2 is directly 

proportional to ME I{l for the overall Ie- transfer (slope = -16.6 y-I); (iii) or an intermediate 

region, where log k2 for rate-limiting le- transfer is dependent on MEl/2, with the slope 

depending on the the degree of electron transfer in the transition state, changing from 0 to 

-16.6 y-I.54.55 The linear correlation of log k2 vs MEl/2 of Figure 4 shows a slope of 

-2.99 y-I, which corresponds to a Br~nsted a of -0.18 in a conventional Br~nsted plot of 

log k2 vs log Keq. Thus, in the reaction of (BrsTPP)CrV(O)(X) with alkenes, the transition 

state must be very early such that there is very little electron transfer. Such a situation is 

equivalent to rate-determining formation of a charge-transfer (CT) complex. 

The differences in the slopes of the linear free energy plots of log k2 vs AE l{l (alkene is 

varied, eq 21) and log k2 vs CEl/2 «Porph)CrV(O)(X) is varied, eq 22) indicates the 

presence of a perpendicular (Thornton) contribution to the overall Br~nsted slope a. On a 

scale of 0 (dissociative transition state) to 2 (associative transition state), the Thornton 

contribution to a can be calculated to be 0.63, and the Leffler-Hammond contribution to a 

(measure of a progress along the reaction coordinate) can be calculated to be 0.37.56 

Presuming a le- transfer mechanism, the transition state is located ca. 37% along the reaction 

coordinate and it is somewhat dissociative. This approximation of transition-state structure is 

not consistent with a full electron transfer (which is endothermic for about one-half of the 

alkenes studied and therefore requires a late transition state) but is reasonable for rate-limiting 

formation of a CT complex. An initially formed CT complex could collapse to give 

(Brs TPP)CrIII(X) and epoxide (Scheme YII). 

The formation of II can occur on oxidation of alkenes with low oxidation potentials. 

That the formation of II did not occur at the rate-determining step was shown by examination 

of the oxidation of (Z)-1,2-bis(trans-2, trans-3-diphenylcyclopropyl)ethene, VI-Z, by 

(BrsTPP)CrV (0)(BF4-) and (BrSTPP)CrV (0)(CI04-) in CH2Cl2 solvent.29 With 

(BrSTPP)CrV(0)(BF4-), VI-Z provides the trans,trans- and trans, cis-dienes VIII as 

products, while (Brs TPP)CrV (0)(CI04-) provides the trans-2,trans-3-diphenylcyclopropane 

carboxyaldehyde as the major product (Scheme YIII). The second-order rate constant (k2) 

for oxidation of VI-Z was found to fit the line of Figure 4 and was independent of X- = BF4-

or CI04-. We propose the initial rate-determining step to be the formation of the CT 

complex, [CT]+[X]-. When X- = BF4-, the CT complex provides a carbocation radical, VII, 
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which undergoes dual cyclopropylcarbinyl to homoallylcarbinyl radical rearrangement 

(CPCRR) and cyclopropylcarbinyl to homoallylcarbinyl carbocation rearrangement (CPCCR) 

and captures the halogen species generated from the solvent to provide the dienes VIII. 

With X- = CI04-, the CT complex breaks down with CI04- as an oxidant to provide trans-

2,trans-3-diphenylcyclopropanecarboxyaldehyde. The inclusion of the CI04- cooxidant to 

provide the [CT]+[X]- structure amounts to an enforced oxidation. 

3.3. Formation of Carbocation, III, Cannot Be Rate Limiting52 

Electrophilic addition of the metallo-oxo species to an alkene has been proposed to 

generate the carbocation intermediate, III, which is partially stabilized by the interaction of 

the positive charge with the electron cloud of the porphyrin nitrogens. The proposed 

requirement of III as an intermediate was based on the rearranged products that are obtained 

in the reactions with cis-stilbene. Thus, the reaction of (F20 TPP)FeIII(Cl), (CIs TPP)FeIII(CI) 

or (CIS TPP)MnIII(Cl) catalysts and C6F5IO oxidant with cis-stilbene produced deoxybenzoin 

and diphenylacetaldehyde as rearranged carbonyl products.33 

The plausibility of the rate-limiting formation of III can be assessed by examining the 

linear free-energy relationship of log k2 and a+ for the epoxidation of substituted styrenes by 

(BrsTPP)CrV(O)(X)51 and (+·TMP)FeIV(O),36c which provide a slope of p+ = -1.9. 

Comparison with known rate-limiting carbocation formations via electrophilic additions to 

substituted styrenes show greater negative p+ values (-3.58 for hydration5? and -4.8 for 

161 



Scheme VIII 
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bromination58). Thus, these observations do not favor fonnation of III in the rate-limiting 

step. Moreover, the observation of rearranged products in the epoxidation of certain alkenes 

does not necessiate the involvement of an alkene-derived carbocation radical, II, or a 

carbocation, III, on the reaction path to epoxide. 

3.4. Radical, IV, Is Not a Required Intermediate in Epoxidation38 

In a search for radical intennediates, IV, the cis-olefinic substrate (Z)-1,2-bis(trans-2, 

trans-3-diphenylcyclopropyl)ethene, VI-Z (scheme IX), incorporating the hypersensitive 

radical trapping group, trans-2, trans-3-diphenylcyclopropyl, was used in the epoxidation 

Scheme IX 

Ph Ph 

Ph Ph Ph 
(porph)M"'(X) .. 

C~5IO 
o 

VI-Z cis-IX 

reaction. From competitive studies, it was established that the ring openings of the phenyl

substituted cyclopropylcarbinyl radicals by a cyclopropylcarbinyl to homoallylcarbinyl radical 

rearrangement (CPCRR) is very fast with rate constants ~ 2 x 1010 s-1 at room temperature. 

These radicals have very short lifetimes at room temperature, and are considered to be much 
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faster than diffusional processes and can compete in measurable amounts with even the 

fastest possible fIrst-order processes. 

The reactions of VI-Z with (F20TPP)FeIII(Cl), (ClsTPP)FeIII(Cl), and 

(CIs TPP)MnIll(OH) catalysts and C6FSIO oxidant provided the cis-epoxide, IX, as the major 

product (Scheme IX). The yields of the cis-epoxide for the various catalysts were 95% for 

(F20TPP)FeIII(Cl), 90% for (ClsTPP)FeIII(Cl), and 84% for (ClSTPP)MnIII(OH). No polar 

products (which could derive from the radical species, IV) or any trans-alkene or trans

epoxide could be detected to 0.1 % detection limit. Aside from the cis-epoxide, IX, very 

non-polar, non-oxygen containing products were obtained in 5-16% yield. 

The test for radical intermediates in the epoxidation reaction is based on the required 

rate constant for partitioning of the putative radical intermediate to epoxide as compared to 

other products. Given that the rate constant for CPCRR of the (trans-2, trans-3-diphenyl 

cyclopropyl)carbinyl radical is;::: 2 x 1010 s-1 and that the yield of products derived from the 

radical species IV are <0.1 %, the conversion of radical to cis- IX would have a rate constant 

of >1012 s-l. The neutral radical species IV cannot be a discrete intermediate in the 

epoxidation reaction. 

Products which could be derived from the carbocation radical VII are obtained in 5-

16% yields. It follows that the rate constant for conversion of VII to epoxide must be;::: (1-

2) x 1011 s-l. A rate constant of 1011 s-1 for the recombination of a solvent-caged pair 

involving VII to provide epoxide is not unreasonable. Recall our conclusion that the 

formation of VII cannot be rate determining. The nonpolar products could have arisen from 

a reaction that is parallel to epoxidation. 

3.5. Rate Limiting Formation of a Radical Intermediate in 

Epoxidation by Mn(IV)-Oxo porphyrinsS9 

The manganese porphyrin systems display alkene oxidation products that can be 

attributed to a radical type reaction which can be traced to the presence of the Mn(IY)-oxo 

porphyrins. For example, the catalytic oxidation of cis-stilbene by (CIS TPP)MnIII(OH) and 

C6F 510 provide both cis- and trans-stilbene oxides together with benzaldehyde, 

diphenylacetaldehyde, and deoxybenzoin. The loss of stereochemistry during the 

epoxidation has been explained by the formation of a carbon radical intermediate. 

Additionally, the cis-stilbene conversion to products was found to exceed the equivalents of 

~F510 employed, further suggesting radical condensation processes. The plausibility of the 

rate limiting formation of a (Porph)MnIILO-C-C· radical intermediate was assessed by 

examining the linear free-energy correlation between the second-order rate constants (k2) for 

the bimolecular reaction of alkenes with (CIS TPP)MnIV (0) and the potentials for the 1e

oxidation (AE 1/2) of the alkenes. The linear correlation of log k2 vs AE 1/2 is given eq 23 

log k2 = -0.89(AEl/2) + 1.14 (23) 

which provides a slope of -0.89 y-l. This corresponds to a Br0nsted ex of -0.05 in a 

conventional Br0nsted plot of log k2 vs log Keq. Moreover, the linear free-energy relation-
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ship of log k2 vs crt for the reaction with substituted styrenes provides a slope of p+ = -0.99. 

These observations support a transition state involving very little charge separation, in accord 

with the rate-detennining formation of a charge-transfer complex or a neutral carbon radical 

intermediate. Product yields determined for the reaction of (CIs TPP)MnIV (0) with various 

alkenes are in accord with a mechanism involving the formation of a neutral radical 

intermediate. Thus, the products of cis-stilbene oxidation under aerobic conditions provide 

cis-stilbene oxide (7%), trans-stilbene oxide (5%) and benzaldehyde (3%) as products. The 

reactivities of the alkenes showed that the trans-alkenes are slightly more reactive than their 

cis-isomers and that electron releasing substituents slightly favor the reaction. In a search for 

the radical intermediate the the cis-olefinic substrate (Z)-1,2-bis(trans-2, trans-3-

diphenylcyclopropyl)ethene, VI, was used as a radical trap. While no epoxide products 

were found, a polar oxygen-containing product resulting from the opening of the cyclopropyl 

radical to homoa/lylcarhinyl radical was detected supporting the formation of a carbon radical 

species. 

3.6. A Concerted Mechanism For Epoxidation Can Be Favored 

The following findings support a mechanism involving the concerted insertion of an 

"oxene" equivalent into the alkene double bond: (i) Epoxidation of alkenes by higher valent 

oxo-metalloporphyrins is stereospecific for the vast majority of alkenes. In the case of 

manganese porphyrins, the formation of trans-epoxides from cis-alkenes may be traced to 

contamination of the manganese(V)-oxo porphyrins by manganese(IV)-oxo porphyrin. (ii) 

The p+ values reported for the epoxidation of a series of substituted styrenes by 

(TPP)FeIII(CI) and QiHsIO is -0.93. This value is similar to the p+ values reported for 

known concerted processes such as the insertion of carbenes into double bonds (-0.62 to 

-1.61)60 and the epoxidation of alkenes by perbenzoic acid (-1.2).61 (iii) The most efficient 

and selective catalyst for epoxidation is the sterically encumbered (BrsTPP)FeIII(CI). The 

bulky o-bromo substituents can play two roles in favoring a concerted mechanism. The 

steric bulk could prevent the interaction of the alkenes with the electron density of the 

porphyrin ring. This would prevent any stabilization of a positive charge on the alkene that 

could develop in an electrophilic mechanism which would provide the carbocation 

intermediate, III, and the corresponding rearranged products. Additionally, the heavy 

bromine atoms could facilitate spin-spin interconversions via spin-orbit coupling by creating 

a favorable environment for concerted oxygen insertion into the alkene double bond and 

formation of epoxide.62-6S 

Concerted oxygen insertion into the alkene double bond could follow rate-limiting 

formation of a CT complex if a very fast change of spin states occurs. The iron-bound 

oxygen in the iron(IV)-oxo x-cation radical species is believed to have a triplet oxenoid 

character due to the mixing of the Px and Py orbitals of oxygen with the dxz and dyz orbitals 

of iron.66 Thus, for a concerted mechanism efficient spin inversion from the triplet oxenoid 

to a singlet oxenoid should occur. Spin inversion does not pose a problem since efficient 

changes of spin states and the presence of "spin equilibria" are well documented for iron 
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porphyrins.62-65 It is known that mixing of spin states and spin inversions are accelerated by 

the presence of other unpaired spins in an unsymmetrical environment.65 The unpaired 

electron in the porphyrin 1t-cation radical might just create such an environment at the point 

where the electron redistribution within the alkene and the oxidant has commenced. This is 

supported by the fact that (+'BrgTPP)FeIV(O)(X), which has a porphyrin centered 1t-cation 

radical structure, epoxidizes alkenes in almost quantitative yields, while 

(BrgTPP)CrV (O)(X), which lacks the 1t-cation radical structure, provides substantial 

rearranged products. 

After rate-determining formation of the CT complex and change of spin-state, the ratio 

of epoxide to carbocation rearrangement products would be determined by the relative rates 

of (i) concerted oxygen insertion to give epoxide and (ii) electrophilic attack of metal-bound 

oxygen on the alkene to provide a carbocation intermediate (Scheme X). The latter would be 

greatly favored by the overlap of the p orbitals on the alkene and the porphyrin nitrogens. 
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3.7. Porphyrin N.Alkylation Can Be Concerted and Can Compete 

with Epoxidation 

With alkyl-substituted terminal alkenes various degrees of porphyrin N-alkylation 

accompany epoxidation. The N-alkylation take place exclusively at the unsubstituted 

terminus of the double bond and could be a concerted or non-concerted reaction. Formation 

of an intermediate carbocation on the path to N-alkylation can be excluded because it would 

require the preferential formation of a primary carbocation. Radicals, on the other hand, 

show much lower preference for substituted vs unsubstituted carbon,67 suggesting that an 

initial formation of a carbon radical, followed by its collapse to the N-alkyl porphyrin is 

possible.41 ,6g While carbon radicals cannot be discrete intermediates in the epoxidation 

reaction (vide supra), they can be intermediates in N-alkylation, if N-alkylation is a side 

reaction to epoxidation. 
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Another possibility is the intermediacy of an alkene-derived x-cation radical IV. 

However, the formation of IV from primary alkenes is energetically unfavorable (Le., the 

potentials for le- oxidation are quite positive for aliphatic primary alkenes), although it is 

these alkenes which exhibit N-alkylation. Styrene, which has a much lower oxidation 

potential that would favor the formation of IV, does not exhibit N-alkylation.69 This 

dichotomy would tend to eliminate carbocation radicals as plausible intermediates in 

porphyrin N-alkylation. 

In the (+'Porph)FeIV (0) (X) oxidant, a partial positive charge resides on the porphyrin 

nitrogens, and a partial negative charge resides on the iron bound oxygen, thereby making 

the O-Fe-N moiety similar to many dipolar molecules that are involved in 1,3-dipolar 

cycloadditions with alkenes.70 Also, both the iron-bound oxygen and the porphyrin nitrogen 

possess unpaired electron density, so that the O-Fe-N moiety has a partial 1,3-diradical 

character. Thus, after initial formation of a CT complex between alkene and 

(+·Porph)FeIV (O)(X) and the subsequent change of spin-state, two limiting mechanisms for 

a concerted N-alkylation are allowed, 1,3-dipolar cycloaddition and 1,3-diradical addition to 

the alkene. While N-alkylation also involves reduction of the iron and the breaking of the Fe

N bond, the means for concerted electron redistribution leading to N-alkylation are available 

(Scheme XI). It can be argued that N-alkylation is a concerted reaction that is in competition 

with epoxidation. 
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3.8. Summation of Findings on the Mechanism of Epoxidation by 

Higher Valent Metallo-Oxo Porphyrins 

Epoxides are one of several products that are formed in reactions of metallo-oxo 

porphyrins with alkenes. The nature of the other oxidized products may not relate directly to 

the mechanism of epoxidation if they arise from reactions which compete with epoxidation. 

Of the various mechanisms proposed for the epoxidation, the formation of a metallaoxetane 

intermediate, I, along the reaction pathway is sterically impossible as shown for 
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(+'Porph)FeIV (0) and (Porph)CrV (O)(X). The dependence of the log of the second-order 

rate constants upon the potential for reduction of alkene-derived 1t-cation radicals, II, 
(equivalent to PI-O"I correlation) as well as a comparison of experimentally available values of 

AG* and AGo rules out the required intermediacy of II at any step in alkene epoxidation by 

both (Porph)CrV(O)(X) and (+·Porph)FeIV(O). The PI-O"I relationship for the epoxidation of 

styrenes by (Porph)CrV (O)(X) and (+'Porph)FeIV (0) does not support rate-determining 

carbocation, III, formation. Trapping experiments have shown that the existence of an 

intermediate carbon radical, IV, would require a life time::; 10-12 s, indicating that a carbon 

radical intermediate cannot be formed along the pathway to epoxide for the reactions with 

(+'Porph)FeIV (0), (Porph)CrV (O)(X) and (Porph)Mn V (O)(X). Thus, for the various 

mechanisms proposed for the epoxidation of alkenes by (+'Porph)FeIV (0) and 

(Porph)CrV (O)(X) species, those which require rate-determining formation of I, II, III, and 

IV may be dismissed. It is most likely the same conclusions can be reached for epoxidations 

involving (porph)Mn V (O)(X). Alkene oxidation products arising from a radical type reaction 

with manganese porphyrins is attributed to the contamination of the manganese(V)-oxo 

species by manganese(IV)-oxo species. The oxidation of alkenes by (Porph)MnIV (0) 

support the rate-determining formation of a (porph)MnIILO-C-C· radical intermediate. 

A general picture emerges where the rate-limiting step is the formation of a charge

transfer complex. The reactions following the rate-determining step (epoxidation vs 

rearrangement) are dependent on a number of factors that include the oxidation potentials of 

the alkenes and the active oxidant, the steric and electronic structures of the reactants (steric 

bulk and geometry of both species and the metal axial ligand of the metalloporphyrin), as 

well as the propensity of various substrates to undergo rearrangements. 
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INIR.ODUCfION 

The role of iron protoporphyrin (IX), the prosthetic group in most heme proteins, 
is determined by the local environment of the heme group. Thus in cytochrome bS it 
has two tightly bound ligands and it is involved in electron transport. In hemoglobin, 
cytochrome P450 monooxygenases and peroxidases, however, the sixth (distal) ligand 
is either absent or only weakly bound allowing ligation of dioxygen or hydrogen 
peroxide to the metal centre. The behaviour of the latter group of heme proteins is 
further defined by the nature of the fifth (proximal) ligand and the polarity of and 
access to the active site. l Much recent research has been directed towards determining 
these controlling factors since they have important implications in the understanding of 
biological systems and in the development of new catalytic oxidations. 

In horseradish peroxidase (HRP), the most thoroughly studied peroxidase, the 
iron (III) porphyrin with a proximal histidine ligand is almost entirely surrounded by 
protein. As a consequence the enzyme is able to restrict and control access to the distal 
position of the heme group to small alkyl hydroperoxides and H20 2.l Furthennore by 
acidlbase catalysis and the polar environment of the active site it is able to promote 
heterolysis of the peroxide 0-0 bond to give the oxoiron(IV) porphyrin n radical 
cation, compound I [reaction (1)].2 The protein surrounding the active site also ensures 
that the subsequent one-electron oxidations of the substrate are restricted to interactions 
at the edge of the heme molecule and, unlike cytochrome P450, do not involve the 
oxoiron(IV) group directly. The general reaction sequence for HRP-catalysed oxidations 
is shown in reactions (1)-(4). 

HRP + ROOH 
HRP-I + Sub-H 
HRP-II + Sub-H 

Sub' 

--------
HRP-I + ROH 
HRP-II + Sub' 
HRP + Sub' 
Products 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
Edited by ORR. Barton et aI., Plenum Press, New York, 1993 

(1) 
(2) 
(3) 
(4) 
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Peroxidases can catalyse the oxidation of a wide range of substrates. Typically 
these are phenols and aromatic amines but biopolymers such as lignin are also 
susceptible to oxidative degradation. The mechanisms of these one-electron oxidations 
have been suggested to be either an electron transfer, H-atom abstraction or the 
simultaneous removal of an electron and a proton.3-S 

Although many high valent oxoiron porphyrins have been prepared there have 
been ver1c few mechanistic studies of oxidations by these models for HRP compounds I 
and II.9, 0 This can largely be attributed to the low stability of such species which has 
restricted investigations to low temferature studies in non-aqueous media. However, in 
recent studies well and othersl2,1 have shown that ionic oxoiron(IV) porphyrins are 
surprisingly stable in basic aqueous solution (Table 1). This in turn has provided the 
opportunity to study and compare the oxidations by synthetic oxoiron(IV) porphyrins 
with those by their enzymic analogues. The results from such a study are presented 
here. 

Table 1. Lifetime of ionic oxoiron(IV) tetraarylporphyrins in aqueous buffer at pH 
9.2.11 

Oxoiron(IV) tetraarylporphyrin I 

Aryl group Concentration 
/l0-~ 

4-carboxyphenyl 9.3 

4-sulphonatophenyl 8.0 
4-trimethylammoniumphenyl 7.9 

4-N-methylpyridyl 9.4 

2-N-methylpyridyl 9.1 

2,6-dichloro-3-sulphonatophenyl 6.S 

Lifetime 

/h 

I 

I 

2 

4 

13 

24 

% Bleaching 

50 
35 

4 

3 

I Generated from iron(IIJ) porphyrin with 3 equivalents of tBu02H in 0.1 M borate buffer, pH 9.2 at 

30°C. 

RESULTS AND DISCUSSION 

Preliminary Studies 

Of the readily available ionic iron porphyrins, we chose the tetra
(N-methylpyridyl) derivatives since their ferryl species are amongst the most stable and 
their porphyrin rings are relatively resistant to oxidative bleaching. A preliminary series 
of experiments was designed to classify the types of oxidation brought about by these 
oxoiron(IV) porphyrins (Figure 1). UV -VIS spectroscopy was used to show that only 
substrates that are readily oxidised by electron transfer or H-atom abstraction [Figure 2, 
paths (a) and (b)] are able to reduce the oxidant to iron (III) porphyrin whilst those that 
might be susceptible to oxygen transfer are inactive [Figure 2, path (c)]. The lack of 
oxygen transfer from the oxoiron(IV) porphyrin is not unexpected for, although 
oxoiron(IV) porphyrin II radical cations (compound I analogues) are active 
mono-oxygen donors, there are few well authenticated examples of oxygen transfer from 
the corresponding oxoiron(IV) porphyrins (compound II models). Ellis and Lyons l4 

have proposed the latter as the active oxidant in the iron porphyrin catalysed 
autoxidation of alkanes and Weberl5 and his coworkers suggest ferryl porphyrins are 
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Inactive Substrates 

o N 

MeOH 

Active Substrates Me 

OH 

6 
X 

~NMe2 
cYN~ 
~W!J,s~ 

Promethazine 

ABTS 

Figure 1. Substrates that are active and inactive reducing agents for OFe(IV)T4MPyP in aqueous buffer 

at pH 9.2 

OH 
+- I - e 

Sub - H + G:) (a) r 0 OH 
/I I 

00 -H- G:) (b) Sub - H + Fe Sub- + 

~ SubOH + G:) (e) 

Figure 2. Possible oxidation mechanisms of oxoiron(lV) porphyrins 

oxidants generated by the photolysis of iron porphyrin ).l-OXO dimers. 

Kinetic Study of Phenol Oxidation 

Following the preliminary studies, a detailed kinetic investigation of phenol 
oxidations was undertaken. This was carried out with OFe(IV)T2MPyP under less 
alkaline conditions ~H 7.7) to allow meaningful comparisons with previous studies with 
HRP compound 11.5, At pH 7.7 OFe(IV)T4MPyP is markedly less stable than it is at 
pH 9.2 and this leads to experimental complications in studying its reactions. The 
isomeric OFe(IV)T2MPyP (Figure 3) is, however, -100 x more stable than 
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OXIDANT 

Figure 3. Oxoiron(lV) tetra(2-N-methylpyridyl)porphyrin [OFe(IV)T2MPyP] 

2.0 

~ 1.5 
o 

.:.:: 

1.0 

0.5 

2 3 4 

[3-cyanophenol] x 10" / Moldm 1 

d[OFe(IV)p]/dt = k2[OFe(IV)p)[ArOH] 

Figure 4. Dependence of pseudo first order rate constant on 3-cyanophenol concentration 

OFe(IV)T4MPyP under these conditions and for this reason this ferryl species was used 
as the oxidant for the kinetic studies. 

Although OFe(IV)T2MPyP can be generated from the iron(III) porphynn usmg a 
number of alternative oxidants,u tBu02H was selected in this study. The ratio of 
tBu02H to Fe(III)T2MPyP employed was 1:2, the theoretical minimum for complete 
oxidation of the iron(III). Under these conditions UV-VIS spectroscopy showed that 
there was a 73% conversion to OFe(IV)T2MPyP. The missing oxidant is consumed in 
competitive unproductive side reactions of tBu02H and OFe(IV)T2MPyP. An excess of 
tBu02H over Fe(III)T2MPyP was not employed for the main kinetic studies to avoid 
possible complications from the recycling of the iron(III) porphyrin during the reaction, 
although as described and discussed below this precaution was subsequently found to be 
unnecessary . 

The time course of the reactions was monitored, following rapid mixing with a 
stopped-flow apparatus, by measuring the disappearance of OFe(IV)T2MPyP O .. 416mm). 
The kinetic system was defined using 3-cyanophenol. With an excess of the phenol the 
reactions follow first-order kinetics for greater than 3 half-lives. The measured pseudo 
first-order rate constants ( kobs) show a linear dependence on the phenol concentration 
(Figure 4). By contrast, for a constant excess of 3-cyanophenol, the value of kobs was 
found to be independent of the initial concentration of OFe(IV)T2MPyP. These data 
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Table 2. Second-order rate constants for oxidation of phenols by OFe(IV)T2MPyP in 
aqueous phosphate buffer, pH 7.7 at 30oC; Il, 0.2 M- l 

X-C6H4OH pKa ~/104 M-1s-1 

3-CN 8.6 0.424 

3-F 9.2 1.57 
H 10.0 1.78 (1.71)1 

4-F 9.9 1.92 (1.98)1 

4-CI 9.4 2.44 (2.40)1 

4-Me 10.3 4.05 (4.04)1 

4-0Me 10.1 19.6 (21.6)1 

1 OFe(IV)P from Fe(III)P: tBu02H ratio 1 : 1 

show that the 3-cyanophenol oxidations follow the simple second-order rate equation; 
d[OFe(IV)P]ldt = kz[OFe(IV)P][ArOH]. 

Linear kobs versus [ArOH] plots equivalent to Figure 4 were used to obtain 
second-order rate constants for six other phenols (Table 2). For five of the phenols the 
kinetics were also investigated using a 1:1 molar ratio of tBu02H : OFe(IV)T2MPyP to 
generate the oxidant, i.e. using an excess of the hydroperoxide. The second-order rate 
constants obtained from these experiments are within experimental error identical to 
those where a 1:2 ratio was employed, suggesting that recycling of the excess tBu02H 
under the experimental conditions is unimportant. This conclusion is supported by an 
examination of the relevant rate constants. For although no second-order rate constant 
for the reaction of tBu02H with Fe(III)T2MPyP at pH 7.7 has been reported, a value of 
59 M-1s-1 can be calculated for the equivalent reaction with the 4-N-methylpyridyl 
isomer.16 Comparison of this value with the measured second-order rate constants from 
the present study suggests that the rate of regeneration of OFe(IV)T2MPyP from 
Fe(III)T2MPyP and tBu02H under the kinetic conditions would be insignificant by 
comparison with the rates of reduction of OFe(IV)T2MPyP by the phenols (Figure 5). 

OFe(IV)T2MPyP Fe(III)T2MPyP 

pH 7.7 , 11 = O.2M, [PhOH) = (2.2 - 9.9) x 10 .5M 

[Fe(III)T2MPyp) = (tBU02H) = 2.2 x lO'6M 

* Value for Fe(III)T4MPyP 

Figure 5. Porphyrin cycling in the reaction of OFe(IV)T2MPyP with phenol in aqueous buffer at pH 7.7 
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EPR Studies 

A stopped-flow EPR study was carried out out on the reaction of 
OFe(IV)T2MPyP with water soluble phenol Trolox C and this gave the phenoxyl radical 
spectrum in Figure 6. Trolox C was chosen as a substrate for the EPR studies because 
it is water soluble and its highly substituted phenoxyl radical is relatively stable towards 
bimolecular radical-radical destruction processes. However, the lifetime of the Trolox C 
phenoxyl radical was surprisingly short under the reaction conditions (Figure 7). From 
this we infer that the oxidation of Trolox C follows reactions (5) and (6) and that the 
self-reaction of the phenoxyl radical [reaction (7)] is unimportant. It is noteworthy that 
if this conclusion also applies to the oxidation of the phenols in the kinetic study above, 
the second-order rate constants in Table 2 should all be reduced by a factor of 2. 

OFe(IV)P + Trol-OH 
OFe(IV)P + Trol-O' 

2 Trol-O' 

Me 

--
Ho:¢:1. I C02H 

h ° 
OFe(lV)P 

Me CH 
Me 3 

TROLOX C 

i 
I 

Fe(llI)P + Trol-O' 
Fe(llI)P + Product 
Products 

Me 0:¢:1. I h C02H 

Me ° CH 
Me 3 

I lOG I 

(5) 
(6) 
(7) 

Figure 6. The EPR spectrum of the phenoxyl radical from Trolox C and OFe(IV)T2MPyP at pH 7.7 

C\l 
c 
.2' 
(/) 

o 20 
tis 

40 60 

Figure 7. The time dependence of the Trolox C radical from stopped-flow mixing of Trolox C with 

OFe(IV)T2MPyP at pH 7.7 
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The Mechanism of Phenol Oxidation by OFe(lV)T2MPyP 

Figure 8 identifies three alternative mechanisms for the one-electron oxidation of 
phenols to phenoxyl radicals. Of these, path (c) the one-electron oxidation of the 
phenolate ion can be eliminated since the substrates were selected to be predominantly 
unionised at the pH of the study. Furthermore, the second-order rate constants for each 
substrate has been corrected for the small proportion of the phenolate present. 

To determine whether path (a) or path (b) correctly describes the oxidations, we 
carried out Hammett and modified Hammett analyses of the rote data (Table 3, Figures 
9 and 10). Correlation of the second-order rote constants using a single parameter 
Hammett equation gives the best linear fit to a+. The correlation, however, is markedly 
improved by the use of the modified dual parameter Hammett equation proposed by 
Dust and Amold.20 

OH 

6 
Figure 8. Possible one-electron oxidation mechanisms of phenol to the phenoxyl radical 

[!]4-0CH, 
5.2 

4.8 

4-CH,[!] 

[!] 3-F 

4.0 

3.6 [!] 3-CN 

-0.75 -0.5 -0.25 0.0 0.25 0.5 

Sigma+ 

Figure 9. Correlation of log Is versus a+ for phenol oxidations by OFe(IV)T2MPyP 
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.3 4.4 

4.0 

3.6 

1!14-0CH, 

1!13-F 

-0.4 0.0 0.4 0.8 

7·360"-0>7350+ 

Figure 10. Correlation of log Is versus dual parameter «(]+, (] .) for phenol oxidations by 
OFe(IV)T2MPyP 

Table 3. Correlation of log k2 for phenol oxidation by OFe(lV)T2MPyP with 
substituent constants and phenolic bond dissociation energy. 

Substituent Constant Reaction Correlation 
orBDE Constant Coefficient 

(] - 1.52 0.881 1 

(]+ - 1.10 0.956 2 

(] 18.8 0.921 3 

0+., o· - 0.735 (p+) 0.972 3 

7.36 (po) 

LlLIH f 0.989 4 

I(]values from reference 18; 2(]+ values from reference 19; 

3 (]' values from reference 20; 4 LlLIH f =LlH fArO' - LI Hf ArOH , reference 17. 

The negative p values from the Han1mett analyses with (] and (]+ and the improved 
correlation with the dual parameter plot indicate that the oxidations are assisted by both 
electron-donating and radical stabilising substituents. At first sight this might be taken 
to imply that the oxidations proceed by an electron transfer mechanism generating the 
phenol radical cation [Figure 8, path (a)]. However the Hammett correlations of 
H-atom abstractions by oxy-radicals have been commonly observed to show significant 
negative p values and to correlate better with (]+ than (]. This has been attributed to the 
development of a partial charge separation in the transition state. Comparison of the p 
values from this study with those from related H-atom abstractions and electron transfer 
oxidations shows that they resemble the former more closely (Table 4). From this we 
infer that OFe(IV)T2MPyP oxidises phenols by H-atom abstraction. In agreement with 
this conclusion the log k2 values show an excellent correlation with the phenolic bond 
dissociation energies (LlLlH f) reported by Brewster et al. 17 
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Table 4. Hammett u+ correlations for radical H-atom abstractions and for electron 
transfer oxidations. 

Substrate Oxidant 

H-atom abstraction 

ArOH tBuO' 

ArCH3 tBuO' 

ArCH3 R02· 

Electron transfer 

ArNMe2 Pb(OAc)4 
ArOH C4F90 2' 

ArOH CCI30i 

Solvent 

(TempfC) 

PhH(22) 

CCI4(40) 

PhCI(30) 

AC20/CHCI3 (38.5) 
MeOH(22) 

MeOH(22) 

Reaction 
Constant 

_ 0.90 1 

-0.68 2 

- 0.6 3 

-2.4 4 

- 2.3 5 

- 3.3 5 

I Reference 21; 2 Reference 22; 3 Reference 23; 4 Reference 24 correlation with u; 5 Reference 25. 

Table 5. Dual parameter (u+, u·) analyses of H-atom abstractions 

Reaction P P'/P Correlation 

Coefficient 

0.47 0.997 

2.81 0.978 

18.2 0.983 2 

10.0 0.972 3 

ArCH3 with NB~ -1.43 0.672 
ArCH3 with tBu 0.462 1.30 

ArCH3 with Fe(III)TPP/phIO -1.03 18.7 

ArOH with OFe(IV)T2MPyP -0.735 7.36 

1 Reference 20; 2 Reference 26; 3 This study 

The dual nature of some radical reactions has been noted by Dust and Arnold20 

who have attempted to quantify the charge and radical contributions of the reactions. 
The results from such an analysis of phenol oxidations in the present study are 
compared with some other radical oxidations in Table 5. 

A Comparison of the Oxidation of Phenols by HRP Compound IT and OFe(lV)12MPyP 

A comparable analysis of the rate data of Dunford and Adeniran5 for the 
oxidation of phenols by HRP compound II at pH 7.0 and 7.6 to that described above 
reveals some significant similarities and differences between the enzymatic and model 
oxidations (Table 6). Thus the best single parameter correlation with both systems is 
with u+, however, those with U' and with LlLIH f are dramatically worse for compound 
II than for OFe(1V)T2MPyP. Furthennore, the size of p from the u+ correlation of the 
enzymatic oxidation is significantly greater than the value from the present study. A 
comparison of this p value with the values in Table 4 shows that it is similar in 
magnitude to those from electron transfer oxidations. 
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Table 6. Correlation of log rate constants for phenol oxidations by HRP compound II 
with substituent constants and bond dissociation energies. 

Substituent Constant Reaction Correlation 
orBDE Constant Coefficient 1 

u - 4.70 -0.930 
u+ - 2.70 -0.950 . 

(34.2) 0.489 u 

.d.dH f 0.841 

1 Data in reference 5 has been reanalysed using u values from reference 18, u+ values from reference 19, 

d . values from reference 20 and .d.dH f values from reference 17. 

8v 
ArOH + O=Fe - 8· 8· 8 ArO---H--- 0== Fe 

t 
8+ 8- 8 ArO---H---O= Fe 

o 
- ArO· + HO-O 

Figure 11. Proposed mechanism for reaction of phenols with OFe(IV)T2MPyP in aqueous buffer at pH 

7.7 

We conclude that the HRP compound II oxidation of phenols involves a rate 
determining electron transfer from the phenol. The known steric constraints on access 
to the iron porphyrin 1 suggest that this oxidation occurs at the edge of the heme ring. 
The evidence does not support a hydrogen atom abstraction or a simultaneous transfer 
of an electron and a proton. In contra~t, OFe(IV)T2MPyP, without any steric 
restrictions on reaction at the ferryl oxygen, oxidises phenols by H-atom abstraction. 
We propose that in this oxidation the ferryl oxygen acts as an electrophilic radical and 
that the transition state for H-atom abstraction involves significant charge separation 
(Figure 11). 
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INTRODUCTION 

Elucidation of the mechanisms of oxygen atom transfer reactions catalyzed by 
monooxygenase metalloenzymes has been a major challenge in the field of oxidation 
chemistry.I,2 Such enzymes catalyze aliphatic hydroxylation, olefin epoxidation, aromatic 
hydroxylation, heteroatom oxidation, and heteroatom dealkylation, with dioxygen as the 
oxidant. Intensive study of cytochrome P-450 enzymes,I which contain heme at their 
active sites, and of metalloporphyrin model compounds has resulted in a proposed 
catalytic mechanism which involves a high-valent iron oxo porphyrin complex as a 
reactive intermediate. By contrast, the active sites of non-heme iron-containing 
monooxygenase enzymes and their mechanisms are not as fully characterized. In recent 
years, the chemistry of these latter enzymes has attracted the attention of both 
bioinorganic and biological chemists who have consequently been characterizing their 
active sites and attempting to understand the mechanisms of their oxygen atom transfer 
reactions by studying the enzymes directly as well as model systems.2,3 

One of the best characterized non-heme iron-containing monooxygenases is 
methane monooxygenase, which contains a Il-oxo diiron cluster at its active site.4 
Methane monooxygenase catalyzes the oxidation of methane to methanol, and it has 
been suggested that high-valent iron oxo species are intermediates in its reactions. 
Examples of other non-heme iron-containing monooxygenases are Pseudomonas 
oleovorans monooxygenase,S phenylalanine hydroxylase,6 squalene epoxidase,7 and 
tyrosine hydroxylase. Although iron bleomycin is not an enzyme, it shows a similar 
reactivity to the monooxygenase enzymes, i.e. catalysis of olefin epoxidation, aromatic 
hydroxylation, and heteratom oxidation.9 Most of the non-heme iron monooxygenase 
enzymes as well as iron bleomycin have been proposed to involve Fe V =0 or FeIV = 0 
species as sources of the reactive oxygen atom, although the direct characterization of 
such high-valent iron oxo intermediates has not yet been achieved for non-heme iron
containing enzymes. 

A number of model systems for the non-heme iron-containing monooxygenase 
enzymes have been developed that give selective oxidation of alkanes using either 
molecular oxygen or hydrogen peroxide as the oxidant.lO,ll However, the same catalysts 
typically do not epoxidize olefins but instead give allylic oxidation products. By contrast, 
synthetic analogues of iron bleomycin have been found to be good catalysts for olefin 
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epoxidation by hydrogen peroxide givin¥, for example, predominantly cis-stilbene oxide in 
cis-stilbene epoxidation reactions. 12, 1 In all of these model systems, high-valent iron 
oxo species have been proposed as active intermediates by analogy to the 
metalloporphyrin systems; however, the active oxidizing species in these non-porphyrin 
iron systems have not yet been definitively characterized. 

We have been seeking non-radical types of oxygenation reactions catalyzed by 
non-porphyrin complexes of iron that may be analogous to oxygen atom transfer reactions 
occurring in reactions of non-heme iron-containing monooxygenase enzymes or iron 
bleomycin. Recently, we found that iron complexes of cyclam (1,4,8,11-
tetraazacyclotetradecane) and related ligands catalyze the epoxidation of olefins by 30% 
aqueous hydrogen peroxide in acetonitrile or methanol solutions (eq 1).14 Epoxides were 
the predominant products with negligible amounts of allylic oxidation products formed 

.. ~.A,. (1) 

Fe( cyclam)( OTf)2 

under ambient conditions, indicating that the mechanism does not resemble those typical 
of free radical reactions. The epoxidation of olefins was found to be stereospecific as 
evidenced by the formation of cis-stilbene oxide from cis-stilbene and trans-stilbene oxide 
from trans-stilbene. We attempted to substitute alkyl hydroperoxides, i.e. t-butyl 
hydroperoxide and ethyl hydroperoxide, for hydrogen peroxide in these reactions, but no 
epoxide products were found under these conditions. A mechanism was proposed in 
which complexation of hydrogen peroxide by an iron cyclam complex generates a reactive 
iron-hydroperoxide species as an intermediate. Molecular modeling of such a species 
using computer graphics suggested that the preferred conformation of the cyclam ligand 
would present the HOO- ligand with an axial N-H bond that is well suited for hydrogen 
bonding. I5 It has been shown that such intramolecular hydrogen-bonding often plays an 
important role in activating oxygen atom transfer reactions.16 We suggested that the 
HOO- complex thus stabilized might react directly with an olefinic substrate prior to 0-0 
bond cleavage. An alternative mechanism is one in which hydrogen bonding activates the 
bound HOO- ligand and facilitates HO- loss (eq 2). In that case, a high-valent iron oxo 
species would be expected to be the reactive oxygenating intermediate. 

H H 
I I 

Q, o....H 
0/ " d (2) 

I ~ I 
N-Fent--N - N-Fent--N 

RESUL TS AND DISCUSSION 

We reported previously our observation of iron cyclam-catalyzed epoxidation of 
olefins by hydrogen peroxide. I4 We have extended this work by examining a variety of 
ferrous complexes of macrocyclic ligands closely related to the cyclam ligand, as well as 
iron (II) triflate and iron complexes of BPBH2 and EDTA ligands, as potential catalysts. 
In addition to hydrogen peroxide, single oxygen atom donors such as m-chloroperbenzoic 
acid (MCPBA) and iodosylbenzene (PhIO) were investigated in order to obtain 
information concerning the nature of the oxygenating intermediates. We also studied 
dioxygen plus an aldehyde as an oxidant in this reaction. Results using the different 
oxidants for reaction of cyclohexene in the presence of FeIIccyclam)(OTfh are given in 
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Table 1. Cyclobexene oxidations by various oxidants catalyzed by FeII(cyclam)(OTf)2a 

products (yields, mmol) 

OH 0 

oxidants 0° 0 6 
H20 2 0.17 0.01 0.003 
t-BuOOHb trace 0.06 0.09 
EtOOHb 0 0.07 0.01 
PhIO 0.14 0.003 0.007 
MCPBAc 0.20 trace 0.002 
02ialdehyded 0.6 0 0.04 

aExcept as noted below, reactions were carried out in CH3CN (5 mL) containing FeII(cyclam)(OTf)2 (0.02 
mmol), cyclobexene (1 mmol), and decane (internal standard, 0.01 mmol). Oxidants (0.4 mmol) were added 
to the solution and the solution was stirred at room temperature for 30 min prior to analysis of the products 
byGCIMS. 
bReactions were run for 120 min with 1 mmol of oxidants. 
cThis reaction was carried out in a solvent mixture of CH3CN (2 mL) and CH30H (3 mL) containing 3 
mmol of cyclobexene for 60 min at -20 °C. 

dDioxygen was bubbled througb the reaction solution containing isovaleraldebyde (1 mL, 9.3 mmol) for 120 
min. 
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Table 2. Epoxidation of cyclohexene by various oxidants catalyzed by iron complexes and an iron salt.a 

Yield (mmol) of cyc10hexene oxide 

catalyst H202 PhIO MCPBAb 02/aldehydeC 

Fe(OTfh 0 0.17 0 0(0) 
Fe( cyc1am)( OTf)2 0.17 0.14 0.2 0.6 (0.04) 
Fe(TIM)(PF6h 0.030 0.20d 0.06 1.5 (0.17) 
Fe(HMCD)(OTf)2 0.076 0.15 0.07 0.7 (0.09) 
Fe(HMCT)(PF6h 0.02 0.17 0.03 0.6 (0.10) 
Fe(N-Me-cyclam)(OTf)2 0 0.018 0.014 0.5 (0.04) 
Fe(BPBH2)(OTf)2 0 0.047d 0.01 0.6 (0.03) 
NaFe(EDTA) 0 0 0 trace (0.01) 

aReactions were run in a solution containing cyclohexene (1 mmol) and the iron catalyst (0.02 mmol) in 5 mL 
of acetonitrile. Oxidant (0.4 mmol) was added to the reaction solution, and the solution was stirred for 30 
min. The yield of products was analyzed by GCIMS. 
bThese reactions were carried out in a solvent mixture of CH3CN (2 mL) and CH30H (3 mL) containing 3 

mmol of cyclohexene for 60 min at -20 0c. 
cNumbers in parentheses are the amounts of 2-cyclohexen-l-one formed. 
dReaction was run for 60 min. 
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Table 1. The reaction with MCPBA was carried out at -20 Oc since the direct reaction of 
MCPBA with cyclohexene is very slow at that temperature. We found that with all the 
oxidants, except for t-BuOOH and EtOOH, the major product of the reactions was 
epoxide with only small amounts of allylic oxidation products formed, and we conclude 
that the oxygenating species generated in these reactions are not typical free radicals. 

Table 2 gives results for similar reactions using a number of other iron complexes 
as well as Fe(OTf)2 as catalysts. Of the species tested, we found FeII(cyclam)2+ to be 
the best catalyst for cyclohexene epoxidation by hydrogen peroxide. Iron complexes of 
cyclam derivatives such as TIM, HMCD, and HMCT were poor-to-modest catalysts for 
the hydrogen peroxide reactions. Ferrous triflate, Fe(OTf)2, and the other iron 
complexes tested were inactive. In those cases, disproportionation of hydrogen peroxide 
and/or ligand degradation were observed. In contrast to the hydrogen peroxide reactions, 
the reactivities of Fe(OTf)2 and all of the ferrous cyclam derivatives studied as catalysts 
for iodosylbenzene reactions were comparable to that of ferrous cyclam itself. In the case 
of MCPBA as oxidant, in reactions carried out at -20 oC, only FeII(cyclam)2+ itself gave 
a good yield of cyclohexene oxide. In the reactions of 02 plus aldehyde, all of the iron 
complexes except iron triflate salt and FellI (EDT A) gave cyclohexene oxide as the 
predominant product, with a small amount of 2-cyclohexen-I-one and no 2-cyclohexen-l-
01. It is of interest to note that the ferrous complex of the N-Me-cyclam ligand was 
inactive as a catalyst in the reactions of H202, PhIO, and MCPBA at low temperature, 
but gave a high yield in the 02 plus aldehyde reaction. This result suggests that the 
mechanism of oxygen atom transfer reaction by 02 plus aldehyde is different from those 
of the other reactions, as discussed below. 

The relative reactivities of para-substituted styrenes to styrene were determined 
in iron cyclam complex-catalyzed epoxidations using various oxidants such as H202, 
PhIO, and MCPBA in CH3CN solution. The relative rates for various substituents, X, 
are listed in Table 3, and a Hammett plot of log krel vs 0+ is shown in Figure 1. The 
correlation with 0+ was good with p = -1.1, -1.6, and -1.6 for the H202, PhIO, and 
MCPBA reactions, respectively. The MCPBA reaction was carried out in CH3CN at 
room temperature, in CH3CN at -15 oC, and in a solvent mixture of CH30H and CH3CN 
at -15 oC. All of these reactions gave the same p value. Also, the p value obtained in 
styrene epoxidations with MCPBA alone, with no catalyst present, was determined to be 
-1.0 in CH3CN, similar to results in benzene (p= -1.04) and in chlorobenzene (p=-0.93) 
reported previously.17 The change in p that we observe upon addition of the catalyst 
indicates that the epoxidations with MCPBA in the presence of FeII(cyclam)2+ were 
iron complex-catalyzed reactions. 

Hammett correlations for styrene epoxidations have been reported for a variety of 
metal-catalyzed oxidations. In iron porphyrin systems, p values between -0.83 and -0.94 
have been reported for PhlO reactions. 18-20 Groves and Watanabe21 reported a p value 
of -1.9 for styrene epoxidations where the intermediate is presumed to be the iron (IV) 
oxo porphyrin cation radical, generated by reaction of Fe(TMP)CI with MCPBA at -50 
oC. It is noteworthy that p values for reactions of iodosylbenzene and hypochlorite 
catalyzed by Fe(TDCPP)Cl were found by Collman et a1. not to be identica1.20 The p 
values for PFIB (pentafluoroiodosylbenzene) and PhIO were -0.86 and -0.91, 
respectively, whereas the p value for LiOCl plus a phase transfer catalyst was -0.57.20 
Those authors suggested that either different oxidants were formed in the 
iodosylbenzene and hypochlorite reactions or differences in the reaction conditions were 
responsible for the different p values. In our reactions, the smaller p value for the H202 
reaction relative to those for the PhIO and MCPBA reactions suggests that different 
intermediates are responsible for the oxygenations. 

In order to characterize the nature of the oxygenating species formed in the 
reactions of H202, PhIO, MCPBA, and dioxygen plus aldehyde, we studied 
stereoselectivity in cis-stilbene epoxidation, regioselectivity in (+ )-limonene and 
norbornene epoxidations, and intermolecular competitive reactions between cyclohexene 
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Table 3. Relative reactivities of para-substituted styrenes in epoxidation by various oxidants in the presence 
of FeII(cyclam)2+ a 

p-X-styrene 

Oxidants CF3 C1 H CH3 OCH3 

H20 2 0.12 0.60 1.0 1.6 5.2 
PhIO 0.10 0.42 1.0 2.6 14 
MCPBA 0.14 0.62 1.0 3.0 23 
MCPBA alone 0.18 0.62 1.0 1.7 5.7 

aIn a typical reaction, a stock solution containing styrene (0.45 mmo1), substituted styrene (0.45 mmo1), 
chlorobenzene (0.45 mmol, internal standard), and iron cyclam complex (0.03 mmol) was prepared. The 
solution was divided into three parts of 5 mL each. Oxidants (0.12 mmo1) were added to the reaction 
solution, and the reaction mixture was stirred for 15 min. The amounts of olefins before and after reactions 
were determined by GCIMS. The relative reactivities were determined using eq 3, 

(3) 

where Xi and Xf are the initial and final concentrations of substituted styrenes and Yi and Yf are the initial and 
final concentrations of styrene. 
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Figure 1. Hammett plot for relative rates of disappearance of para-substituted styrenes in reactions of 
H202, PhIO, and MCPBA in the presence of FeII(cyclam)2+. 
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and I-hexene and between cyclohexene and norbornene. The results of these 
experiments are listed in Table 4. In cis-stilbene epoxidations, cis-stilbene was oxidized 
to cis-stilbene oxide predominantly with only small amounts of trans-stilbene oxide and 
benzaldehyde formed in all of the reactions, except for the 02 plus aldehyde reaction. In 
that latter case, the major product was trans-stilbene oxide and only a small amount of 
cis-stilbene oxide and benzaldehyde formation were detected. The ratio of cis-stilbene 
oxide to trans-stilbene oxide products was 0.26 in the 02 plus aldehyde reaction, 
whereas the ratio obtained in the other reactions was greater than 13. This result clearly 
shows that a different active oxidant was generated in the dioxygen plus aldehyde 
reaction. The time course for the formation of cis-stilbene oxide, trans-stilbene oxide, and 
benzaldehyde in the 02 plus aldehyde reaction is given in Figure 2. An induction period 
was observed before product formation. The ratio of cis-stilbene oxide to trans-stilbene 
oxide formed was fairly constant during the course of the reaction. Control reactions 
demonstrated that cis-stilbene oxide was stable and that cis-stilbene was not isomerized 
to trans-stilbene under the reaction conditions, indicating that the trans-stilbene oxide 
was derived from the oxidation of cis-stilbene. 

0.5--r------------------, 
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(5 
E 
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o cis-oxide 

o trans-oxide 

o benzaldehyde 
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Figure 2. Time course for the formation of cis-stilbene oxide, trans-stilbene oxide, and benzaldehyde in the 
oxidation of cis-stilbene by molecular oxygen in the presence of an aldehyde and an iron cyclam complex. 

Traylor et al. studied epoxidation of norbornene in iron porphyrin complex 
catalyzed-reactions using various oxidants in order to verify the formation of iron(IV) oxo 
porphyrin cation radical intermediates.22 They obtained the same ratio of exo- to endo
epoxynorbornane in all of the reactions of the oxidants H202, PFIB, MCPBA, and ROOH 
with iron porphyrin catalysts and reached to the conclusion that high-valent iron oxo 
species was formed via heterolytic 0-0 bond cleavage of H202, MCPBA, and ROOH. 
We have determined the ratio of exo- to endo-l,2-epoxynorbornane products in iron 
cyclam complex-catalyzed norbornene epoxidations by various oxidants. As shown in 
Table 4, H202 and PhIO reactions gave similar ratios of exo to endo isomers, whereas 
MCPBA reaction gave a lower exo to endo ratio. The ratio of exo to endo isomers 
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Table 4. Comparison of stereoselectivity, regioselectivity, and competitive reactivities in iron cyclam 
complex-catalyzed epoxidations by various oxidants. 

Oxidant Product yield (mmol) Ratioa Yield (%)b 

1. cis-Stilbene epoxidation reactionc 
cis-oxide trans-oxide cis-/trans-oxide 

H202 0.080 0.0043 19 33 
PhIO 0.093 0.006 16 40 
MCPBA 0.070 0.0052 13 31 
MCPBA alone 0.18 0.003 61 51 
02/ Aldehyde 0.034 0.134 0.25 

2. Norbomene epoxidation reactiond 
1,2-epoxynorbomane exo-/endo-

H202 0.21 100 (±1O) 53 
PhIO 0.19 120 (±20) 48 
MCPBA 0.19 60 (±1O) 48 
MCPBA alone 0.32 430 (±40) 80 
02/Aldehyde 0.78 240 (±50) 
3. (+ )-Limonene epoxidation reactiond,e 

1,2-epoxide 8,9-epoxide 1.2-/8,9-
H202 0.11 0.040 2.8 (±D.2) 38 
PhIO 0.12 0.060 2.0 (±D.2) 45 
MCPBA 0.16 0.043 3.7 (±D.2) 51 
MCPBA alone 0.32 0.036 8.9 (±D.5) 89 
02/Aldehyde 0.56 0.087 6.4 (±D.3) 

4. Competitive reaction between cyclohexene and I-hexened,f 
CHO HO CHOIHO 

H202 0.19 0.010 19 (±2) 50 
PhIO 0.16 0.010 16 (±2) 43 
MCPBA 0.14 0.014 10 (±1) 39 
MCPBA alone 0.32 0.014 22 (±1) 84 
5. Competitive reaction between cyclohexene and norbomened,f 

CHO NBO NBO/CHO 
H202 0.096 0.097 1.0 (±0.2) 48 
PhIO 0.084 0.091 1.1 (±0.2) 44 
MCPBA 0.082 0.098 1.2 (±0.2) 45 
MCPBA alone 0.14 0.20 1.4 (±0.2) 85 

aNumbers in parentheses are experimental error ranges. 
bBased on oxidants added. 

cReactions were run in a solution containing cis-stilbene (l mmol) and iron catalyst (0.02 mmol) in 5 mL of 
acetonitrile. Oxidant (0.4 mmol) was added to the reaction solution, and the solution was stirred for 30 min. 
The yield of products was analyzed by HPLC. 
dReaction procedures were the same as a except that 2 mmol of substrates were used and that Ge/MS was 
used to analyze the yield of products. 
eThe ratio of 1,2-8,9- isomers was determined by combining Ge/MS and NMR analyses. 
fCHO, HO, and NBO stands for cyclohexene oxide, 1,2-epoxyhexane, and 1,2-epoxynorbomane, respectively. 
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obtained in the reaction of the iron cyclam complex and MCPBA clearly shows that the 
norbornene epoxidation by MCPBA was iron complex-catalyzed since the exo to endo 
ratio obtained in the epoxidation of norbornene by MCPBA alone is greater than 400, as 
reported by Traylor and Mikszta1.23 

In limonene epoxidation reactions, we found the major product to be the 1,2-
epoxide derived from the oxidation of the more electron-rich double bond. However, 
considerably more 8,9-epoxide was observed in these reactions as compared to iron 
porphyrin systems. It is noteworthy that, in iron porphyrin complex-catalyzed limonene 
epoxidations, a large preference for the oxidation at the 1,2-position has been observed, 
e.g. the ratio of the 1,2- to the 8,9-oxides was 19 for the Fe(TPP)Cl-iodosylbenzene 
system.24 Suslick and Cook used sterically hindered manganese porphyrin complexes to 
increase shape selectivity in the epoxidation of limonene.25,26 Furthermore, Mansuy and 
coworkers obtained the same ratio of 1,2- to the 8,9-isomers in PhIO, H202, and 02 
reactions with manganese porphyrin complexes as catalysts, and they concluded that an 
identical intermediate, i.e. Mn(V)=O, was generated in all of the reactions studied.27,28 
In our reactions, the ratio of 1,2- to 8,9-isomers was different from donor to donor, 
indicating that different oxidizing intermediates were generated. 

Competitions between cyclohexene and I-hexene and between cyclohexene and 
norbornene as substrates for epoxidation have been carried out using H202, PhIO, and 
MCPBA in the presence of FeII(cyc1am)2+ as well as MCPBA alone for comparison. 
From the reactions between cyc10hexene and I-hexene, a lower preference for 
cyclohexene epoxidation was observed in the MCPBA reaction as compared to the H202 
and PhlO reactions. The competitive reaction between cyclohexene and norbornene has 
been used in several laboratories to indicate the nature of the transition state in oxygen 
atom transfer reactions.29 Based on those results, the values obtained from the H202, 
PhIO, and MCPBA reactions suggest that oxygen atom is transferred to the olefin 
through a three-membered ring transition state. 

ACTIVE OXIDIZING INTERMEDIATES 

Possible active oxidants which can be generated in the H202, PhlO, MCPBA, and 
02 plus aldehyde reactions are shown in Figure 3. Complex 1 is a high-valent iron oxo 
species similar to those that have been strongly suggested as active intermediates in 
many oxygen atom transfer reactions. Such intermediates have been directly 
characterized only in metalloporphyrin systems. Complex 2 is an iron-hydro peroxide 
species generated by the complexation of hydrogen peroxide and an iron cyclam complex. 
This species was suggested to be an intermediate in our previous studies.1 4 ,15 
Vanadium peroxo complexes, which are very effective reagents for the transformation of 
olefins to epoxides, have been proposed to contain a similar hydrogen bond,3o Complex 3 
has been suggested as an active intermediate in Lewis acidic metal-catalyzed 
epoxidations by iodosylbenzene,31-33 Catalysis of olefin epoxidation by iodosylbenzene 
has been achieved using non-redox metal catalysts which cannot form high-valent metal 
oxo species. It has been proposed that the iodine(III) center in the proposed structure 
will be the electrophilic center responsible for reacting with the olefinic double bond. 
Complex 4 is the metal-peroxyacid species which is formed by the complexation of 
MCPBA and an iron cyclam complex. Groves et al,34 and Watanabe et a1. 35 have shown 
that Mn-peroxyacid and Fe-peroxyacid porphyrin complexes are viable active 
oxygenation agents for olefin epoxidation at low temperatures. Aldehydes are prone to 
undergo autoxidation to produce peroxy radicals in the presence of 02 and metal 
catalysts,36 The peroxy radical 5 has been shown to oxidize olefins to give 
corresponding epoxides.17,37 

REACTION MECHANISMS 

Very recently, Murahashi et at. published the results of study of iron- and 
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ruthenium-catalyzed oxidations of alkanes with dioxygen in the presence of an aldehyde 
and an acid.38 In the system studied, olefins were epoxidized as well as alkanes, i.e. 
cyclohexene was oxidized to give cyclohexene oxide and cis-stilbene was oxidized to 
give cis-stilbene oxide and trans-stilbene oxide in the ratio of 83: 17. Metal-oxo 
complexes were suggested to be the active oxidizing species. In another system, 
metalloporphyrins (M = Fe, Mn) were used as catalysts for epoxidation of propylene by 
molecular oxygen in the presence of an aldehyde.39 High-valent metal oxo species were 
proposed as active intermediates for the olefin epoxidations. Metal oxo species were 
suggested to be formed by the reaction of metal complexes and peroxy acids generated in 
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Figure 3. Possible intermediates in metal-catalyzed oxygenation reactions. 

situ from the reaction of an aldehyde with dioxygen (Figure 4, pathway A). In our 
reactions, Fe(cyclam)2+ catalyzed the epoxidation of cyclohexene either by MCPBA or 
by dioxygen plus aldehyde. In the case of cis-stilbene, however, the metal-catalyzed 
MCPBA reaction gave predominantly cis-stilbene oxide, whereas the dioxygen plus 
aldehyde reaction gave more trans-stilbene oxide than cis-stilbene oxide (see Table 4). 
These results clearly show that different active intermediates were generated in the 
MCPBA and 02 plus aldehyde reactions. If a peroxy acid is generated by the reaction of 
an aldehyde with dioxygen in the presence of iron cyclam complex and if the peroxy acid 
thus formed reacts with the iron cyclam complex to generate an active intermediate 
(Figure 4, pathway A), we would expect to see the same ratios of cis-stilbene oxide to 
trans-stilbene oxide in both MCPBA and 02 plus aldehyde reactions. However, this is 
not the case. A possible explanation is that the metal-catalyzed reaction of dioxygen 
with aldehyde produces an acylperoxy radical, which epoxidizes the olefin directly 
(Figure 4, pathway B). It is well known that peroxy radicals can epoxidize olefins non-
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stereospecifically, i.e. giving mixtures of cis- and trans-stilbene oxide in cis-stilbene 
oxidations.17,4Q 

Possible mechanisms for oxygen transfer from H202, PhIO, and MCPBA to olefins 
in the presence of an iron cyclam complex are depicted in Figure 5. If the formation of a 
high-valent iron oxo complex is faster (Figure 5, pathway A and B) than the direct 
reactions of olefins with intermediates 2,3, and 4 (Figure 5, pathway C and D), the 
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Figure 4. Proposed mechanisms for olef"ms epoxidation by Oz/aldehyde. 

active oxidant will be the high-valent iron oxo complex 1. If the precursors to the high
valent iron oxo species are reactive enough to transfer their oxygen directly to olefins or if 
the formation of the iron oxo complex 1 is not feasible due to instability of the species, the 
oxygen atom will be transferred by the complexes 2, 3, and 4 (Figure 5, pathway C and 
D). 

It has been widely accepted that the high-valent iron oxo complex 1 is the active 
oxidant in metalloporphyrin systems and in non-porphyrin iron complex systems as well. 
A high-valent iron oxo species can be formed via heterolytic 0-0 bond cleavage of the 
iron-hydroperoxide 2 or of the iron-peroxyacid species 4 (Figure 5, pathway A). 
Recently, elegant proof of this heterolytic 0-0 bond cleavage of hydrogen peroxide, 
MCPBA, and t-butyl hydroperoxide has been provided by Traylor et al. in iron porphyrin 
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Figure 5. Possible mechanisms for olefin epoxidations by H202, MCPBA, and PhIO catalyzed by the iron 
cyclam complex. 

complex-catalyzed epoxidation reactions.41 In non-porphyrin iron complex systems, 
Broice and his coworker have concluded that FeIII(EDT A) reacts with peroxy acids or 
alkyl hydroperoxides by heterolytic 0-0 bond cleavage accompanied by oxygen atom 
transfer to FeIlI(EDTA).42,43 The resulting intermediate was proposed to be 
(EDT A)Fe V 0 on the basis of the observation that TBPH (2,4,6-tri-tert-butylphenol) 
was oxidized to the corresponding phenoxy radical. They also compared the rate 
constants for ciclohexene epoxidation by phenylperacetic acid in the presence and 
absence of Fell (EDT A) and reached the conclusion that epoxide formation was 1.5 
times faster in the presence of the iron catalyst in methanol. We also studied 
cyclohexene epoxidation by MCPBA in the presence of Felli (EDT A) in a solvent 
mixture of CH3CN and CH30H at a temperature low enough that no direct epoxidation by 
peracid occurs in the absence of a catalyst. We carried out the same reaction at room 
temperature for comparison. We found no formation of cyclohexene oxide in the low 
temperature reaction, but a large amount of cyclohexene oxide was formed at room 
temperature. In our case, we suspect that the reaction at room temperature occurs by 
direct reaction of the peracid with the olefin. We also studied the iron cyclam-catalyzed 
oxidation of TBPH by H202, PhIO, MCPBA, and t-butyl- and ethyl hydroperoxide in 
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acetonitrile and methanol solution. All of these oxidants in the presence of the iron 
cyclam complex gave oxidation of TBPH to give the highly colored 2,4,6-tri-tert
butylphenoxy radical. However, it is important to note that while oxidations of ole fins by 
HzOz, PhIO, and MCPBA under these same conditions give epoxides in high yield, those 
by the alkylhydroperoxides do not.14 Thus we conclude that the observation of oxidation 
of TBPH to give the phenoxy radical is not sufficient evidence that a high-valent metal 
oxo intermediate is formed. 

Since it has often been suggested that the observation of substantial levels of 180 
incorporation from labeled HZ180 into the oxygenated organic products is evidence for the 
intermediacy of the high-valent iron oxo complex 1,44-46 we measured the extent of 180 
incorporation into the products of iron cyclam complex-catalyzed epoxidations of 
cyclohexene with HZOZ, PhIO, and MCPBA when Hz180 was added to the reaction 
mixture.47 We observed that labeled oxygen was fully incorporated into cyclohexene 
oxide in the iodosylbenzene reaction (eq 4) but not at all in the HzOZ and MCPBA 
reactions (eq 5). 

0 Fe(cyclam)(OTfh 0'0 (4) + PhI160 + H21S0 .. 

0 + R0160H + H21S0 
Fe(cyclam)(OTf)2 0'0 (5) .. 

If the assumption that high-valent iron oxo species invariably exchange their oxygen 
atoms with labeled water at high rates is correct, the active oxidants formed in the 
iodosylbenzene reaction and in the HzOz and MCPBA reactions would be concluded to 
be different. However, further studies utilizing iron and manganese porphyrin systems, in 
which high-valent metal oxo complexes are generally accepted to be the active oxygen 
atom-transfer reagents, have demonstrated that the assumption is incorrect and that the 
oxygen atoms in the reactions of iodosylbenzene exchange by another mechanism.47 

Another approach to determining if the iron-cyclam-catalyzed reactions of HZOZ, 
PhIO, and MCPBA occur via a common intermediate is to study intramolecular and 
intermolecular competitive olefin epoxidations, with the assumption that all three 
oxidants should give similar reactivity patterns if the active oxygenating intermediates 
generated from these oxidants are identical. If different active oxidants are generated, 
then different reactivity patterns would be expected. From the relative reactivity studies 
of para-substituted styrenes, different p values for Hammett plot for the HZ02 reaction 
and for the PhIO and MCPBA reactions were obtained, indicating that active oxidant 
formed in the H202 reaction was different from that formed in the PhIO and MCPBA 
reactions. The data obtained from other competitive reactions indicate that the active 
oxidant formed in the MCPBA reaction was not identical to the active species generated 
in the Hz02 and PhIO reactions. By analyzing results of the competitive reactivity 
studies, we reached the conclusion that oxygen atom transfer reactions from H20Z, PhIO, 
and MCPBA to olefins in the presence of the iron cyclam complex occur via different 
intermediates. 

195 



ACKNOWLEDGMENTS 

This research was supported by the NSF (J.S.V.), NON DIRECTED 
RESEARCH FUND, Korea Research Foundation, 1992 (W.N.), and the Korea Science 
and Engineering Foundation, International Cooperative Science Program KOSEF-NSF 
(W.N.). 

REFERENCES 

1. P.R. Ortiz de Montellano. "Cytochrome P-450: Structure, Mechanism, and 
Biochemistry," Plenum, New York (1985). 

2. L. Que, Jr. and AE. True, Dinuclear iron- and manganese-oxo sites in biology, in: 
"Progress in Inorganic Chemistry: Bioinorganic Chemistry," S.J. Lippard, Ed., 
John Wiley & Sons, Inc., New York (1990). 

3. I.B. Vincent, G.L. Olivier-Lilley, and B.A Averill, Proteins containing oxo-bridged 
dinuclear iron centers: A bioinorganic perspective, Chern. Rev. 90:1447 (1990). 

4. N.D. Priestley, H. G. Floss, W.A Froland, J.D. Lipscomb, P.G. Williams, and H. 
Morimoto, Cryptic stereospecificity of methane mono oxygenase, J. Am. Chem. 
Soc. 114:7561 (1992). 

5. I.E. Colbert, AG. Katopodis, and S.W. May, Epoxidation of cis-l,2-dideuterio-l
octene by Pseudomonas oleovorans monooxygenase proceeds without 
deuterium exchange, J. Am. Chem. Soc. 112:3993 (1990). 

6. R. Shim an, S.H. Jones, and D.W. Gray, Mechanism of phenylalanine regulation of 
phenylalanine hydroxylase, J. BioI. Chem. 265:11633 (1990). 

7. S.E. Sen and G.D. Prestwich, Trisnorsqualene alcohol, a potent inhibitor of 
vertebrate squalene epoxidase, J. Am. Chem. Soc. 111:1508 (1989). 

8. T.A Dix and S.J. Benkovic, Mechanism of oxygen activation by pteridine-dependent 
monooxygenases, Acc. Chern. Res. 21:101 (1988). 

9. J. Stubbe and J.W. Kozarich, Mechanisms of bleomycin-induced DNA degradation, 
Chem. Rev. 87:1107 (1987). 

10. D.H.R. Barton and M. Ozbalik, Selective functionalization of saturated 
hydrocarbons by the "Gif" and "Gif-Orsay" systems, in: "Activation and 
Functionalization of Alkanes," C. Hill, ed., John Wiley & Sons, New York 
(1989). 

11. H.-c. Tung, C. Kang, and D.T. Sawyer, Nature of the reactive intermediates from 
the iron-induced activation of hydrogen peroxide: Agents for the ketonization of 
methylenic carbons, the monooxygenation of hydrocarbons, and the 
dioxygenation of arylolefins, J. Am. Chem. Soc. 114:3445 (1992). 

12. A Suga, T. Sugiyama, M. Otsuka, M. Ohno, Y. Sugiura, and K. Maeda, Oxidation of 
alkenes by a chiral non-porphyrinic oxidizing catalyst based on the bleomycin
Fe(lI) complex, Tetrahedron 47:1191 (1991). 

13. D.Y. Dawson, S.E. Hudson, and P.K. Mascharak, Oxygen transfer reactions by 
synthetic analogues of iron-bleomycin, J. Inorg. Biochem. 47:109 (1992). 

14. W. Nam, R. Ho, and J.S. Valentine, Iron-cyclam complexes as catalysts for the 
epoxidation of olefins by 30% aqueous hydrogen peroxide in acetonitrile and 
methanol, J. Am. Chern. Soc. 113:7052 (1991). 

15. Y.-D. Wu, K.N. Houk, J.S. Valentine, and W. -Nam, Is intramolecular hydrogen
bonding important for bleomycin reactivity? A molecular mechanics study, 
Inorg. Chem. 31:718 (1992). 

16. I. Rebek, Jr., Progress in the development of new epoxidation reagents, 
Heterocycles 15:517 (1981). 

17. M.A Brook, J.R. Lindsay Smith, R. Higgins, and D. Lester, Model systems for 
cytochrome P450 dependent monooxygenases. Part 4. The epoxidation of 
alkenes by peroxyacids in the presence of cobalt complexes, J. Chern. Soc., 
Perkin Trans. 2 1049 (1985). 

196 



18. J.R. Lindsay Smith and P.R. Sleath, Model Systems for cytochrome P450 dependent 
monooxygenases. Part 1. Oxidation of alkenes and aromatic compounds by 
tetraphenylporphinatoiron(III) chloride and iodosy1benzene, J. Chem. Soc., 
Perkin Trans. 2 1009 (1982). 

19. T.G. Traylor and F. Xu, Model reactions related to cytochrome P-450. Effects of 
alkene structure on the rates of epoxide formation, J. Am. Chem. Soc. 
110: 1953 (1988). 

20. J.P. Collman, P.D. Hampton, and 1.1. Brauman, Suicide inactivation of cytochrome P-
450 model compounds by terminal olefins. 2. Steric and electronic effects in 
heme N-alkylation and epoxidation, J. Am. Chem. Soc. 112:2986 (1990). 

21. J.T. Groves and Y. Watanabe, On the mechanism of olefin epoxidation by oxo-iron 
porphyrins. Direct observation of an intermediate, J. Am. Chem. Soc. 108:507 
(1986). 

22. T.G. Traylor, W.-P. Fann, and D. Bandyopadhyay, A common heterolytic 
mechanism for reactions of iodosylbenzenes, peracids, hydroperoxides, and 
hydrogen peroxide with iron (III) porphyrins, J. Am. Chem. Soc. 111 :8009 
(1989). 

23. T.G. Traylor and A.R. Miksztal, Alkene epoxidations catalyzed by iron(III), 
manganese(III), and chromium(III) porphyrins. Effects of metal and porphyrin 
substituents on selectivity and regiochemistry of epoxidation, J. Am. Chem. Soc. 
111:7443 (1989). 

24. J.T. Groves and T.E. Nemo, Epoxidation reactions catalyzed by iron porphyrins .. 
Oxygen transfer from iodosylbenzene, J. Am. Chem. Soc. 105:5786 (1983). 

25. K.S. Suslick and B.R. Cook, Regioselective epoxidations of dienes with 
manganese(III) porphyrin catalysts, J. Chem. Soc., Chem. Commun. 200 (1987). 

26. K.S. Suslick and B.R. Cook, Shape selective oxidation as a mechanistic probe, in: " 
Inclusion Phenomena and Molecular Recognition," J.L. Atwood, ed., Plenum, 
New York (1990). 

27. P. Battioni, J.P. Renaud, J.F. Bartoli, M. Reina-Artiles, M. Fort, and D. Mansuy, 
Monooxygenase-like oxidation of hydrocarbons by H202 catalyzed by 
manganese porphyrins and imidazole: Selection of the best catalytic system 
and nature of the active oxygen species, J. Am. Chem. Soc. 110:8462 (1988). 

28. W.Y. Lu, J.F. Bartoli, P. Battioni, and D. Mansuy, Selective oxygenation of 
hydrocarbons and sulfoxidation of thioethers by dioxygen with a Mn-porphyrin
based cytochrome P450 model system using Zn as electron donor, New J. 
Chem. 16:621 (1992). 

29. K.B. Sharpless, I.M. Townsend, and D.R. Williams, On the mechanism of 
epoxidation of olefins by covalent peroxides of molybdenum(VI), J. Am. Chem. 
Soc. 94:295(1972). 

30. H. Mimoun, L. Saussine, E. Daire, M. Postel, I. Fischer, and R. Weiss, 
Vanadium(V) peroxo complexes. New versatile biomimetic reagents for 
epoxidation of olefins and hydroxylation of alkanes and aromatic hydrocarbons, 
J. Am. Chem. Soc. 105:3101 (1983). 

31. W. Nam and I.S. Valentine, Zinc(II) complexes and aluminum(III) porphyrin 
complexes catalyze the epoxidation of olefins by iodosylbenzene, J. Am. Chem. 
Soc. 112:4987 (1990). 

32. Y. Yang, F. Diederich, and J.S. Valentine, Lewis acidic catalysts for olefin 
epoxidation by iodosylbenzene, J. Am. Chem. Soc. 113:7195 (1991). 

33. Y. Yang, F. Diederich, and J.S. Valentine, Reaction of cyclohexene with 
iodosylbenzene catalyzed by non-porphyrin complexes of iron (III) and 
aluminum(III). Newly discovered products and a new mechanistic proposal, J. 
Am. Chem. Soc. 112:7826 (1990). 

34. J.T. Groves, Y. Watanabe, and T.J. McMurry, Oxygen activation by 
metalloporphyrins. Formation and decomposition of an 
acylperoxymanganese(III) complex, J. Am. Chem. Soc. 105:4489 (1983). 

197 



35. Y. Watanabe, K. Yamaguchi, I. Morishima, K. Takehira, M. Shimizu, T. Hayakawa, 
and H. Orita, Remarkable solvent effect on the shape-selective oxidation of 
olefins catalyzed by iron(III) porphyrins, Inorg. Chem. 30:2581 (1991). 

36. R.A. Sheldon and J.K. Kochi. "Metal-Catalyzed Oxidations of Organic Compounds," 
Academic Press, New York (1981). 

37. G.V. Buxton, J.e. Green, R. Higgins, and S. Kanji, Formation of epoxides in the 
oxidation of j3-hydroxyalkyl radicals by copper(II) in aqueous solution, J. Chem. 
Soc., Chem. Commun. 158 (1976). 

38. S.-1. Murahashi, Y. Oda, and T. Naota, Iron- and ruthenium-catalyzed oxidations of 
alkanes with molecular oxygen in the presence of aldehydes and acids, J. Am. 
Chem. Soc. 114:7913 (1992). 

39. R. Iwanejko, P. Leduc, T. Mlodnicka, and J. Poltowicz, Metalloporphyrin-catalyzed 
epoxidation of propylene, in: "Dioxygen Activation and Homogeneous Catalytic 
Oxidation," L.1. Simandi, ed., Elsevier, Amsterdam (1991). 

40. T. Muto, C. Urano, T. Hayashi, T. Miura, and M. Kimura, On the mode of 
oxygenation with ferric perchlorate-hydrogen peroxide system, Chem. Pharm. 
Bull. 31:1166 (1983). 

41. T.G. Traylor, S. Tsuchiya, Y.S. Byun, and C. Kim, Iron(III) porphyrin catalyzed 
epoxidations with hydrogen peroxide and hydroperoxides, J. Am. Chem. Soc. in 
press. 

42. P.N. Balasubramanian and T.C. Bruice, Oxygen transfer involving non-heme iron. 
The reaction of (EDT A)FeIII with m-chloroperbenzoic acid, J. Am. Chem. Soc. 
108:5495 (1986). 

43. P.N. Balasubramanian and T.e. Bruice, Oxygen transfer involving nonheme iron: 
The influence of leaving group ability on the rate constant for oxygen transfer to 
(EDTA)Fe(I1I) from peroxycarboxylic acids and hydroperoxides, Proc. Natl. 
Acad.Sci. USA 84:1734 (1987). 

44. J.T. Groves and W.J. Kruper, Jr., Preparation and characterization of an 
oxoporphinato-chromium(V) complex, J. Am. Chem. Soc. 101:7613 (1979). 

45. J.T. Groves, W.J. Kruper, Jr., and R.C. Haushalter, Hydrocarbon oxidations with 
oxometalloporphinates. Isolation and reactions of a 
(porphinato)manganese(V) complex, J. Am. Chem. Soc. 102:6375 (1980). 

46. J.T. Groves, R.C. Haushalter, M. Nakamura, T.E. Nemo, and B.J. Evans, High
valent iron-porphyrin complexes related to peroxidase and cytochrome P-450, J. 
Am. Chem. Soc. 103:2884 (1981) 

47. W. Nam and J.S. Valentine, Reevaluation of the significance of 180 incorporation in 
metal complex-catalyzed oxygenation reactions carried out in the presence of 
H2180, J. Am. Chem. Soc. 115:1772 (1993) 

198 



BIOINSPIRED CATALYSIS: HYDROPEROXIDATION OF ALKYLAROMATICS 

Jeffrey E. Bond, Sergiu M. Gorun: Robert T. Stibrany, George W. Schriver, 
and Thomas H. Vanderspurt 

Corporate Research Laboratories 
Exxon Research and Engineering Co. 
Annandale, NJ 08801 USA 

INTRODUCTION 

Upgrading the value of raw materials by the selective conversion of organic molecules 
to oxygenated derivatives using air as an oxidant represents a worthy goal and challenge. 
Industrially, oxygenates are prepared at a rate of 109 to 1010 lbs/year, mostly using high 
temperature (above 100°C) processes.! Since, in general, the oxygenated products are more 
reactive then the starting hydrocarbons, secondary reactions which lower the selectivity 
occur. 

Metal-based oxidation catalysts have been described; the chemistries involved are 
based on both C-H and oxygen activation, the latter category being conceptually subdivided 
into molecular oxygen (02) activation and activation of molecules that already contain a 
reduced form of oxygen (superoxide, peroxide, oxide, etc.). These topics are the subjects of 
numerous reviews and books.2 

This paper will describe our use of polynuclear manganese complexes of the type 
believed to be present at the active site of the oxygen evolving complex (OEC) of 
photosystem II (PSII)3 as catalysts for hydrocarbon oxygenation. 

FUNCTIONAL ASPECTS OF OEC OF PSII 

Four Mn ions are present at the active site of OEC in cyanobacteria, algae and green 
plants. 

The OEC is required for coupling two water molecules and formation of O2, 

• Presenter 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
Edited by D.H.R. Barton et aI., Plenum Press, New York, 1993 

(Eq.l) 
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The polynuclear manganese aggregate of OEC is believed to pass through five 
oxidation states S4 to So' S4 denoting the most oxidized.4 The oxidation state of the Mn 
ions in the So state is at its lowest level, probably mostly a combination of Mn(lI) and (III). 

While the primary function of the OEC is to facilitate Equation 1 (a four electron 
process), in the absence of light, PSII exhibits catalatic activity:5 

2H20 2 ~ 2H20 + 02 (Eq.2) 

This two electron process is believed to involve only the So and S2 states.5 

RESULTS AND DISCUSSION 

Structural Studies 

We have recently reported the synthesis, and structure of a model for the So state,6 
(BaCa) [Mn4(OHO)(OAc hL2] 1, L= 1 ,3-Diamino-2-hydroxypropane-N ,N ,N' ,N' -tetraacetic 
acid. The tetranuclear manganese moiety of this model is represented in Figure 1 along with 
selected bond distances and angles. The four Mn ions can be "dissected" into two pairs 
according to the symmetry, Mn(l), Mn(l') and Mn(2), Mn(2'). The oxidation states of the 
metal centers is II, III, III, III (valence localized), with trivalent Mn(l) and Mn(l') and di
and trivalent Mn(2), Mn(2'). The two Mn pairs are related by a crystallographically 
imposed mirror plane. Thus, two dinuclear, oxo(hydroxo) and carboxylate bridged Mn units 
are present. They are linked by an unusual Jl4(0-H-O) bridge, formally formed by 
deprotonation of two JlrH20 bridges. 

Figure 1. Structure of the anion of 1. Selected bond lengths [A] and angles [0] in 1: Mn1 - Mn1' 3.379(2), 
Mn2 - Mn2' 3.584(2), Mn1 - Mn2 3.718(1), Mn1 - 01b 1.817(2), Mnl - Ola 1.961(4), Mn1 - 042.217(4), 
Mnl - N1 2.120(4), Mn1 - 02 2.152(4), Mnl - 01 1.954(3), Mn2 - 02b 1.925(3), Mn2 - 02a 2.078(5), Mn2 
- 08 2.169(5), Mn2 - N2 2.190(4), Mn2 - 062.140(4), 01b - H 1.2(2), 02b - H 1.3(1), Mnl - Olb - Mn1' 
136.8(3), Mn2 - 02b - Mn2' 137.2(4), Mn1 - 01 - Mn2 132.5(2), Olb - H - 02b 156(10). 
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Figure 2. Structure of the anion of 2. Hydrogen atoms have been omitted for clarity. Selected bond lengths 
[A] and angles [0]: Mn1 - Mn1' 3.382(1), Mn2 - Mn2' 3.580(1), Mn1 - Mn2 3.726(1), Mn1 - 01b 1.819(2), 
Mn1 - 01a 1.971(4), Mn1 - 04 2.183(4), Mnl- N1 2.121(4), Mnl - 02 2.151(4), Mn1 - 01 1.942(4), Mn2-
02b 1.926(3), Mn2 - 02a 2.061(6), Mn2 - 08 2.161(5), Mn2 - N2 2.204(4), Mn2 - 06 2.139(4), O1b - H 
1.59(10), 02b - H 0.89(10), Mn1 - O1b - Mnl' 136.7(3), Mn2 - 02b - Mn2' 136.7(4), Mn1 - 01 - Mn2 
132.9(2), 01b - H - 02b 180(7). 

The dinuclear units are closely related to the dinuclear Mn units believed to be present 
at the active site of manganese (pseudo)catalases.7 This view is supported by the previously 
reported6 biomimetic (catalytic) activity of 1 (see also below). 

Interestingly, the two bridging acetato groups have different degrees of disorder. 
While the acetate bridging the Mn(1), Mn(1') pair is ordered, the one that bridges the 
mixed-valence pair Mn(2), Mn(2') is not. Its disorder could reflect true carboxylate lability, 
be due to the crystallographically imposed averaging of Mn(II) and Mn(III) bond distances 
and angles and/or other solid state effects. In order to assess these effects, we have replaced 
Ba by Ca in 1. The new complex, Ca2[Mn4<0HO)(OAc)2L2], 2, is isomorphous with 1.6 

The structure was solved;" the tetranuclear manganese moiety is shown in Figure 2. 
Interestingly, while the acetato group bridging Mn(l), Mn(l') in 2 is ordered (like in 1), its 
Mn(2), Mn(2') counterpart is much more disordered (the structures of 1 and 2 have similar 
degrees of resolution). 

Moreover, the H of the O-H-O bridge in 1 seems to be less symmetrically shared by 
the two Jl2-oXO groups.t 

The abov~ results suggest that (i) an open coordination site (or at least a less saturated 
coordinative environment) can be envisioned at the Mn(II) site, consistent with the higher 
kinetic lability of Mn(II) vs. Mn(III); (ii) the O-H-O group might accept or lose protons 
without major structural rearrangement. 

"R=5.9% Data/parameter ratio 7.9. H of the O-H-O bridge was located in the difference Fourier map and 
refined. Further details will be reported elsewhere. 

t An accurate position of this hydrogen should be obtainable by using neutron diffraction data. 
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Catalytic Studies 

The relative catalatic activity' of 1 and mononuclear Mn(II) and (III) complexes at 
equimolar concentration in Mn is shown in Figure 3. It is obvious that the rate of 02 
evolution is strongly dependent upon the type and nuclearity of the complexes, the 
mononuclear ones being the poorest catalysts. 

While the detailed mechanism of H20 2 decomposition by 1 is not known yet, we are 
interested if related organic hydroperoxides can be decomposed. t The surprising results, 
shown in Figure 4, is that 1, which contains the Mn(II)Mn(I1Ih core, does not decompose 
significantly either cumene hydroperoxide (CHP) or t-butyl hydroperoxide (TBHP). In 
contrast, Mn(II) and Mn(III) acetates decompose CHP. The lack of decomposition of 
ROOH by 1 combined with its catalytic activity recommend "Mll4" complexes as 
candidates for oxidation catalysts. 

Our primary interest is to oxidize hydrocarbons with air, at low temperatures, in the 
absence of sacrificial reductants. While neither aliphatic nor aromatic hydrocarbons are 
significantly oxidized under our conditions, * alkylaromatics containing benzylic hydrogen are 
oxidized. For example, in the presence of 1, cumene is oxidized to its hydroperoxide; at 65°C, 
conversions of about 1.3 weight %/hour can be easily obtained with moderate air flows. 

Total conversions in excess of 60% with 98% selectivity have been obtained. Relative 
rates of CHP formation using various catalysts are presented in Figure 5. 

Barium oxide and carbonate are known to catalyze the formation of CHP.8 Cobalt 
acetate catalyzes both the formation and decomposition of CHP. Other alkylaromatics react 

5 

Figure 3. Oxygen evolution from hydrogen peroxide catalyzed by manganese complexes. 

• Experimental conditions: 30% H202. 02 evolution was measured manometrically. 
t Experimental conditions: 50-100 mgs solid 1 is suspended in 100 mL solutions of cumene hydroperoxide 

and t-butyl hydroperoxide (Aldrich), 40% in cumene and 30% in t-butanol, respectively. The reaction 
mixture was stirred vigorously under inert atmosphere at 65°C and the hydroperoxide content determined 
by titration. Other metal salts were tested under similar conditions. 

* Typical experimental conditions: solid 1 is suspended in a liquid hydrocarbon in a round bottom flask 
equipped with a condenser and stirred vigorously. The temperature is maintained at 65°C (±I°C) and air is 
passed through the mixture. The 02 uptake is monitored continuously using a Teledyne oxygen meter. 
Oxidation products are analyzed by GCIMS, GC and redox titration (for hydroperoxides). 
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Figure 4. Manganese complexes catalyzed decomposition of organic bydroperoxides. 

similarly with reaction rates consistent with the strength of their C-H bonds. The 
hydroperoxidation of cumene is about an order of magnitude faster than its autoxidation, 
CHP is obtained in high (practically quantitative) yield with significantly less undesirable 
acetophenone by-product. 

Hydroperoxidation Mechanism: The Role of the Catalyst. 

In order to understand the catalytic role of 1, we prepared the Ca2' 2 (see above), K4, ~ 
and Ba2' 1 analogues. Only the counterions vary in 1, 2, 1 and 1. Since all show the same 
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Figure S. Cumene bydroperoxide formation using neat cumene, air and selected metal compounds at 65°C. 
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catalytic activity, we conclude that the manganese core and not the counterions are 
responsible for the observed activity. Is the reaction homogeneous or heterogeneous? 
Samples of hydrocarbons analyzed before and after oxidations contained less than the 
detection limit (ppb) of Mn. 

Moreover, as shown in Figure 6, the reaction rate depends upon the amount of solid 
catalyst (solid catalyst is present at all times during the reaction) and, as shown in Figure 7, 
removal (filtration) and re-addition of the solid catalyst practically stops and restarts the 
reaction, respectively. Thus, we conclude that the reaction is heterogeneous. 

As far as the reaction mechanism is concerned, the formation of alkyl hydroperoxides 
suggests alkyl radicals as intermediates. Indeed, when cyclohexylbenzene is used, we 
observe oxygen insertion not only at the benzylic carbon (1 position) but also at the 2 and 4 
positions of the cyclohexyl ring. These products may result if a peroxy radical at the 1 
position abstracts a hydrogen atom from the sterically favored 2 or 4 position forming 
another carbon radical capable of reacting further with oxygen. Further support for the 
presence of a carbon radical is the classical inhibition pattern observed upon addition of the 
free radical inhibitor diphenylamine. 

~ 50 
0 
>< 

.. .. 
~ 40 .. .. .. 
~ .0 

p., .. 
~ 30 .................... .-........ 
0 . 
~ 

. 
i i 

0 

20 . 
0 

~ . 
Z . 

0 

~ 10 ::E . Filter catalyst Add catalyst 
;:J 

0 

U 0 
0 

~ 0 
0 10 20 30 40 50 60 70 

TIME (HOURS) 
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It is known that manganese salts cause oxidation of hydrocarbons, like cumene, by 
initiating free radical chain reactions. However, this is normally done by catalytic 
decomposition of trace amounts of hydroperoxides found in the hydrocarbons.2b,9 In our 
case, the catalyst does not seem to decompose CHP, as demonstrated in an independent 
experiment (see above). If it did, the rate of decomposition should increase in time as the 
reaction progresses leading to an increase in the autoxidation rate. While we do observe for 
cumene an initiation period up to the accumulation of 3-5% hydroperoxide, from that point 
on up to greater than 50% CHP accumulation, the oxidation rate is constant. This initiation 
period may be due to surface activation of the catalyst. 

We can estimate an upper limit for the autoxidation as follows. We assume that despite 
the fact that we do not observe any catalyzed CHP decomposition even after 120 hours at 
65DC, we still decompose it at a rate of 1 % over a period of 120 hours: Using this rate for 
radical production, the normal solution rate constants for the propagation and termination 
reactions and the formulae given in Ref. 10, we estimate the rate of CHP production to be 
0.54 x 10-5 Ms-l. The observed rate, 2.6 x 10-5 Ms-l, is thus about 5 times larger then the 
upper limit of the estimated initiated free-radical rate. 

Thus, 1 seems to be a true catalyst rather then a new kind of free radical initiator. This 
behavior is in contrast to the behavior of related manganese complexes. For example, 
Mn(I1) carboxylates are known to decompose CHP during autoxidation of cumenell ; 

dinuclear Mn(lII) complexes decompose tetralin hydroperoxide during oxidation of tetralin 
(an inner-sphere Mn-alkyl hydroperoxide intermediate has been proposed)12; trinuclear, 
carboxylate and oxo-bridged complexes containing Mn(I1) were found to decompose CHP 
during the catalyzed oxidation of cumene,13 

Overall, our results are consistent with a hydrogen rebound mechanism, wherein the 
catalyst activates oxygen, the oxygenated catalyst abstracts hydrogen from the hydrocarbon 
which then reacts with 02 to form a peroxy radical. Recombination of the radicals with the 
"hydrogenated" catalyst regenerates the catalyst (Mechanism 1): 

Cat + 02 ¢::> Cat 02 
Cat02 + RH ~ Cat02H + R
R- + 02 ~ROO-
Cat02H + ROO- ~ Cat02 + ROOH 

Alternatively, the catalyst might abstract hydrogen from the hydrocarbon forming a 
radical which reacts with 02 to form a hydroperoxide. The catalyst is regenerated by the 
loss of hydrogen to the hydroperoxide (Mechanism 2): 

Cat + RH ~ Cat H + R
R-+02 ~ROO-
Cat H + ROO- ~ Cat + ROOH 

Both mechanisms assume the formation of a "cage" that prevents ROO- from reacting 
with RH. This assumption is only a "zeroth order" approximation. Some radicals may 
escape the cage and start classical free-radical chemistry in solution. It is possible that the 
hydrocarbon loses a hydrogen atom, but is seems more likely that an electron and a proton 
are taken up by the manganese catalyst. 

Structurally, it is tempting to speculate that if mechanism 1 is valid, the H$ can 

reversibly bind to the central /J.4-0-H-0 group while if mechanism 2 is valid, the oxygen 
binds to the Mn(I1) site, which is or could become coordinatively unsaturated due to a labile 

• This value, 1 %, is at least 10 times larger then our CHP titration error. 
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acetato group (see above). For both mechanisms, however, Mn ions are the "electron 
binding sites". Two pieces of evidence support this view: 

1. We have prepared a complex analog to 1 but in which both Mn(II) and Mn(III) are 
selectively replaced by the non-redox active Zn(II) and Ga(III), respectively. This 
complex, isomorphous with 1, shows no catalytic activity, thus strongly suggesting 
the requirement of electron transfer for catalysis. 

2. Proton coupled electron transfer. Titration of 1 with acetic acid results in the 
reduction of Mn(I1I) to Mn(II) as shown in Figure 8. Thus, the transfer of an 
electron will facilitate the addition of a proton and vice versa. Consequently, the 
activation energy for catalysis by both above mechanisms is lowered. 

It is important to note that even if the proton is attached to the Mn-bound 02 as in 
mechanism 1, one cannot exclude its transfer to J.l4-0-H-0 bridges present in the bulk of 
the catalyst. In this way, one surface-bound oxygen can produce (and cap) multiple ROO
radicals. 

A very interesting "(hydro)peroxo rebound" mechanism (Mechanism 3) cannot be 
ruled out: 

Cat + 02 ¢:> Cat02 
Cat02 + RH --+ Cat02H + R- --+ Cat + ROOH 

This mechanism is reminiscent of the "oxygen rebound" mechanism proposed for 
cytochrome P450 and which may also be operative in methane monooxyenase. The 
difference, however, is that in Mechanism 3 two (as opposed to one) oxygens are inserted in 
aC-Hbond. 

Biological Relevance 

A connection between the manganese catalyzed formation of benzyl radicals and 
tyrosyl radicals can be formally established. It is known that Mn can replace Fe in some 
ribonucleotide reductases (RR) with retention of activity.14 Also, a dinuclear Mn active site 
has been proposed for authentic manganese ribonucleotide reductases (MnRR).15 Both RR's 
share the J.l-oxo bridged dinuclear manganese motif with 1, except that, as discussed above, 
1 comprises two such structural units. 

Z 8 

B 7 
p., 
~ 6 0 
CIl 
fYl 5 < 
Cl 4 ~ 

t:l 
...J 3 < 
::E 2 ~ 
0 
Z 

4 5 6 789 
pH 

10 11 12 

Figure 8. Proton induced reduction of 1. The solution changes color from dark brown to colorless as the pH 
decreases. 
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Figure 9. Formal analogy between tyrosyl and benzyl radical formation. Both direct hydrogen atom and 
proton/electron abstraction mechanisms are shown. 

A mechanism by which one proton and one electron are abstracted by a "Mn-oxo" 
group from the OH of a tyrosine or, in its absence, from the reactive benzylic CH2 is shown 
in Figure 9. 

It remains to be established which of the two dinuclear moieties of 1 is responsible for 
catalytic and/or 02 binding and/or proton/electron abstraction from hydrocarbons. Work in 
progress, which includes measuring kinetic isotope effects, solvent effects, etc., is aimed at 
elucidating the oxidation mechanism. 

CONCLUSIONS 

A novel family of tetranuclear manganese complexes has been synthesized and 
characterized as structural and functional models for the oxygen evolving complex of 
Photosystem II. These complexes exhibit biomimetic catalase activity and, interestingly, are 
also able to function as hydrocarbon air oxidation catalysts. Their activity results in the 
incorporation of both oxygen atoms of 02 in organic substrates with no need for a 
sacrificial reductant. Thus, while they share many features with biological oxidation 
catalysts, they are bioinspired rather than biomimetic. The oxygenated products obtained in 
high yields, alkyl hydroperoxides, are valuable chemicals in their own right and also a 
source of "activated oxygen" for oxidation of other organic molecules. 
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INTRODUCTION 

Monomeric complexes of NiH containing terminal (non-bridged) thiolate 

sulfur donors are relatively rare. The reason for this is explained by the 
simultaneous strong Ni-S a-bonds in the presence of four-electron 

destabilizing interactions of lone-pairs of electrons on thiolate-sulfur with 
filled metal d-orbitals. 1 Relief of such an anti-bonding interaction is 
particularly effective by metal electrophiles and hence thiolates serve as 

nucleating centers, generating polymetallics, sometimes desired, but more 
usually a frustration to synthetic or mechanistic chemists. 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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The air sensitivity of electron-rich or anionic thiolates is also accounted 
for by this destabilizing 1t* interaction. Reaction with 02 is widely believed to 

be non-specific, generating intractable mixtures of metal oxides, metal 

sulfides and oxidized ligand products. Nevertheless there have been three 

recent reports of well-characterized sulfur-oxygenated products resulting 
from reaction of gaseous oxygen with nickel thiolate complexes.2-4 Scheme I 

summarizes the results of Maroney et al., on the reaction of the anionic 
cyano transdithiolatenickel(lI) with 02 which concludes with a 

monosulfinato complex, reported to be not further reactive with 02.2 In 

contrast the dianionic, dithiolene complex of Schrauzer and Chadra results 
in a bissulfinatocomplex with RS02 - units in cis orientation and shown in 

the x-ray crystal structure to be tightly ion-paired with a sodium ion, Scheme 
11.3 

eN 

C' / /Ni,S 

N'---./ 

Mer 

Scheme I (Maroney, 1989) 

eN 

°2 C' / NI ° • / 'It DMF, N S 
12 hrs r'---./~ 

Me 
84% 

Scheme II (Schrauzer, 1990) 

strongly 
alkaline sol'n 

°2 

~ • 
days 

Herein we review results with the neutral complex, N,N'

bis(mercaptoethyl)-1,5-diazacyc1ooctane-nickel(II), or (bme-daco)NiII , 1, to 

yield N-(mercaptoethyl)-N'-(sulfinatoethyl)-1,5-diazacyclooctanenickel(II), or 

(mese-daco)Ni II , 2 and N,N'-bis(sulfinatoethyl)-1,5-

diazacyclooctanenickel(II), or (bse-daco)NiII,3, Scheme 111.4 The 

mechanistic implications of isotopic labelling experiments as well as 

spectroscopically observed intermediates are discussed. 
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Scheme ill (Farmer, Soma, Darensbourg 1992) 

H2 0 2 

II >< 11 °2 V 

<00 .S °2 ~ ~O'S02 ~~;;~: KN~S 
24 h ~N~S + .""« \......./ «~ 1 

(bme-daco)NiI I (mese-daco)NiI I (bse-daco)NiI I 

RESULTSAND DISCUSSION 

Characterization of the complexes. Reaction of diamagnetic (bme
daco)NiII with 02 in CH3CN produces the mixture of products shown in 

Scheme III which may be efficiently separated by flash chromatography on 
silica gel columns. A typical distribution following a 24 hr reaction at 1 atm 
02 is 50% recovery of (bme-daco)NiII, 20% and 5% yields of (mese-daco)NiII 

and (bse-daco)NiII, respectively and an undetermined amount (presumably 

25% from decomposition of -8% 1 producing free Ni2+) of the trimetallic 
remains on the top of the column. All complexes referred to in Scheme III 
have been characterized by x-ray crystallography. The x-ray crystal 

structure of starting material, 1,5 shows disorder in the daco ring resulting 

in a 50:50 distribution of chair/chair and chairlboat configurations of the the 

fused metallodiazacyclohexane rings. The ethylene arms linking N to S are 
staggered with respect to each other across the NiN2S2 pseudo square plane. 

The x-ray structures of the sulfinates show them to be four coordinate and 

approximately square planar with slight tetrahedral twists which possibly 

account for the observed paramagnetism of the complexes in solution.4 ,6 
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Interestingly, complex 1 also has a significant Td twist, Table I, but is 
diamagnetic in solution. 

Table I compares selected bond lengths for complexes 1,2, 3, and 4. As 
was observed by Maroney and coworkers for an octahedral complex 
containing both Ni-thiolate and Ni-sulfinate groups,2 the Ni-Ssulfinyl 
distance of 2.140(I)A is shorter than is the Ni-Sthiolate distance, 2. 163(1)A. 

The latter is essentially the same as in the parent complex I, 2.159(2) A.5 
The short Ni-S02R distance is accounted for by the decrease in radius of S+2 

in the sulfinate as compared to S-2 in the thiolate. 

Table I. Bond Lengths,a Tetrahedral Twist,b Magnetism.c 

Complex Ni-N(A) 

1 bme- 2.159(3) 13.2 o 

2.000(2) 
, 

2.140(1) N"'hh'Ni .. ""IS02 
2 mese- 18.3 

1.982(2) N"" 's 2.163(1) , 1.33 

, 
3 bse- 1.981(9) N"h""N""'~'S02 2.133(3) 15.9 

N ...... I ....... 
802 , 

1.23 

1.961(4) 
[NO ... "".~ . 

2.155(1) 
4 (Br)2 NI, Nl 

1.953(4) N"""" S 2.148(1) , 2 

a) Structural data for 1 from ref. 5, 2 from ref. 4, 3 from ref. 3; b) The Td twist angles are 
measured as the angle of the intersection of the normals of the S(1)-X-8(2) and N(1)-X-N(2) 
planes where X is the centroid of the N282 plane.; c) determinecl by the Evans' method. 

The molecular structure of 4 is the common 7 stair-step structure with 
avg. Ni-S distances in the central NiS4 environment (2.200 A) significantly 

longer than that in the NiN2S2 portion of the complex (2.152 A). The severe 

folding angle between the NiS4 square plane and the best plane calculated for 

an NiN2S2 unit (Ni is 0.17A above the N2S2 best plane) is 116.9° resulting in 

Ni--Ni distances of 2.685(1)A. This trimetallic is formed on time of mixing of 
Ni2+ with solutions of 1. It results when salts of NiH are added to 1 , when 1 
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is exposed to acid, or when 1 reacts with one-electron oxidants such as 

cerium(IV), iodine, or NO+. Hence it is assumed that the production of 4 in 
the reaction of 1 with 02 is a result of an electron transfer path, yielding 

ligand oxidized product (presumably disulfides) and free nickel(II) which 

rapidly scavenges its parent complex 1. 

Complexes 2 and 3 were further identified by characteristically intense 
bands in the 'O(SO) region of the IR. For 2, assignment of the bands at 1182 

and 1053 cm- 1 to 'O(SO) was confirmed by shifts to 1146 and 1018 cm-1 in 

samples prepared from 98% 1802. Significantly, the UV-vis spectrum of 3 as 

it eluted off the column showed a highly absorbing contaminant, but the IR 
spectra in the 'O(SO) region was little different from that of the isolated and 

purified form which has intense bands at 1192, 1180, 1070, and 1031 cm- I . 

Ligand Reactions. Thiols and thiolates are known to undergo metal 
catalyzed 02 oxidation forming primarily disulfide products.8 Stirring 

solutions of both the diprotonated and sodium salt of the bme-daco ligand 
under 02 for 2 days produced no intense bands in the 'O(SO) region of the IR 

indicative of S-oxygenates. Likewise, stirring a solution of the dimeric [(bme
daco)Zn12 9 under 02 for 4 days yielded quantitative recovery of the starting 

material. 

Radical and Oxygen Traps. Reactions carried out in the presence and 

absence of 10 molar % galvinoxyl as radical trap gave essentially equivalent 

product yields, ruling out a radical initiated auto oxidation (the dithiolate 1 

itself should function as an efficient radical trap). Also, in reactions to 

which Ph3P or Me2S were added as activated oxygen traps, products such as 

Ph3PO or Me2S0 were not detected. 

Kinetic monitor of the oxygenation. Table II lists the electrochemical 

data derived from cyclic voltammograms of complexes 1 through 4. 

Reversible waves assigned to the NiIIlI redox event are more accessible by ca. 

300 mV with each conversion of thiolate to sulfinato ligand. Irreversible 

oxidation events, displaced by ca. 2 V from the NiIIlI couple, are observed for 

the complexes containing thiolate sulfurs and are ascribed to sulfur radical 

formation. In the case of the bissulfinate, the oxidation becomes reversible 

and is assigned to the NiIIlIlI couple; this assignment is corroborated by the 

esr spectrum of chemically oxidized 3.6 

The good reversibility of the NiIIlI couple in the cyclic voltammograms 

has permitted a kinetic monitor of the reaction presented in Scheme III 
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Table II. Cyclic Voltammetric Data. 
Comnlex R.,rll1M:inn QQm12lex QxigatiQn 

Complex EY2 Llli ipa1ipc Epc EY2 AE ipa1ipc 
(mV) (mV) (mV) (mV) (mV) 

(irrev.) (rev.) 

1 bme- -1944 65 1.01 +360 

2 mese- -1631 70 0.97 +620 

3 bse- -1339 72 0.93 +847 76 0.92 

4 (C1)2 -715 ill 0.95 +1200 

All potentials scaled to NHE in CH3CN solutions, ref. 6. 

making use of Osteryoung square wave voltammetry. Reactions of O.lmMol 
solutions of 1 with 02 maintained at 1, 2 and 3 atm in various solvents were 

carried out in a Fischer-Porter tube. Samples were withdrawn at timed 
intervals and the aliquots degassed with argon prior to electrochemical 

analysis. The bulk reaction was repressurized and allowed to proceed. A 
sample analysis showing the disappearance of the starting material, 1, and 

5,-----------------------, 
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3 atm 02 
inDMF 

20 30 

Time (hr) 

---.- 1 

-0- 2 

---l:s- 3 

40 

Figure 1. Plot oft, 2 and 3 followed 

over reaction course by OSWV. 

50 
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'~ 

]6 
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~ 
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~ 
~ 

2 

0 
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atm 02 

Figure 2. Oxygen dependence in various 

solvents for reaction of 1 with 02. 

appearance of products, 2 and 3, is shown in Figure 1. The observed 
exponential decay of 1 yields linear plots of In(peak intensity) vs. time. The 

pseudo-first order rate constants thus obtained show a linear dependence on 
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02 pressure as demonstrated in Figure 2. Hence the kinetic rate expression, 

determined for the disappearance of 1 is overall second order: 

rate = -d[bme-daco)Ni]/dt = k[bme-daco)Ni][02] 

Notably, the reaction in DMSO and DMF show similar and greater 
values ofofkobs than in the less polar CH3CN (DMF 2.96, DMSO 2.87, CH3CN 

1.37 x 10-2 sec-1 at 3 atm oxygen). The protic solvent MeOH completely 

inhibits reaction while in water, different reaction products are obtained, 

vide infra. 

Chemical Oxygenation. Hydrogen peroxide could also be used as the 

oxygen source and reacted on time of mixing with (bme-daco)NiII in MeOH 
to yield the same mixture of products as the 02 reaction, eq 1. The yield of 2 

optimized (70%) at 2 equivalents of H202, and 3 was the predominant (85%) 

product for 4 equivalents of H202 in MeOH or CH3CN. This stoichiometry 

suggests that one O-atom is transferred per H202 molecule used in a 

sequence as described by eq 1. Further reaction of 2 with additional 
equivalents ofH202 yields 3. 

\ ~O 
N· ........ S~ 

I 0 
(1) 

Metal bound sulfenates (or metallo-sulfoxides) resulting from sequential 
O-atom transfer to thiolate sulfur have been spectroscopically identified as 
intermediates only in the reaction of substitutionally inert CoIILamino

thiolate complexes with hydrogen peroxide. lO In contrast our work and that 

of othersll find the MSR functionality in coordination complexes reacts 
directly with oxygenating reagents to yield principally metallosulfinates, 
MS02R. The propensity to form the MS02R from MSR extends to single 0-

atom transfer reagents, such as peracids or dioxiranes. l1a 

Implications. A major difference in O2 and H202 reactivity was 

indicated on the summary in Scheme III. Whereas isolated and purified 2 is 

unreactive with dioxygen under the same conditions as the original reaction 
(CH3CN solvent, bubbling O2, 24 h), reaction of 2 with hydrogen peroxide 

yields 3 immediately and quantitatively. 
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We are thus faced with two interesting questions: 
1. What is the mechanism of 02 addition to 1 to yield the monosulfinate 

complex 2? Is it O-atom transfer as in the reaction of H202? Or is a 

molecular (concerted) process operative? 
2. What is the source of the bissulfinate in the original reaction? As 

indicated in the reaction monitor displayed in Figure 1, the bissulfinate 3 
forms early in the reaction and apparently simultaneously with 2. Do they 
involve the same or different precursors/intermediates? 

Isotopic Labelling Studies. 

, 
N .. ","'S 

I""", 
,S 

+ 
/" 

? 

~ 

,~O* 
"S~ N" .1111 " * 

1 '0 
"""'S , + 

,;:> 
N .. ""IIS:o... 

1 '0 
"""'S , 

Label Retention 

+ 

,//0* 
N' "",IIS:o... 

1 '0 
"""'S , 

Label Scrambling 

(2) 

O·atom or Molecular 02 addition. We addressed the first question in 

collaboration with Prof. D.H. Russell.4 Matrix-assisted laser desorption 
(MALD) ionization was used to obtain Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectra on Cs+ doped isotopomers of 2 and 3. 
Isotopic labelling experiments (1802/1602 mixtures) demonstrated that both 

oxygens in the sulfinate ligand of 2 were derived from the same dioxygen 

molecule. Figures 3a, 3b and 3c display the spectra in the [M+Cs]+ mass 
region for 2 isolated from reaction of 1 with natural abundance 1602, a 56:44 
mixture of 1602:1802, and 1802(98%), respectively. For the mixed label 

experiment, Figure 3b, a fit of the data to a combination of the two pathways 
(O-atom addition vs. 02 molecular addition) finds that greater than 90% of 

the product is formed by molecular addition (fit values: 92% retention, 8% 

scrambling). 
Analysis of the [M+Cs]+ mass region for bissulfinate, 3, isolated from the 

same reaction mixtures of 1 with natural abundance 1602, a 56:44 mixture of 
1602:1802, and 1802(98%), are seen in Figures 4a, 4b and 4c, respectively. 

Three mechanistic pathways were considered in analyzing the mixed label 

experiment. The first, "retention/retention", signifies the product in which 
one 1602 and one 1802 adds molecularly to 1 at individual sulfur sites, 

producing the 81602/81802 isotopomer; or across sulfur sites, producing the 
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(S160 180)2 isotopomer (mass spectral analysis of the parent ion can not 

distinguish the two possibilities, vida infra). For the "scrambling", or 0-
atom addition case, two possibilities exist. The first is that oxygenation of the 
first sulfur is by molecular addition and the subsequent formation of 3 

b 

.A A 

a 
I 

1602 

; JAA 
445 450 455 460 465 470 

ml z 

Figure 3. FT-ICR spectra of2 isotopomers 

formed from 160211802 ratios given in text. 

b 

a. 

485 490 495 500 505 
m/z 

Figure 4. FT-ICR spectra of3 isotopomers 

formed from 1602/1802 ratios given in text. 

scrambles 02; the second is that both S02 units of 3 are formed solely by 0-

atom addition or a random exchange process. The experimental spectra, 
Figure 4b, for the mixed label experiment intimate molecular addition of 02; 

that is, O-atom or random exchange processes are ruled out based on the 
lack of isotopomers containing odd numbers of 160 or 180. A statistical fit 
finds that> 90% of the product is formed by molecular addition (fit values: 
94% retention/retention and 6% retention/scrambling). 

Bissulfinate formation. Attempts to limit the mechanistic possibilities 
for the production of 3, included an examination of 1) any catalysts in the 
original reaction of 1 and 02 that might promote the addition of a second 02; 
2) some intermediate complex which might collapse to 1 or add a second 02 

to yield 3; 3) further labelling experiments which might shed light on the 
mechanism of 02 addition to sulfur-sites prior to formation of 3. 

Experiments were run to test the possibility of the dithiolate, 1, or the 

trimetallic, 4, acting as a catalyst for the production of the bissulfinate. 

Solutions containing a 5:2 ratio of the monosulfinate, 2, to the starting 
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dithiolate, 1, stirred under 02 for 3 days showed only a slight increase in 3 

production from that predicted from 1 alone. A similar experiment using 
added trimetallic, 4, produced trace amounts of 2 and 3, which may 

rationalized by reaction of an equilibrium concentration of 1 (from the 

dissociation of 4 into two 1 and one free Ni2+). Thus neither 1 nor 4 are 

considered candidates for the dioxygenating catalyst. 

Precursors to the sulfinate products. The reaction of 1 with 02 in 

aqueous solution slowly produces a different product, X, which is well 

separated from 1 by column chromatography. Isolable yield from 0.10 g 1 in 
30 ml H20 stirred under 02 for 7 days is 40 to 60 mg. The compound is most 

stable in water or MeOH, but is easily decomposed by trace acid (such as on 
an unconditioned Si02 column) or by heating in organic solvents. It is 
characterized by an intense orange color [UV-vis max (e) at 356 nm (>3600) 

and 473 nm (>380)] and a strong absorbance at 910 to 930 cm-! in its IR 

spectrum. C, H, N, and 0 analysis of purified powders matches a dioxygen 
adduct, 1·02, the monosulfinate, 2, or a sulfenate with a H20 of solvation. 

The spectroscopic data is suggestive of an S=O moiety, either as in a 

sulfenate [Ni(SO)R] or an O-bound sulfinate [NiO(SO)R], although a Ni or S

bound 

peroxidic species (u(O-O) - 900 cm-1 )12 is also possible. More importantly, 

this compound further reacts with 02 in CH3CN to give the bissulfinate, 3. 

Under typical oxygenation conditions, (0.3 mM in CH3CN, 1 atm 02,1 day) X 

yields 20% 3, along with 60% recovered X and smaller amounts of 2 and 4. 
Although X is not observed in the reaction of 1 with 02 in CH3CN, a 

compound Y is found as a highly absorbing species (Amax at 365 and 440 nm) 

which elutes with 3 during workup. It is also found in the mixture of 
products resulting in reaction of 1 with 3 equiv H202. Its red-orange color 

and v(SO) IR spectrum are similar to X, but it elutes much more slowly on 

Si02. Concentrated powders of Y give C, H, N, and 0 analysis consistent 

with a product of intermediate oxidation state such as a mixed 
sulfinate/sulfenate. It does not react further with 02. 
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While difinitive structural characterization of X and Y elude us, their 

existence as possible precursors to the sulfinates led to reconsiderations of 

possible intermediate species in light of the isotopic labelling experiments. 
Precursors in which the initial 02 addition adds to the same sulfur site, as in 

A B 

[ Ni ,,"'~8'? ] 
........ 8,0 , 

C D 

thiadioxirane A or the O-bound sulfinate B, should produce only dilabelled 
R802- in the mixed isotope experiments. If both sulfur sites are involved 

during the 02 addition, as in dithiadioxirane C or the bissulfenate D, some 
scrambling between R802 - sites may occur in the formation of the 

bissulfinate. 

/' 
? 

"-. 

DOUBLE LABELED 

q~rlP Cf ,,.0 ,I:), /E\ 
NI 

MIXED LABELED 

Label exchange in the bissulfinate. The possibility of oxygen atom 
scrambling in the bissulfinate formation (i.e. the formation of Ni[R8160 180-h 

from the mixed label experiment, vida supra) was checked first by 

examination of the thermally vaporized FAB8 M8 spectra of 3 from the 
mixed label experiments above. No parent ion peaks were detected, but 802 

peaks at rn/z ratios 64 (81602) and 68 (81802) were seen in the spectra from the 

reaction using natural abundance 1602 and 1802(98%), respectively. The 

mixed label spectra (from a 56:44 mixture of 1602:1802) displayed an 

additional peak at rn/z ratio 66 which would be assigned to 8 160 180, the 

mixed label sulfinate. Both the possibility of exchange over time (- 6 months 

elapsed before the F AB8 analysis) and the presence of variable background 

ion peaks in the same region (making quantification difficult), led us to 

repeat the mixed label experiment. FT ICR mass spectra of fresh and 
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purified samples of 3 were analyzed for S02 - by using double laser shot 

desorption in the absence of matrix. Spectra were analyzed from natural 
abundance 1602, as well as mixtures of 1602: 1802 in ratios of 21:79 and 

53:47. The latter spectra is seen in Figure 5. Both mixed label spectrum 
clearly show peaks at m/z 66 indicative of mixed label S02 -. Variation of the 

delay times showed little change in the peak ratios, implying gas phase 0-

atom exchange is not the source of the mixed label peak, but exchange 

during desorption cannot be ruled out. A statistical fit of the mixed label 
spectra to the two mechanistic possibilities, double labelled or mixed labelled 
sulfinates, shows that label mixing is the major pathway (91%). 

This result was mechanistically revealing in that the labelling studies 

show that pairwise addition of dioxygen prevails during the formation of both 

2 and 3, implying the 0-0 bond is not broken until after both atoms of 
molecular oxygen are bound to the substrate complex. In 2 a single S-site 02 

addition occurs. In the formation of 3, the bissulfinate, we now have 

compelling evidence that each dioxygen molecule is divided between the cis 

sulfur sites. 

Comments on Mechanism: Control experiments have shown that 
s{)dium salts of the free bme-daco anion do not add molecular 02 to sulfur, 

but rather produce disulfides. Hence the activation of 02 required for this 

formally forbidden reaction between a diamagnetic substrate, complex 1, and 
302 might be ascribed to a result of thiolate binding to nickel. Dioxygen 

complexes of nickel are known 13 and have been demonstrated to behave as 

superoxide-like adducts, resulting in O-atom transfer behavior. For 
example, the 02-adduct of nickelII (postulated as 02--NiIII) in a tetraaza 

m/z 
Figure 5. IT ·ICR spectra of 802- derived from 3 formed from 53:47 

1602:1802 ratio as described in text. 
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macrocycle hydroxylates activated C-H bonds as in the conversion of benzene 

to phenoI.13a The isotopic labelling results described above find no evidence of 
O-atom chemistry and furthermore there is no evidence for 02 binding at 

nickel. Solutions of the nickel complex under 02 prepared at low 

temperature show no epr signals nor color changes which might indicate a 

similar KimuralMartell type NiIII-superoxide complex. 

The oxygenation of organic sulfides by singlet oxygen responds to 

subtituents and solvents in a manner which suggests O-atom transfer from 

a sulfur-based peroxido intermediate.14 Sulfoxides are major products with 

sulfones produced in minor amounts. A recent revisit of this reaction using 
isotopic 1802/1602 mixtures uncovered the alternate molecular route for the 

sulfone formation as shown Scheme IV.15 That is, a majority of the sulfone 
is accounted for by molecular addition of 02 rather than O-atom transfer. 

Scheme IV 

cOlla7 
.... 0 

R2 S I ...... 0 

+ 

+ 0-0-
R S'" 2 

O-atom ~S=O 
transfer 2 

R2S 

R2S0 2 

The reaction of (bme-daco)NiII with 02 appears to be similar to the 

organic sulfides. i.e., sulfur-based. All previous chemistry with 1 suggests 

great reactivity at sulfur. The mechanism shown in Scheme V invokes an 
02 adduct formation either as a single S-site peroxide or an adjacent double 

S-site metalladithiadioxirane,3 which might serve as a common 

intermediate for the formation of both observed products, the mono- as well 

as the bissulfinate complexes. Such precursors or intermediates are 
consistent with the isotopic labelling results of 1) molecular addition of 02 in 

221 



both products; 2) label integrity in the S02 of the monosulfinate; and 3) mixed 
label in the S02 groups of the bissulfinate. 

Scheme V 
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We continue to be intrigued by spectroscopically observable intermediates 

that have thusfar eluded isolation and complete characterization. To this 

end, ongoing research is based on a derivative of bme-daco which has 
replaced hydrogens by methyl groups on the carbons alpha to sulfur,16 

Sterically encumbered sulfur sites are expected to enhance the possibility of 

isolating partially oxidized products. 
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INTRODUCTION 

The selective functionalization of saturated hydrocarbons which requires the 

activation of unactivated carbon-hydrogen bonds remains one of the most intriguing 

subjects of modem chemistry despite the great deal of research interest over the past two 

decades. The economic and practical functionalization of alkanes is expected to be among 

the major objectives for the end of this century. Much progress has been achieved in 

homogeneous and heterogeneous catalysis, in both the liquid and gas phases 1.2. Catalytic 

oxidation of alkanes has been explored using various oxidants. Those conducted with 

dioxygen under mild conditions are especially rewarding goals2. Amongst the many 

approaches to the problem, one is based on mimicking nature. Nature's ability to use 

dioxygen to oxidize different C-H bonds in a selective manner is attracting chemists from 

different areas, including bio-, inorganic and organic chemistry. Nature does its job by 

using enzymes, referred to as oxygenases, which catalyze the oxidation process by directly 

inserting one or both atoms of dioxygen into the organic substrate giving mainly hydroxyl 

groups 3. 

Oxygenases can be classified into three groups based on the co-factor required for 

catalytic activity of the enzyme4. One is the transition-metal free enzyme containing an 

organic prosthetic group such as flavin, but oxidation of unactivated C-H bonds by this 

enzyme has not yet been found. The other two are metalloenzymes containing copper or 

iron. Despite the fact that these enzymes are largely distributed in nature, the molecular 

mechanisms of their reactions are known in considerably less detail. Elucidation of this 
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mechanism may potentially aid in the development of useful transition metal catalysts for 

mild and selective oxidative transformations and therefore is of current interest and is very 

important from both a fundamental and industrial chemistry perspective. 

Among metallooxygenases the most extensively studied remains cytochrome P-

4505. Cytochrome PA50 dependent monooxygenase is a family of heme-iron enzymes 

which catalyze the transfer of one oxygen atom from dioxygen into a wide variety of 

substrates according to reaction: 

RH + O2 + 2e- + 2H+ ---I.. ROH + H20 

The reaction mechanism of cytochrome P-450 has been for many years the central 

subject for many chemists and is still in the focus of current interests. The reactive species 

which delivers oxygen atoms to substrates (at least in the case of alkane hydroxylation) is 

now generally accepted to be a high-valent porphyrin-iron-oxo intermediate, formally an 

VFe=O species, resulting from the heterolytic cleavage of 0-0 bond of dioxygen. Many 

chemical model systems reproducing the chemistry of cytochrome P-450 were proposed, 

synthetic models for high-valent metal-oxo species being prepared, isolated and well 

characterized to prove the idea of involvement of such species in the cytochrome P-450 

catalyzed reactions6. 

Much less is known about non-heme oxygenases. At the present time, the three well 

characterized non-heme iron containing enzymes are: methane monooxygenase (MMO) 

from Methylococcus capsulatus (Bath) 7, the hydrocarbon monooxygenase system (POM) 

from Pseoudomonas Oleavaranse8, and the iron bleomycin complex (FeBLM)9. The first 

two catalyze the hydroxylation of aliphatic hydrocarbons by dioxygen and the third is 

responsible for oxidative cleavage of DNA. A binuclear iron center was shown to be in the 

active site of MMO, while POM and FeBLM have mononuclear iron-containing active 

sites to activate dioxygen. 

Phenylalanine hydroxylase catalyzes the conversion of L-phenylalanine to L

tyrosine. This enzyme contains either copper or non-heme iron at the active site and 

requires a reduced pterin cofactor10, a metal-peroxo adduct being postulated as an 

intermediate in the reaction 11. 

Over the last two decades many intriguing and valuable non-heme containing 

catalytic systems have been reported which catalyze alkane hydroxylation by dioxygen 

and/or peroxides l2. The simplest models based on the principles of coupled oxidation, are 

those in biological systems including iron (or other transition metal) salts as a catalysts, an 

organic ligand and hydrogen peroxide or dioxygen plus an electron source 13. The cleavage 

of C-H bonds in the coupled oxidation of alkanes and SnCl2 is performed by hydroxyl 

radicals 14, the same active species can be suggested in the other similar systemsl5, such as 

that developed by Udenfriend 16. 
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THE HISTORY AND NOMENCLATURE OF GIF·CHEMISTRY 

We have developed a family of chemical systems which we call the Gif-systems for 

oxidation and functionalization of alkanes under mild conditions. Consideration of the 

nature of the world after a billion or so years of life under reducing conditions suggested 

that the arrival of oxygen, generated by the blue-green algae, might have led to a concerted 

microbial oxidation of iron and of hydrocarbons. To test this idea adamantane was chosen 

as a key substrate due to its symmetry and simplicity of oxidation product identification, as 

well as its low volatility thus enabling accurate mass balance determination. Adamantane 

has 12 equivalent secondary- and 4 equivalent tertiary C-H bonds. The normalized C-H 

bond activation ratio C2/C3 (the ratio of the yields of appropriate oxidation products) 

serves as a useful mechanistic probe. Indeed, each reactive species exhibits its own 

regioselectivity ("finger-prints"), and, for example, typical C2/C3 ratios for radicals are 

between 0.05 and 0.15 in accordance with the bond energy of secondary and tertiary C-H 

bonds, the reactivity order for radical chain autoxidation processes being well established to 

be tert. C-H > sec. C-H> prim. C-H17. Pyridine was chosen as a solvent because metal 

complexes and hydrocarbons are both readily solubilized in this solvent. Moreover, at the 

beginning of Gif-chemistry Tabushi et al .. 12a had taken advantage of pyridine as the 

solvent in a coupled oxidation of 2-mercaptoethanol and adamantane, catalyzed by 

(FeSalen)zO, and observed in very small yield an unusual value of C2/C3 ::::: 1 for 

adamantane oxidation but without any mass balance. Taking into account all of the reasons 

mentioned above, equivalent amounts of iron powder (as a source of electrons and a 

precursor of a catalytic complex) and acetic acid (as a source of protons) were added to a 

mixture of pyridine and adamantane. Initially, hydrogen sulfide was also added, but it was 

subsequently established that this was not needed for the reaction itself. However, it 

facilitated the start of the reaction by a surface effect. Ten years ago the first paper on Gif

chemistry was published 18 and now Gif-chemistry has its own rich history. In a 

subsequently developed system we used metallic zinc as a source of electrons and the 

resulting system (GifIV) was catalytic in iron (up to 2000 turnovers) 18b. Just after the first 

publications on Gif-chemistry one of us (YVG) started his research on this subject in 

Chernogolovka (Russia) and found that iron could be replaced by copper or other metals19. 

An electrochemical version of the Gif system was developed in Orsay, France (Gif-Orsay 

system)20. In this system zinc or iron powder was substituted by a Hg-cathode of an 

electrochemical cell. At the same time it was found that hydrogen peroxide could be used 

as an oxidant instead of dioxygen plus electron source, both iron or copper salts being 

efficient catalysts for alkane oxidation l9b, 21. After moving to Texas A&M University 

(Aggieland) it was shown that KOz under argon could also be used as an oxidant (GoAggI 

system)22, however the efficiency (in terms of product yield based on the consumed 

oxidant) was rather low. Detailed examination of the oxidation by hydrogen peroxide 

showed that both systems with Fe-based (GoAggII)22 or Cu-based (GoChAggI)23 catalysts 
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share the same characteristics as the other members of the Gif-family. For the former 

systems it was shown that a catalytic amount of an organic ligand could sharply change the 

oxidation rate24, picolinic acid being the best ligand studied24b-c (GoAggIII). Recently tert

butyl hydroperoxide has been used as an oxidant at elevated temperatures instead of 

hydrogen peroxide with Fe- or Cu-catalysts25, the reaction pattern being similar to those of 

Gif-reactions. Other transition metal (Co, Ru, Ni, etc.) complexes (mainly bipyridine) can 

also be used in alkane oxidation by hydrogen peroxide in acetonitrile/pyridine solutions 26. 

Thus, after ten years of intensive study the Gif-family consists of several members and is 

being enriched by the addition of new members. The nomenclature used for the Gif

systems is geographically based and is given below. 

System 

Gif-Orsay 

GoAggi 

GoAggII 

GoAggIII 

GoChAggO 

GoChAggl 

The Nomenclature of Gif Systems 

Cat.complex Reductant 

Fe(II)/Fe(III) Fe0 (powder) 

Fe(II)/Fe(III) ZnO (powder) 

Fe(Il)/Fe(III) Hg-cathode 

Fe(Il)/Fe(III) 

Fe(III) 

Fe(III) 
picolinic acid 

Cu(I)/Cu(II) 

Cu(Il) 

Cu0 (powder) 

Oxidant 

Dioxygen 

Dioxygen 

Dioxygen 

KD2/Ar 

H20 2/Ar 

H2D2/Ar 

Dioxygen 

H2D2/Ar 

The nomenclature is geographically based: G stands for Qif-sur-Yvette (France), 

o is for Qrsay (France),Agg is for A&&ieland (TexasA&M University, USA), 

at is for Qernogolovka (Russia). 

REACTIONS IN GIF·SYSTEMS. 

The first transformation discovered in Gif-systems was the oxygenation of saturated 

hydrocarbons where ketones are the major products of secondary C-H bond oxidation. In 

the electrochemical (Gif-Orsay) system27 coulombic yields as high as 60% have been 

achieved with a hydrocarbon conversion 20-30%. Homogeneous systems utilizing 

hydrogen peroxide21-23 as an oxidant are more convenient for mechanistic studies and can 

give yields higher than 90% based on the oxidant28. Ketones are formed without the 

intermediate formation of alcohols, the latter being oxidized very slowly to the 

corresponding ketones even at high alcohol concentration 19,29. It is of great importance, 

and one of the major peculiarities, that tertiary C-H bonds are not preferentially oxidized 

under Gif-conditions29 . At first, a high value for C2/C3 = 10-20 was observed for 
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adamantane oxidation, but a more careful study showed that the formation of tert

adamantyl-pyridines, but not sec-adamantyl-pyridines30 had occurred via the well known 

Minisci coupling reaction31 between tert-adamantyl radicals and protonated pyridine32. 

When these coupled products were taken into account the C2/C3 ratio was lower (around 

1)30,32 than that previously observed but this value is still higher than that for the typical 

radical oxidation of adamantane (around 0.15). Moreover, adamantane seems to be an 

exceptional substrate, for other branched alkanes such as 3-ethyl-3-pentane, coupled 

products and diethylketone were only found in minor quantities33. The selectivity order for 

Gif-chemistry is therefore tert. :s prim. < sec. The oxidation of alkyl aromatic compounds 

led to the corresponding ketones or aldehydes. The secondary C-H bonds were found to be 

the most reactive34 and there was no detectable attack on the aromatic ring. 

Olefins are not epoxidized in Gif-systems, allylic oxidation to ketone and alcohol is 

a major pathway in the case of cylohexene, cyclohexene being oxidized at about the same 

rate as cyclohexane29. In the case of 1,I-disubstituted olefins the C=C bond is cleaved 

giving ketone and formaldehyde35. Here it is worth mentioning that alkane oxidation is not 

suppressed by the presence of other easily oxidizable compounds, such as alcohols, thiols, 

etc.21,36,37, this peculiarity is discussed below. 

The addition of different trapping reagents diverts the formation of ketone to the 

appropriate monosubstituted alkyl derivatives: CBrCl3 leads to alkyl bromides, diphenyl 

diselenide produces (phenylseleno)alkanes, etc. 38-39(see details below). Thus, the most 

important features of Gif-chemistry are given below. 

The Main Peculiarities of Gif-Reactions. 

• Oxidation of saturated hydrocarbons under mild conditions with high yields and 

selectivities where the major products are ketones. Alcohols are not reaction 

intermediates. 

• Addition of different trapping reagents diverts the formation of ketones to the 

appropriate monosubstituted alkyl derivatives, e.g. CBrCl3 affords RBr in 

quantitative yield, Ph2Se2 produces a quantitative yield of the RSePh, etc. 

• The presence of an excess of some easily oxidizable compounds (such as alcohols, 

aldehydes, PhSeH, Ph3P, P(OMe)3, etc. ) does not significantly suppress the 

oxidation of alkanes. 

• Olefins are not epoxidized, but instead yield unsaturated ketones, oxidation of some 

olefins may lead to C=C bond cleavage as well. 

• The selectivity of C-H bond oxidation is sec. > tert. > prim. 

• sec. Alkyl free radicals are not reaction intermediates. 

THE THEORY OF TWO INTERMEDIATES 

Under Gif-conditions ketones and alcohols are not interconverted. Reducing agents, 
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such as dianisyl telluride, added in excess compared to the alkane transformed did not 

suppress the total oxidation yield but changed the ketone/alcohol ratio in favor of the 

alcohol40, a similar effect being observed for PhSH and Ph3P37. This suggested that a 

common reaction intermediate B was a precursor of both the ketone and alcohol. 

As mentioned above, the addition of different trapping reagents diverts the 

formation of ketone and alcohol giving other alkyl derivatives in similar yields to that of 

the oxygenation process38-39. This data proves that the reaction pathway includes an 

intermediate A, which is a precursor of intermediate B37,41. 

THE IDENTIFICATION OF INTERMEDIATE B37,41 

Chemical and spectroscopic studies (13C and 2H nmr) of the GoAggll system have 

fully proved that intermediate B is an alkylhydroperoxide. Cyclohexyl hydroperoxide was 

isolated from cyclohexane oxidation in the GoAggill system and was identified by 

comparison with an authentic specimen. In the GifIV system reducing agents such as 

thiophenol, benzeneselenol, diphenyl disulfide and diphenyl diselenide strongly decreased 

the ketone to alcohol ratio without significantly changing the total oxidation yield, proving 

the intermediacy of the hydroperoxide. Similar data ( 13C nmr and quenching experiments 

with triphenylphosphine) has been obtained for GoChAgg reactions42. These results can be 

interpreted unambiguously, namely, that the alkyl hydroperoxide is an intermediate in Gif

type reactions. Analysis of kinetic curves for alkylhydroperoxide, ketone and alcohol 

formation (see ref. 37, Fig. 7), shows that initial rate of ketone accumulation, was not 

equal to zero, therefore one could not exclude another (not via alkylhydroperoxide) 

pathway affording ketone: but other explanations are also possible. 

THE ORIGIN OF THE OXYGEN ATOMS IN OXIDATION PRODUCTS 

During oxygenation under Gif conditions, the oxygen atoms in products may 

conceivably arise from water, hydrogen peroxide or dioxygen. This dilemma has been 

resolved by using labeled H2180 and 1802' The oxygen atom of cyclododecanone, formed 

from the oxidation of cyclododecane by hydrogen peroxide under GoAggII conditions, is in 
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fact largely derived from dioxygen37,43. More detailed studies42 have also confirmed this 

result in other Gif-systems. Thus, hydrogen peroxide was not a direct chemical source of 

the oxygen atoms in ketone and alcohol but, played two different roles: it formed the 

reactive iron species and produced dioxygen, which later afforded the alkyl hydroperoxide. 

Moreover, it was proved that all three products (alkyl hydroperoxide, ketone and alcohol) 

contained oxygen atoms from dioxygen, and not from H2180, alcohol being formed from 

the reduction of the hydroperoxide. Consequently, the oxidation pathway in Gif reactions 

includes interaction of dioxygen with intermediate A to afford intermediate B (the alkyl 

hydroperoxide). 

STUDIES ON THE NATURE OF INTERMEDIATE A: 

Why Is It Not a Free Alkyl Radical? 

As mentioned above, intermediate A reacts with dioxygen to give the alkyl 

hydroperoxide. In the presence of different trapping reagents the corresponding 

monosubstituted alkyl derivatives are formed instead of ketone or alcohol. These trapping 

reagents: Ph~2' Ph2S2, CBrCI3, CCI4, TEMPO (2,2,6,6 tetramethyl-l-piperidinyloxy 

radical) as well as dioxygen itself are well known traps for alkyl radicals and a free-radical 

pathway has been proposed for the GoAggII system 43. Taking these results into account 

one could propose the following oxidation pathway for Gif-reactions: 

Gif-reaction 02 
RH -------I.~ R- ---.. ~ R02- - ROOH ----i .. ~ Ketoneor 

Alcohol 

S-X, trapping reagent 

R-X 

Why then, is intermediate A not a free alkyl radical? In order to examine the 

reaction pathway of genuine free alkyl radicals under Gif-conditions, they were generated 

at room temperature by the photolysis of N-hydroxy-2(lH)-thiopyridone derivatives of 

alkane carboxylic acids43 and were allowed to react with dioxygen or added trapping 

reagents (Scheme 2): 

In the absence of added trapping reagents genuine alkyl radicals always produced 

both alkyl pyridine derivatives and oxygenation products. The ratio of these products was 

strictly dependent on dioxygen partial pressure32. However, this is not the case for Gif

systems since sec-alkyl pyridines have never been observed23,30,32! Adamantane appeared 

to be an exception since tert-adamantyl pyridines were indeed formed under Gif-conditions 

The ratio of l-adamantanol to tert-adamanatyl pyridines decreased at lower dioxygen 

pressure, therefore the intermediacy of free tert-adamantyl radicals was perceived. Genuine 

tert-adamantyl radicals exhibit a rather particular reactivity towards CBrCl3 unlike that of 
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H 

---i~~ Ketone and 
Alcohol 

R- + Trapping 
Agent 

Scheme 2. 

--10 CBrCl3 .. 

---i"~ Monosubstituted 
alkyl derivative 

CI Br 

+ 

(RCI) (RBr) 

other alkyl radicals, forming adamantyl chloride together with the expected alkyl 

bromide45 and this needs to be studied further. 

The ratio of RCI to RBr found in the GoAggill and GoChAggI systems appeared to 

be significantly lower (0.20 - 0.23) as compared with that of the Fenton reaction (H202 : 

Fell = 1: 1) in pyridine (0.59) and that for the reaction induced by photochemical generation 

of hydroxyl radicals from N-hydroxy-2-thiopyridone (0.4) (for the generation of hydroxyl 

radicals)46,47 as well as for radical halogenation of adamantane in CBrCl3 at BO°C 

(0.59)45. 

Under GifIV conditions, the addition of diphenyl diselenide diverted the formation 

of ketone to alkyl phenylselenides38 with yields similar to the oxygenation, the by-product 
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being mainly (96%) benzene selenol41a. If alkyl radicals are formed under these conditions, 

they should inevitably react with benzene selenol with a rate constant of about 2x109 M-1s-

1 at room temperature48, but not with dioxygen due to its much lower concentration. This 

should lead to the reduction of the alkyl radical to the starting hydrocarbon and hence to a 

significant decrease in the total yield. However, this phenomenon was not observed 

experimentally. 

In the GifIV reaction of cyclohexane in the presence of P(OMeh, ketone and a new 

product were formed instead of the expected alcohol. This new product was identified as 

cyclohexyl dimethyl phosphate41a. 49. If a carbon-centered cyclohexyl radical was an 

intermediate, one would expect the catalytic conversion of trimethyl phosphite into 

trimethyl phosphate in the presence of dioxygen. The latter reaction was indeed observed 

when genuine cyclohexyl radicals were photochemically generated under similar conditions 

to those employed in the GifIV reaction41a.49. So, once again this demonstrates that Gif

oxidation does not produce free alkyl radicals. 

As mentioned above, the normal ketonization process seen in Gif-systems could be 

intercepted by different brominating reagents (CH2Br2, CBrCI3, etc.) to yield alkyl 

monobromides38-39.41a. To demonstrate once again that free alkyl radicals are not 

intermediates in Gif-reactions, the reactivity order of different brominating reagents was 

compared with that for radical chain reaction conditions39.41a. Intermediate A in the Gif

reaction was allowed to compete for the brominating reagent and dioxygen, the ratio of 

alkyl bromide to ketone being the measure of its reactivity. A comparison was then made of 

the relative reactivities of the same reagents towards radicals generated by the photolysis of 

N-hydroxy-2-thiopyridone derivatives44. the alkyl radicals thus formed were allowed to 

compete for the brominating reagent and a standard radical trap, thiophenol which gave 

alkanes by a hydrogen atom abstraction process50. The ratio of alkyl bromide to alkane 

served as a measure of relative reactivity. The results are given below: 

Reactivity order of brominating reagents towards free cyclohexyl radical (the values in brackets are for 

methyl radical in gas phaseSl). 

CBr4 > CBr2Cl2 > CBrCl3 > (CBrCl2h > CBr2F2 

2.81 (4.3) 1.18 (2.3) 1.00 (1.00) 0.79 (-) 0.01 (0.013) 

The reactivity order of brominating reagents under GoAggII conditions. 

CBrCl3 > (CBrC12h > CBr4 > CBr2Cl2 > CBr2F2 

1.00 0.60 0.20 0.05 0.001 

Again, the results obtained under GoAggII conditions are in agreement with the scarce data 

in the literature and are not compatible with a carbon radical structure for intermediate A. 
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WHAT IS THE REACTIVE SPECIES IN GIF-REACTIONS 

The aspect of Gif-chemistry which is least understood is the nature of the reactive 

species involved. In early studies a trinuclear organa-iron carboxylate cluster 

Fe II Fe ill 20 (OAc)6(Pyhs was isolated after oxidative dissolution of iron powder in 

pyridine/acetic acid. Its catalytic activity was demonstrated in the GifIV system29. 

Naturally, the replacement of acetic acid by another carboxylic acid led to other 

carboxylate complexes, however no strong catalytic effect on the oxidation process was 

observedS2a-b. Recently the nature of the FellI species was studied in the presence of 

picolinic acid (GoAgglII system) and a single-iron core structure was deducedS2c. Copper 

complexes serve as a catalysts in GoChAgg systems 19.21.23 and the complexes of other 

transition metals are also catalytically active26. Such diversity of catalytically active 

complexes has so far precluded the formulation of any generalization concerning the 

structure of the catalyst in Gif-systems. 

The hydrogen kinetic isotopic effect (KIE) is widely used to establish the 

mechanism of chemical reactions54. The value of KIE being a criterion for understanding 

the nature of the reactive species involved in the process of C-H bond activation2a.54. We 

have measuredSS the values of KIE in different Gif-systems for oxygenation, bromination, 

and selenation reactions, as well as the KIE data for the Fenton reaction in pyridine solution 

and that of hydroxyl radicals photochemically generated from N-hydroxy-2-thiopyridone46. 

The relative reactivity of cyclopentane and cyclohexane (Cs/C6) is another useful criterion. 

This ratio depends on whether a carbocation or alkyl radical is involved as an intermediate 

in C-H bond cleavage2a.54. For H-atom abstraction this value is greater than unity. Here it 

is noteworthy that for reactions involving one or more intermediates, affording several 

products as a result of intermediate compound fragmentation such as the Gif systems, the 

ratios of products may not represent the KIE, because the intermediate fragmentation may 

have its own KIESS. Therefore the values of KIE, measured as a ratio of only ketones or 

only alcohols varied widely 12c. 28a. Thus, it is beleived that these values are not related to 

the C-H bond activation step. The data obtained and those available in the literature are 

shown below. 

Hydroxyl radicals are believed to be intermediates in the Fenton system in aqueous 

solutions1S. 500. In pyridine solution, under conditions similar to those in Gif-reactions, the 

Fenton reaction produced free alkyl radicals, which were successfully trapped by 

(PhSe}zS7. The relative C-H bond reactivity was in agreement with values obtained in 

aqueous solutionS8. In addition, the KIE value was lower than that observed for Gif

reactions. 

The values of KIE and (C s/C6> obtained are considered together, showing clearly 

that for all the Gif systems examined the first step of the reaction is similar and involves the 

cleavage of the hydrocarbon C-H bond in the rate determining step. The mechanism of C-H 

bond activation differs from hydrogen atom abstraction by hydroxyl radical, the reactive 
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Kinetic Isotopic Effect and Partial Relative Selectivity (CslC6) 

System Major product KIE 5/6 

Gifa ROH,R'=O 

Gif/CBrC13b RBr 

2.0 - 2.3 

2.1- 2.4 

0.6- 0.85 

0.57 

Fenton/Py R-Py 1.5 

Fenton/Py/(PhSe )z R-Se-Ph 1.7 

Fenton/Py/CBrCI3 RBr 1.5 
(HOo)C/(PhSeh R-Se-Ph 1.7 

Fenton/H20d Ll(RH)1 Ll(RD) 1.1 

HMn041H20d Ll(RH)1 Ll(RD) 5.0 

N02+1H2S04d Ll(RH)1 Ll(RD) 2.2 

a GiPV. GoAggII. GoAgglII. GoChAgt; b GoAggII • GoAgglII. GoChAgt; 

C photochemically generated from N-hydroxy-2-thiopyridone46; d see ref. 56. 

1.14 

0.88 

0.25 

235 



0 0 0 0 >-< 
Radical Chain 

Bromination 1.0 33 1.9 13 lO.2 (tert) 

using CBrCl3 

GoAggIII 

Bromination 1.0 0.76 0.69 0.63 0.18 (prim) 

using CBrCl3 0.06 (tert) 

GoAggII 

Oxidation 1.0 0.75 0.43 0.85 

reaction 

GoChAggI 

Oxidation 1.0 0.76 0.56 0.80 

reaction 

species not being a strong electrophile. This is substatiated by data obtained from the 

oxidation of l,l-disubstituted 0Iefins35. 

Recently the relative reactivity of different alkanes in bromination39 and oxidation 

reactions 59 was studied under Gif-conditions and compared with the corresponding radical 
chain processes (competitive oxidation of pairs of alkanes in CBrCI 3 at reflux under Ar, 

initiated by dibenzoyl peroxide). The following hydrocarbons were studied and the data 

obtained (normalized per one C-H bond) is given below: 

Additional proof for the difference between Gif- and radical bromination was 

obtained from bromination of cyclohexyl bromide. Radical induced hydrogen atom 

abstraction occurrs at the 13 -position of bromoaikanes60 and in accordance with "Skell

Walling effect" 61 results in the formation of the trans-l,2-dibromide60. This was confirmed 

qualitatively for the radical bromination of cyclohexyl bromide. In contrast, this was not 

the case in the GoAggill bromination reaction39. The trans-l,2-dibromide was found to be 

only a minor product, while trans-l,4- and cis-l,3-dibromocyclohexanes were the major 

products. Thus all this data illustrates the different nature of Gif-reactions and radical 

reactions. Here it is worth mentioning that tertiary C-H bonds appeared to be the least 

reactive in the bromination process, as is found in the Gif- oxidation reactions. 

Besides the unusual regioselectivity of alkane oxidation (tertiary C-H bonds are less 

reactive than secondary C-H bonds62) another interesting feature of the reactive species in 

Gif-reactions is the unusual relative reactivity of alkane C-H bonds compared with some 

other readily oxidizable compounds such as alcohols, thiols and triphenylphosphine 

etc. 37,38, 41a. The explanation of such behavior is not clear so far. 
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IS PYRIDINE THE KEY COMPONENT OF THE SOLVENT FOR 

GIF-REACTIONS? 

Regular Gif-systems use pyridine as a major component of the solvent mixture. 

However, it can be replaced in part by other solvents with some improvment in the yield22-

23,26,30,52. Pyridine can also be replaced by other pyridine derivatives26b,30, but this gives 

lower yields, thus, pyridine still remains the solvent of choice. Recently it was reported that 

Gif-reactions can be carried out in t-butanol or aqueous solution at an appropriate pH 52c,63 . 

The value of pH (which could be adjusted by the varying the ratio of Pyridine and acetic 

acid used) was shown to be important in regular Gif-systems in terms of the rate of the 

reaction, the rate being higher, but not the yields, when the concentration of acid was 

lowered 23. 

WHAT KIND OF ENZYMES IS GIF-CHEMISTRY EMULATING? 

Some similarities can be perceived between Gif-reactions and the processes 

catalyzed by methane monooxygenase64. The insertion of sulfur into unactivated C-H 

bonds occurs in Gif-systems65, modeling penicillin cyc1ase66 and biotin synthase67. 

GIF PARADOXES 

The term 'Gif-chemistry' is now accepted and widely used in the literature. Herein 

we would like to define Gif-chemistry. The best way to do this is to emphasize the 

chemical paradoxes observed in these systems in terms of the major peculiarities of the 

reactive species and the intermediate A. 

Reactive species 

• Does not react preferentially with the weakest (tertiary) C-H bond. 

• Does not react with some readily oxidizable compounds such as Ph3P, PhSeH, etc. 

• Its reactivity does not depend strongly on the nature of the catalyst. 

Intermediate A. 

• Is not trapped by PyH+, but is efficiently trapped by other radical traps. 

• Shows a different reactivity order towards traps than that of genuine alkyl radicals. 

SOME SPECULATIONS ON THE MECHANISM OF GIF-REACTIONS 

We have shown very thoroughly that Intermediate A is not a carbon radical. Within 
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the context of Gif chemistry it must be an organometallic species, suitably with an iron

carbon bond. The reagent which attacks the hydrocarbon is formally an Fe V oxenoid 

species. However, the only way to understand the selectivity of this species towards 

saturated hydrocarbons is to postulate that there is another species which is inert until it 

meets and reacts with the hydrocarbon (the Sleeping Beauty Hypothesis) 68. 

Important work on the nature of the pyridine N-oxide radical cation has been 

published. This was stimulated by consideration of the possible role of such a species in Gif 

chemistry. 69 ,70,71 
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CYCLOHEXANE OXIDATION: CAN GIF CHEMISTRY 

SUBSTITUTE FOR THE CLASSICAL PROCESS? 

ABSTRACT 

Ulf Schuchardt, Wagner A. Carvalho, Ricardo Pereira 
and Estevam V. Spinace 

Instituto de Quimica, Universidade Estadual de Campinas 
Caixa Postal 6154, 13081-970 Campinas, SP (Brazil) 

Cyclohexane oxidation was studied using the Gif IV, the GoAggII, the GoAggIII and 
the GoChAgg systems. The Gif IV system gives a conversion of cyclohexane of 40%, with 
a concentration of one + 01 of 0.120 M, but shows low selectivity and needs large quantities 
of metallic zinc. The GoAggII system produces a 0.143 M solution of one + 01 with 100% 
selectivity but is too slow for any industrial use. The GoAggIII system allows accumulation 
of the oxidation products. A 0.370 M solution of one + 01 can be produced in 180 min of 
reaction time, but large quantities of catalyst are needed and the selectivity of one + 01 is 
only 80%. Addition of HCl during the accumulations allows obtaining a 0.267 M solution 
of one + 01 with 100% selectivity in 60 min of reaction time, compared to a 0.3 M solution 
of one + 01 with only 80% selectivity in 40 min in the industrial oxidation process. On the 
other hand, the catalyst forms iron (hydr)oxide particles during the reaction and the 
pyridine has to be substituted by a cheaper and a less toxic solvent. The GoChAgg system 
is less active and deactivates rapidly during the accumulations. The best result obtained 
so far is a 0.120 M solution of one + 01 with 100% selectivity in 120 min of reaction time. 
Substituition of pyridine by ten-butanol reduces the activity of the GoAggIII and the 
GoChAgg systems. Precipitation of the catalyst and rapid deactivation are observed. Up 
to now we could only prepare a 0.040 M solution of one + 01. Even so, we hope to find a 
solventlbuffer system which avoids the deactivation of the catalyst while maintaining the 
high activity and selectivity of the process. 

INTRODUCTION 

In the classical oxidation process only 4% of the cyclohexane is converted in order 
to minimize over-oxidation of the products.1 This means that 96% of the cyclohexane 
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must be separated from the products and recycled. Even at this low conversion the 
selectivity for cyclohexanone plus cyclohexanol (one + 01) is only 80%, which corresponds 
to a concentration of one + 01 in the reaction mixture of about 0.3 M (mol/L). The 
remainder consists mostly of n-butyric, n-valeric, succinic, glutaric and adipic acids? 
formed by ring cleavage of cyclohexanone and/or cyclohexyloxy radicals (Scheme 1). For 
each ton of one + 01 produced, 30 tons of cyclohexane have to be recycled and 0.25 tons 
of acids neutralized and subjected to disposal which turns the process expensive and its 
improvement a challenge for chemists working in this field. 

0=0 
H 

-H" ~ 
-----~O 

d:;o. 
°2 --=-.... _- H ° 

° c-::? 
HC~\ 

2. H 

Scheme 1. Ring cleavage reactions in classical cyclohexane oxidation. 

To improve the selectivity of the process, the concentration of cyclohexanone in the 
reaction mixture has to be reduced and the formation of cyclohexyloxy radicals avoided. 
The formation of cyclohexanone can be reduced by complexing the cyclohexanol and/or 
its hydroperoxide with boric acid, which then precipitate under reactions conditions.3 This 
process allows a selectivity for one + 01 of 90% at 10% conversion and is used on an 
industrial scale by the Institut Fran~ais du Petrole. However, its operational costs are high 
as large amounts of solids need to be separated and decomposed and the boric acid has 
to be recycled.3 

We have studied the possibility of first oxidizing cyclohexane to its hydroperoxide 
which, in a second step, is selectively decomposed to one + 01 in the presence of an 
appropriate transition metal catalyst. Using a reactor passivated with sodium diphosphate 
(Na4P207) and 10% (v/v) tert-butanol as a stabilizer, we were able to accumulate cyclo
hexylhydroperoxide in the reaction mixture. After 100 min at 155°C we obtained a 
conversion of 10%, giving 7% of cyclohexylhydroperoxide and 2% of one + 01.4 This 
represents a total selectivity of 90%, as obtained in the presence of boric acid, but has the 
advantage of keeping the cyclohexylhydroperoxide in solution. 
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The hydroperoxide can be rapidly decomposed in the presence of soluble transition 
metal compounds in the temperature range of80-100°C. Using a cobalt catalyst, an one:ol 
ratio of 1:3 was obtained, while an one:ol ratio of 3: 1 was observed with a chromium salt.S 

The total one + 01 selectivity was always better than 95%. Soluble iron salts are normally 
not active at this temperature; on the other hand, potassium hexacyanoiron(III) as well 
as hexacyanoiron(II) showed-r0od activity, giving an one:ol ratio of approximately 4:1.6 

According to patents, cyclohexylhydroperoxide epoxidizes propylene in the 
presence of soluble molybdenum catalysts at the same temperature range of 80-100°C. 
The selectivity for one + 01 is reported to be better than 95% and that for propylene oxide 
at least 70%. This opens the possibility of making a modified process for the classical 
oxidation of cyclohexane economically interesting. For each ton of one + 01 produced, 
only 8.46 tons of cyclohexane have to be recycled, only 0.15 tons of acids have to be 
neutralized and in addition 0.3 tons of propylene oxide are obtained (Scheme 2).4 On the 
other hand, recycling of telt-butanol, used as stabilizer in the process, is difficult as it forms 
an azeotropic mixture with cyclohexane and the cyclohexylhydroperoxide in the reaction 
mixture has to be concentrated to 20-30% in order to turn the epoxidation reaction 
effective. 

/0.,5 t acid, 

9.4 t C6H12 '" 0.22 t one+ol I ~ 0.78too&+01 

0.91 t CoHI1 OOH ~ 
8.46t C6 H12 7~ 

recycle 0.23 t C3H6 0.31 tLY 
Scheme 2. Product distribution in a modified commercial process. 

During the last five years we have investigated the possibility of using the Gif system 
for industrial cyclohexane oxidation. We first studied the Gif IV system later the GoAgglI 

III 8 " 
GoAgg and the GoChAgg systems. We wish to report here our results and evaluate 
the possibility of substituting the classical cyclohexane oxidation process by a process 
based on the Gif system. 

Gif IV SYSTEM 

Of the Gif systems developed in Gif-sur-Yvette, Barton et al.9 had already shown 
that the Gif IV system, which uses an iron(II) salt in pyridine-acetic acid with zinc 
dust-oxygen as an oxidant, is the most efficient. In cyclohexane oxidation they obtained 
mainly cyclohexanone with a turnover number of 121 in 4 h of reaction. On the other hand, 
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the concentration of one + 01 (0.027 M) was small. We optimized the GifIV system for 
cyclohexane oxidation and obtained a 0.035 M solution of oxidized products but the 
selectivity was slightly lower than 100%, as cyclohexylpyridines were also formed. lO 

When we studied the same reaction under an atmosphere of pure oxygen, we could 
increase the concentration of oxidized products to 0.047 M but found a selectivity for 
one + 01 of only 83%.11 By addition of new portions of zinc, acetic acid, cyclohexane and 
catalyst, we were able to accumulate three reactions and obtained a conversion of 
cyclohexane of approximately 40%, which corresponds to a final concentration of one + 01 
of 0.120 M, but found a further decrease in selectivity to 70%. Besides cyclohexylpyridines, 
over-oxidation products such as 1,4-cyclohexadione and 4-hydroxycyclohexanone were 
formed (Scheme 3)Y Taking into consideration that large quantities of zinc are needed 
and that the selectivity for one + 01 was not good, we concluded that the GifIV system is 
not suitable for cyclohexane oxidation under industrial conditions. 

0) 
0.420M 

0 HO H 

2+ 8 (6 Fe(dipY)3/02/Zn 
+ . 

py IHOAc I H2O 

3accumulations 0.103M 0.017M 

0 HO H 

+ ¢ + ~ 
0 0 

"-'O.OlOM "'0.002M 

+ Cyclohexylpyridines ",0.020 M 

+ Pyridylcyclohexanone '" 0.003 M 

+ pyridylcyclohexanol ",0.001 M 

+ High molecular weight products 

Scheme 3. Oxidation products formed by the Girv system in three accumulations. 

GoAgglI SYSTEM 

The GoAgglI system uses hydrogen peroxide as an active oxidant in the presence of 
an iron(III) salt, having the advantage of forming a homogeneous mixture of the reactants. 
In cyclohexane oxidation Barton et al.13 reported a 0.053 M solution of one + 01 after 5 h 
of reaction time. In open air we obtained a 0.063 M solution of oxidized products after 8 
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h but the selectivity for one + 01 was only 87%.14 Under a static atmosphere of argon the 
concentration of one +01 increased to 0.133 M with 100% of selectivity. This result 
suggests that the presence of molecular oxygen in the GoAggII system causes formation 
of coupling products with pyridine and reduces the efficiency.4 A careful kinetic inves
tigation (Fig. 1) showed that the efficiency with respect to hydrogen peroxide can be as 
high as 91 %, giving a 0.143 M solution of one + 01, but the reaction needs 10 h to be 
complete, which is too slow for any industrial use. IS 
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Figure 1. Time dependence of efficiency and concentration of one + 01 for the GoAggII system (1 mmol of 
FeCh, 20 mmol of cydohexane, 10 mmol of H202, 20°C). 

GoAggIII SYSTEM 

In early 1990 Sawyer et al. 16, 17 and Barton et al. 1S published the results on a modified 
GoAgg system which uses picolinic acid as a ligand for the iron catalyst (GoAggIII system). 
They found that this system is 40 times faster than the GoAggII system. We obtained with 
the GoAggIlI system in only 15 min of reaction time a 0.059 M solution of one + 01 with 
100% selectivity, but the efficiency with respect to hydrogen peroxide was only 35%.14 
The time dependence of the concentration of one + 01 and of the efficiency with respect 
to hydrogen peroxide are shown in Fig. 2. The efficiency can be increased to 53% by the 
use of a higher concentration of cyclohexane in the reaction mixture.14 This corresponds 
to a 0.088 M solution of one + 01. We used this system for the accumulation of oxidation 
products. As shown in Fig. 3 we were able to accumulate 12 reactions and reached a final 
concentration of one + 01 of 0.370 M.19 On the other hand, the efficiency dropped to 20% 
during the accumulations. The selectivity for one + 01 was 100% for the first 90 min of 
reaction time, giving a 0.260 M solution of one + 01. After this, coupling and over-oxidation 
products were formed and the selectivity was reduced to 80%.19 
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Figure 2. Time dependence of efficiency and concentration of one + 01 for the GoAggIII system (1 mmol of 
FeCh, 3 mmol of picolinic acid, 20 mmol of cyclohexane, 10 mmol of H202, 20°C). 
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Figure 3. Time dependence of efficiency and concentration of one + 01 in the accumulation reactions (3 mmol 
of picolinic acid, 100 mmol of cyclohexane, 20°C; every 15 min: 1 mmol of FeCb and 10 mmol of H202). 
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In the accumulation reactions it was necessary to add a new portion of the catalyst 
together with the hydrogen peroxide after each reaction as, in its absence, the hydrogen 
peroxide was only decomposed.19 In order to understand why it was necessary to add 
iron(III) chloride after each reaction, we tried to explain the colour change from light 
yellow to dark brown during the reaction course. Turbidity measurements showed the 
formation of colloidal particles of iron (hydr )oxide in the nm range.20 This is expected as 
the pH ofthe reaction mixture (5.6) is high enough to deprotonate the hexaaquoiron(III) 
cations, forming .u-(hydr)oxodiiron(III) complexes which, under reaction conditions, 
hydrolyse to polynuclear complexes and finally to iron (hydr ) oxide particles which are not 
active in the oxidation of cyclohexane but simply decompose the hydrogen peroxide. 

We tried to avoid the hydrolysis of the .u-(hydr)oxodiiron(III) complexes by 
reduction of the pH of the reaction mixture with 1 M HCI in acetic acid. Adding 1 mmol 
of HCI together with 10 mmol of hydrogen peroxide after each reaction, we were able to 
perform 4 accumulations?O The results are shown in Fig. 4. 
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Figure 4. Time dependence of efficiency and concentration of one + 01 in the reactions with HCI (1 mmol of 
FeCb, 3 mmol of picolinic acid, 100 mmol of cyclohexane, 20DC; every 15 min: 10 mmol of H202 and 1 ml of 
HCVHOAc). 

We obtained a 0.267 M solution of one + 01 with 100% of selectivity in only 60 min of 
reaction time. The overall efficiency with respect to hydrogen peroxide was 44%?0 After 
that time the formation of the iron (hydr)oxide colloid was irreversible. Further addition 
of iron (III) chloride, HCI in acetic acid and hydrogen peroxide caused the formation of 
two phases and the oxidation reaction did not proceed. 

The acidification of the reaction mixture can also be performed with 1 M HCI04 in 
acetic acid. The results are slightly inferior, giving a 0.255 M solution of one + 01.20 On 
the other hand, substitution of ferric chloride by ferric perchlorate in the absence of 
hydrochloric acid strongly reduced the efficiency of the system, giving only a 0.128 M 
solution of one + 01. This corresponds to the results obtained by Nappa and Tolman?l 
who found that tetraphenylporphyrin iron(III) looses its activity for cyclohexane oxidation 
if the axial chlorine ligand is substituted biJ ferchlorate. We, therefore, believe that 
chlorine is an essential ligand for the GoAgg I system. 
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GoCbAgg SYSTEM 

Under Gif conditions copper(II) salts show a similar reactivity in the oxidation of 
saturated hydrocarbons with hydrogen peroxide.22 In the oxidation of cyclododecane, 
Geletii et al.23 obtained only a 0.019 M solution of oxidized products which shows that the 
activity of the copper catalyst is smaller than that of the corresponding iron(III) catalyst. 
On the other hand, the GoChAgg system, without addition of picolinic acid, is nearly as 
rapid as the GoAgglII system and the addition of water does not reduce its efficiency.23 
There are further differences between the two systems which prove that the metal itself 
participates actively in the activation process?4 

As at pH 5-6 no copper (hydr)oxide is formed, we thought that it might be interesting 
to study cyclohexane oxidation by the GoChAgg system. Using copper(II) chloride or 
perchlorate under the same conditions as used in the GoAggIl system, we obtained a 0.028 
M solution of cyclohexanone with 100% selectivity.25 If the reaction was performed in the 
absence of acetic acid, copper(JI) chloride was shown to be more active than the 
perchlorate, ~iving final concentrations of cyclohexanone of 0.056 M and 0.028 M, 
respectively.2 These values were obtained under a static argon atmosphere. In open air 
in the absence of acetic acid, copper chloride was less active. The time dependence of the 
oxidation in the presence of copper(JI) chloride is shown in Fig. 5. The total reaction time 
was 30 min and the efficiency with respect to hydrogen peroxide was 32%?5 
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Figure S.Time dependence of efficiency and concentration of one for the GoChAgg system (1 mmol of CuCh, 
20 mmol of cyclohexane, 10 mmol of HZ02, 28°C). 

We tried to accumulate oxidation reactions using copper chloride under these 
conditions (Fig. 6) but observed that the system had already started to deactivate after the 
first reaction. Furthermore, the system began to produce cyclohexanol in the accumula
tion reactions, which was not observed before. After 4 accumulations we obtained a 0.120 
M solution of one + 01 ~8.3:1) with 100% selectivity but only 18% efficiency with respect 
to hydrogen peroxide? Using copper perchlorate in the absence of acetic acid, we were 
also able to accumulate one + 01 to a concentration of 0.120 M (one:ol = 5.9: 1), but 
observed that the reaction was less efficient at the beginning (Fig. 7). Interestingly, the 
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Figure 6. Time dependence of efficiency and concentration of one + 01 in the accumulation reactions (1 mmol 
of CuClz, 20 mmol of cyclohexane, 28°C; every 30 min: 10 mmol of HZ02). 
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Figure 7. Time dependence of efficiency and concentration of one + 01 in the accumulation reactions (1 mmol 
of CU(CI04)2, 20 mmol of cyclohexane, 28°C; every 30 min: 10 mmol of HzOz). 
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efficiency increased in the first three accumulations, after which the same value observed 
for copper chloride was obtained.25 

As no particle formation was observed, the deactivation of the catalyst must be 
related to the colour change of the copper complex from light green to dark brown. If 
acetic acid was added in the accumulation reactions, the colour change was slower but, 
even so, the total concentration of oxidized products was smaller (0.100 M in the presence 
of 1 ml of acetic acid)?5 This reduction in the presence of acetic acid was already observed 
in the normal reactions. Weare presently trying to explain the colour change of the 
GoChAgg system in order to understand why it deactivates. Subsequently we will try to 
accumulate a larger number of oxidation reactions. 

PYRIDINE-FREE SYSTEMS 

Substitution of pyridine by a less toxic and cheaper solvent is certainly a major 
challenge as pyridine not only maintains the polarity of the reaction medium but also acts 
as a ligand for the catalyst and as a buffer in combination with acetic acid.26 Using acetone, 
acetonitrile or tert-butanol as a substitute for pyridine and not adjusting the pH of the 
system, the efficiency of the GoAgglI system was strongly reduced (Fig. 8) and the one:ol 
ratio was typically about 1.14 
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Figure 8. Efficiency of the GoAggII system in different solvent mixtures (1 mmol of FeCb, 20 mmol of 
cyclohexane, 10 mmol of H202, 20De). 

For the pyridine-free systems, the best efficiency (15%) was obtained in acetone but the 
principal product was cyclohexanol. For the GoChAgg system, Geletii et al.27 described 
good results obtained in acetonitrile/pyridine 2: 1, but assured that pyridine was essential 
and must be present in the system. On the other hand, in a very recent publication Barton 
et al.28 reported that pyridine can be completely replaced by tert-butanol with only a small 
reduction of the total hydrocarbon activation and a slightly reduced one:ol ratio. However, 
the initial oxidation rate was pH dependent and buffering of the system was necessary. 

We tried to repeat these experiments in cyclohexane oxidation using the GoAggIlI 
and the GoChAgg systems, but had problems in achieving pH values of 6-7 due to the low 
solubility of sodium acetate in tert-butanol/acetic acid. Furthermore we observed the 
precipitation of an iron or copper compound, which we are presently trying to identify, 
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during the reaction course. Using 10:1 (v/v) ten-butanol/acetic acid with iron(III) 
picolinate as a catalyst, we obtained a 0.026 M solution of one+ol (1:1 ratio) with an 
efficiency of 13% at a pH of 2.2.19 By addition of sodium acetate to the reaction mixture 
we could increase the pH to 3.8, but obtained only a slightly higher efficiency of IS%. 
Using copper(II) chloride under the same conditions, the concentration of one + 01 (11: 1 
ratio) was only 0.012 M (efficiency of8%). Addition of2 ml of water increased the activity 
of the copper catalyst ~019 M solution) but reduced the one:ol ratio to 3.8:1. In 
comparison, Barton et al. obtained a concentration of 0.015 M of one + 01 with iron(III) 
chloride/picolinic acid in ten-butanol. Accumulation of the oxidation products was dif
ficult ,(Fig. 9); the best value obtained so far is 0.040 M in one + 01. 29 
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Figure 9. Time dependence of efficiency and concentralion of one + 01 for the GoAggIII system in telt -butanol 
(1 mmol of FeCh, 20 mmol of cydohexane, zgoC; every 30 min: 10 mmol of H202). 

Larpent and Patin30 studied the oxidation of saturated hydrocarbons using reverse 
microemulsions of iron(III) chloride and hydrogen peroxide in the hydrocarbon. They 
obtained only low concentrations of oxidized products (0.030 M of cyclooctanone in 
cyclooctane) with a low efficiency of 7-8%. We were able to obtain similar results in the 
cyclohexane oxidation; a 0.020 M solution of one + 01 (1: 1 ratio), with an efficiency with 
respect to hydrogen peroxide of 5%, was easily prepared. To increase the concentration 
of oxidized products in this system seems to be difficult, as the phase diagram changes 
with higher concentrations of the reagents, which causes further reduction of the efficien
cy. 

CONCLUSIONS 

The GOAggIII system shows a good potential for substituting for the classical 
cyclohexane oxidation process. In the presence of hydrochloric acid it produces a 0.267 
M solution of one + 01 with 100% selectivity in 60 min of reaction time. In comparison 
with the classical process (0.3 M solution of one + 01 with only 80% selectivity in 40 min) 
these results are totally compatible but have the advantage of being obtained at room 
temperature without applying pressure. On the other hand, the turnover numbers are low 
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( = 10), due to hydrolysis of the catalyst to iron (hydr)oxide particles, and the pyridine has 
to be substituted by a cheaper and less toxic solvent. Our attempts to overcome these 
problems have not yet been successful. Copper(II) salts, which do not form (hydr)oxide 
particles, are less efficient and also deactivate. An appropriate solventlbuffer system still 
has to be found. We do believe, though, that this will be possible by using other ligands 
for the catalyst and/or alternative bases which are soluble in the reaction mixture without 
addition of large amounts of water. Furthermore, teft-butanol is probably not an ap
propriate solvent, as its separation from cyclohexane and its oxidation products is complex. 
We are working to find a system which shows sufficiently high activity and selectivity at 
room temperature and, hopefully, one which can substitute for one of the less satisfactory 
industrial processes. 
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INTRODUCTION 

Iron protoporphyrin IX and other iron porphyrins have been shown in model studies 
to catalyze the full range of reactions supported by hemoproteins, albeit with little 
selectivity. 1 The basic catalytic chemistry of hemoproteins is thus intrinsic to the iron 
porphyrin moiety. A key function of the protein in hemoproteins is therefore to channel the 
chemistry of the heme group into a single productive mode, either by accelerating one of the 
possible reactions or by suppressing the alternatives. This reaction control is mediated by 
the nature of the fifth iron ligand, by specific interactions of the heme group or its axial 
ligands with active site residues, by the protein active site architecture, and by the ability of 
the protein to interact with other redox proteins. 

The majority of hemoproteins can be classified as either electron transfer proteins 
(e.g., cytochrome bS, cytochrome c), oxygen transport proteins (e.g., myoglobin), 
peroxidases (e.g., horseradish peroxidase, myeloperoxidase), or monooxygenases (e.g., 
cytochromes P450), although there are additional, more limited, classes of hemoproteins 
(e.g., catalase, guanylate cyclase). Electron transfer proteins are differentiated from other 
hemoproteins by the fact that their heme iron atom is firmly hexacoordinated, leaving no 
coordination site vacant and thus effectively preventing catalysis.2,3 A water is bound to the 
sixth coordination site of the iron in the myoglobins and hemoglobins, but the water 
molecule is readily displaced by oxygen, allowing the proteins to function as reversible 
oxygen carriers.4 The globins do not function normally as reaction catalysts but the presence 
of a vacant iron coordination site conveys on them considerable catalytic potential.S Among 
the proteins that have been evolutionarily optimized as catalysts, a primary distinction is to 
be made between peroxidases and monooxygenases/peroxygenases. Although catalysis by 
both classes of proteins has been attributed to related ferry I (formally Fe V =0) species, 
peroxidases remove electrons one-at-a-time from their substrates with concomitant reduction 
of the ferryl oxygen to water,6 while monooxygenases transfer the ferryl oxygen atom to 
theirs (Figure 1).7 We have proposed that the key to whether peroxidative or 
monooxygenative (peroxygenative) chemistry occurs is the relationship between the 
substrate binding site and the ferryl oxygen: oxygen transfer occurs when the substrate is 
able to interact with the ferryl oxygen but peroxidation predominates when this interaction is 
prevented by the protein structure.6,8 
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Studies with horseradish peroxidase provided the first evidence that peroxidase 
substrates are prevented by the protein structure from interacting with the ferryl oxygen 
species. These studies demonstrated that reaction with phenylhydrazine results in addition 
of the phenyl group to the o-meso carbon or abstraction of the vicinal 8-methyl hydrogen 
rather than, as with most other hemoproteins, in formation of a phenyl-iron complex.9 The 
unique reactivity of the o-meso carbon has been confirmed by the formation of adducts at 
that position with alkylhydrazines, azide, cyclopropanone hydrate, and nitromethane. 1O-13 

Nuclear Overhauser experiments have provided independent evidence that substrates bind to 
the ferric enzyme in the vicinity of the 8-methyl group.14 These results suggest that 
substrates bind near the o-meso carbon and transfer an electron to the heme edge without 
coming in contact with the iron (or ferryl oxygen). The substrate radical produced by the 
electron transfer is therefore able to diffuse away rather than being trapped by combination 
with the radical-like ferryl oxygen atom. 

peroxidase monooxygenase 

[Fet3 

RH R-OH 

Figure 1. Monooxygenase (peroxygenase) versus peroxidase pathways for reaction of the 
ferryl species ([Fe=O]+3) with a substrate RH. 

Differentiation of peroxidases from monooxygenases across the range of such 
enzymes appears, from recent evidence, to involve more than simple segregation of the 
substrate and ferryl sites within the protein active site. The nature of structural parameters 
that determine the reaction outcome has been probed by investigating the oxidation of 
styrenes and thioanisoles by cytochrome P450cam, cytochrome c peroxidase, horseradish 
peroxidase, and myoglobin. The differences in the oxidation of these substrates by the 
monooxygenase and the two peroxidases, and by a hemoprotein not designed to catalyze 
either reaction but which catalyzes both, provide valuable information on the relationship 
between structure and function in hemoproteins. 

EPOXIDATION AND SULFOXIDATION BY CYTOCHROME P450cam 

Cytochrome P450cam was once thought to be a specific catalyst for camphor 5-
hydroxylation but has recently been found to catalyze the oxidation of styrenes,15 thio
anisoles,16 and other substrates (e.g., nicotine)17 unrelated to camphor. Studies of the 
epoxidation mechanism using trans-2-phenyl-l-vinylcyclopropane as a probe suggest that 
the epoxidation reaction does not involve a discrete radical or cation intermediate. 18 This 
conclusion, which agrees with recent results obtained with metalloporphyrin models,19 is 
based on the observation that oxidation of the olefin does not detectably yield cyclopropane 
ring-opened products (Figure 2). Thioether sulfoxidation, on the other hand, is believed to 
involve electron transfer to give the sulfur radical cation that combines via a "rebound" 
mechanism with the ferryl oxygen.? 
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To explore the influence of active site topology on the epoxidation and sulfoxidation 
reactions, we have determined the absolute stereochemistries of the reaction products. We 
have compared the results with independent stereochemical predictions made by Dr. Gilda 
Loew (Molecular Research Institute) and her group based on molecular dynamics studies of 
the substrates in the crystallographic ally defined active site of cytochrome P450cam. These 
calculations were carried out with a truncated active site model rather than the whole protein 
to minimize computation time. Good agreement was found between the experimental and 
calculated enantiomeric excesses for the epoxidation of styrene, cis-~-methylstyrene, and 
trans-~-methylstyrene (Table 1),15 and reasonable agreement for the sulfoxidation of 
thioanisole and p-methylthioanisole. 16 These results suggest that the reaction outcome can 
be predicted when the detailed structures of the enzyme active site and the substrate are 
known, at least for substrates with a single reaction site and few degrees of internal 
freedom. 

~~[~~~~OH 1 o -/-··0- .~OH 
Figure 2. Epoxidation of trans-2-phenyl-l-vinylcyclopropane by cytochrome P450cam. 
The epoxide is obtained but the ring opened products expected from a radical mechanism do 
not appear to be formed. 

Table 1. Experimental and calculated absolute stereochemistries of the styrene and cis
and trans-~-methylstyrene epoxides produced by cytochrome P450cam. 

Substrate S tereoisomers Experimental Calculated 

Styrene IS:2R 83:17 65:35 

Cis-~-methylstyrene IS,2R:IR,2S 89:11 84:16 

Trans-~-methylstyrene IS,2S: lR,2R 75:25 75:25 

Thioanisole R:S 72:28 65:35 

p-Methylthioanisole R:S 48:52 22:78 

EPOXIDATION AND SULFOXIDATION BY CYTOCHROME C 
PEROXIDASE AND HORSERADISH PEROXIDASE 

The normal substrate for cytochrome c peroxidase is cytochrome c but the enzyme also 
oxidizes guaiacol and other classic peroxidase substrates.20 The crystal structure of 
cytochrome c peroxidase shows that the heme is buried in the protein but is accessible from 
the exterior via a narrow channel that disgorges into the active site in the vicinity of the 0-
meso carbon atom.21 Oxidation of cytochrome c requires electron transfer between the heme 
groups in the complex of the two proteins over an edge-to-edge distance of roughly 16 
A.22,23 Guaiacol and other small substrates, however, are oxidized at the o-meso edge of 
the prosthetic heme group after they migrate down the access channel into the active site 
(Figure 3). This is clearly shown by the demonstration that reconstitution of cytochrome c 
peroxidase with o-meso-alkyl-substituted hemes blocks the oxidation of guaiacol but does 
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not interfere with cytochrome c oxidation.20 The 8-meso edge therefore appears to be as 
important for small substrate oxidation by cytochrome c peroxidase as it is for horseradish 
peroxidase. 

Cytochrome c peroxidase, in addition to catalyzing the one-electron oxidation of 
guaiacol and other peroxidase substrates, has been shown to promote the oxidation of 
styrenes to styrene oxides.24 Retention of stereochemistry in the epoxidation of cis-p
methylstyrene and incorporation of oxygen from H202 into the epoxide product indicate 
that epoxidation is mediated by a ferryl oxygen transfer mechanism analogous to that of the 
cytochrome P450 monooxygenation reaction. Cytochrome c peroxidase can therefore 
function as both a peroxygenase and a peroxidase, in conflict with the simple idea that 
oxygen transfer reactions are prevented by protein barriers in peroxidases. Cytochrome c 
peroxidase is an unusual peroxidase, however, in that its nonnal protein substrate is held at 
a considerable distance from the prosthetic heme group by protein-protein contacts. It can 
therefore be argued that there has been little need to refine the active site structure to 
discriminate between small substrate peroxidation and peroxygenation. The peroxygenase 
reaction proves, in fact, that a peroxidase, in the absence of interference by active site 
residues, is capable of transferring the ferryl oxygen to a substrate. 

Meo0 
HO--V 

Figure 3. Schematic model of the sites of oxidation of cytochrome c and guaiacol by cyto
chrome c peroxidase. Guaiacol migrates down the access channel and reacts with the heme 
near the 8-meso carbon atom. Styrene also migrates down the channel to react with the 
ferryl oxygen. 

Horseradish peroxidase does not catalyze the epoxidation of styrene but catalyzes the 
sulfoxidation of thioanisoles by a mechanism that incorporates an atom of oxygen from the 
peroxide into the product.25,26 Thus, even this archetypical peroxidase is able to promote an 
oxygen transfer reaction in contradiction of the proposal that oxygen transfer reactions are 
suppressed in peroxidases by the protein structure. Recent work suggests that there are 
distinct binding sites in horseradish peroxidase for peroxidative and peroxygenative subs
trates.26 Key evidence in this regard is provided by the observation that reconstitution of 
horseradish peroxidase with 8-meso-ethylheme suppresses the peroxidation of guaiacol but 
increases the sulfoxidation of thioanisole (Table 2). This agrees with the hypothesis that 
peroxidation is mediated by electron transfer to the heme edge whereas oxygen transfer 
requires interaction of the substrate with the ferryl oxygen. In accord with earlier studies, a 
8-meso methyl group does not prevent either sulfoxidation or guaiacol peroxidation, 
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providing direct evidence that the effect of the ethyl group is steric rather than electronic in 
nature. The stereospecificity of the sulfoxidation reaction is decreased by both d-meso-alkyl 
substituents, however. These results suggest that the binding site for substrates that are 
oxidized by removal of one electron is distinct from that for substrates to which the ferryl 
oxygen is transferred. Evidence for at least two substrate sites has been obtained by kinetic 
and spectroscopic methods.26 Kinetic studies suggest that inhibition of the oxidation of 
guaiacol by thioanisole is not strictly competitive and therefore that the two compounds bind 
at distinct, albeit possibly overlapping, sites. Spectroscopic studies show that the changes in 
the spectrum of the enzyme caused by thioanisole are not suppressed by even very high 
concentrations of guaiacol, which causes a different change in the spectrum. These results 
provide evidence for the existence of multiple binding sites, but do not resolve the question 
of what determines whether a compound is bound in the peroxidative or peroxygenative 
site. Peroxidation appears to be mediated by electron transfer to the o-meso heme edge, but 
it appears that the active site structure, and the factors that control the reaction outcome, are 
more complex than a simple protein barrier. 

Table 2. Sulfoxidation of thioanisole and peroxidation of guaiacol by horseradish 
peroxidase (HRP) and modified HRP 

Enzyme Sulfoxide Thioanisole Guaiacol 
ee sulfoxidation (0/0) peroxidation (0/0) 

NativeHRP 70 100 100 

Meso-ethyl HRP 26 180 5 

Meso-methyl HRP 22 70 165 

Heat denatured HRP 4 15 3 

EPOXIDATION BY MYOGLOBIN 

Myoglobin, unlike cytochrome P450cam, cytochrome c peroxidase, and horseradish 
peroxidase, normally functions as an oxygen transport protein rather than as an enzyme. 
However, the availability of an iron coordination site in the ferric and deoxy ferrous states 
makes possible a reaction between the hemoprotein and H202. This reaction produces a 
ferryl species and a transient protein radical.27•28 In the case of sperm whale myoglobin, the 
protein radical is quenched, in part, by the formation of dityrosine cross-links between 
myoglobin monomers.29 The heme group is also crosslinked to the protein in a fraction of 
the protein molecules, again through covalent bond formation to one of the tyrosine 
residues.30 The residues involved in these processes are Tyr-103 and Tyr-151. The cross
linking results and the spectroscopic data clearly indicate that the protein radical is located, to 
a large extent, on these two tyrosine residues. 

Expression of a synthetic sperm whale myoglobin gene in E. coli has made possible 
site specific mutagenesis studies of the radical site.3! Site specific mutants have been 
prepared in which the three tyrosines (Tyr-103, Tyr-146, and Tyr-151) have been replaced 
by phenylalanines individually, two at a time, or all three at once. Reaction of H202 with 
each of these mutants, including the triple mutant with no tyrosine residues, gives rise to an 
EPR-detectable protein radical. 31 The EPR signal is observed in all instances except that of 
the tetra mutant with no tyrosines and His-64 replaced by a valine, although the shape of the 
signal differs among the various mutants. His-64 serves as a gate into the heme crevice and 
forms a hydrogen bond to the water that coordinates to the iron in metmyoglobin. In accord 
with earlier results, protein cross-linking is only observed when Tyr-151 is retained in the 
protein. It is clear from the results that the unpaired electron density migrates readily over 
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Table 3. Product formation and incorporation of oxygen from H202 in the epoxidation of 
cis-J3-methylstyrene by sperm whale myoglobin and myoglobin mutants.34 

Myoglobina Relative yields 180 incorporation from H21802 
% % 

cis-B-methyl trans-J3-methyl cis-J3-methyl trans-I}-methyl 
styrene oxide styrene oxide styrene oxide styrene oxide 

Native 74 26 ndb nd 

Wild type 54 46 90 8 

Y103F 47 53 98 17 

Y146F 52 48 97 20 

Y151F 49 51 90 18 

Y146F/y151F 75 25 nd nd 

Y103F/y151Fc 72 28 nd nd 

Y103F/Y146F 48 52 95 15 
Y151Fc 

H64V 92 8 100 nmd 

H64V/Y103F/ 99 102 nm 
Y146F/y151Fc 

ay= tyrosine, F = phenyl-alanine, H = histidine. bnd = not done. cAll Tyr-103 -> Phe 
mutants also carry a Lys-102 -> GIn mutation to stabilize the Tyr-103 mutation. dnm = too 
small to measure. 

several residues, including Tyr-103, Tyr-151, His-64, and possibly other non-tyrosine 
residues. 

Metmyoglobin and methemoglobin catalyze the H202-dependent epoxidation of 
styrene and other aryl-substituted double bonds.32,33 Stereochemical and isotope 
incorporation experiments (Table 3) imply the existence of a plurality of epoxidation mecha-
nisms. Thus, a fraction of the epoxide formed from cis-J3-substituted styrenes is formed 
with retention of the olefin stereochemistry and incorporation of oxygen from the peroxide. 
These properties of the reaction characterize it as a normal cytochrome P450-like ferryl 
oxygen transfer process. However, a fraction of the epoxide is formed with loss of olefin 
stereochemistry and incorporation of oxygen from molecular oxygen or even, to a small 
extent, from water.32,33 To explain the incorporation of molecular oxygen with loss of 
stereochemistry, we proposed that the epoxide is formed by a co-oxidation mechanism in 
which reaction of oxygen with the protein radical yields a protein-peroxy radical that adds to 
the double bond of styrene (Figure 4). The evidence for a tyrosine radical makes Tyr-1 03 or 
Tyr-151 a strong candidate for the protein residue involved in the co-oxidation reaction. 

Analysis of the epoxidation of styrene and cis-J3-methylstyrene by the sperm whale 
myoglobin mutants shows, however, that the cis:trans epoxide product ratio and the 
incorporation of oxygen from molecular oxygen into the trans epoxide occurs to about the 
same extent in the presence and absence of Tyr-103 and/or Tyr-151 !34 Indeed, only with 
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the His-64 mutants does the epoxidation proceed almost exclusively with retention of 
stereochemistry and incorporation of an oxygen from the peroxide into the epoxide (Table 
3). His-64 thus appears to playa critical role in the epoxidation mechanism. Either it is itself 
responsible for the co-oxidation process, or its replacement by a valine improves access to 
the ferryl group to the extent that ferryl oxygen transfer swamps out the co-oxidation 
reaction. The former mechanism appears more likely because the absolute rate of epoxide 
formation increases by only approximately 2-fold with the His-64 mutants, a rate increase 
that does not appear to be high enough to overwhelm the co-oxidation reaction.34 

Ph Me 

>=< H H 
Protein-XH [Fe=Ot3 • 

1 
Protein-X" [Fe=Ot2 

10/0 
I 

Protein-X [Fe=Ot2 

a 

Me H Ph 

~ o H 
0 ..... 

Ph 0 H 
b .. ProteinJ [Fe=Ot2 ---... A 

Ph Me H Me 

>=< H H 

Figure 4. Ferryl transfer versus protein-mediated co-oxidation of styrene proposed for the 
myoglobin-catalyzed formation of styrene epoxides with, respectively, (a) retention of 
stereochemistry and incorporation of oxygen from H202, and (b) loss of stereochemistry 
and incorporation of oxygen from 02. 

SUMMARY 

Styrene epoxidation and thioanisole sulfoxidation are informative probes of the 
abilities of hemoproteins to catalyze ferryl oxygen transfer reactions. Classical peroxidases 
with a histidine as the fifth iron ligand do not appear to oxidize styrene but are able to 
catalyze the sulfoxidation of thioanisole. An exception to this rule is cytochrome c 
peroxidase, which catalyzes the epoxidation of both styrene and cis-~-methylstyrene. These 
results show that peroxidases have a limited ability to catalyze ferryl oxygen transfer 
reactions. If a single substrate binding site is involved, it must allow sufficient interaction 
between the ferryl oxygen and the thioanisole for the ferryl oxygen to be transferred to the 
sulfur atom, but does not allow the more intimate interaction of the ferry I oxygen with a 
double bond required for epoxide formation. Sulfur oxidation requires minimal interaction 
between the electrons in one of the sulfur orbitals and the ferryl oxygen, whereas 
epoxidation requires intimate contact between both carbons of the olefin and the ferryl 
oxygen. Kinetic and spectroscopic evidence suggests that the peroxygenase and peroxidase 
substrate binding sites of horseradish peroxidase are distinct, but the nature of the two 
binding sites and the substrate features that determine to which site it is bound remain 
unclear. The postulate that the protein in a peroxidase minimizes contact between the 
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substrate and the ferryl oxygen appears to be valid, but it is increasingly clear that significant 
variations of this central theme will occur. 

Studies of the epoxidation of styrene and sulfoxidation of thioanisoles by cytochrome 
P450carn, a monooxygenase of known structure, show that the absolute stereochemistry of 
the reaction can be predicted by molecular dynamics calculations. Extension of this approach 
to other reactions, and to more complicated substrates, should provide an important step 
towards the rationalization of oxidative metabolism and the construction of tailor made 
oxidative catalysts. 

The oxidation of styrene by metmyoglobin!H202 illustrates the complexity that is 
possible in catalysis by a hemoprotein not specifically constructed as a catalyst. The ferryl 
oxygen in this situation is not well stabilized and readily oxidizes the protein, opening the 
way for participation of the protein radical as well as the ferry 1 oxygen in the catalytic 
chemistry. In the case of metmyoglobin, this results in loss of the stereochemical fidelity of 
the epoxidation reaction. The ability of myoglobin to catalyze peroxygenase, peroxidase, 
catalase, and other hemoprotein chemistries clearly demonstrates the need for close control 
of the reaction process by the protein. 
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INTRODUCTION 

This review is designed as a short introduction to phagocytic cells (white blood 
cells) found in the peripheral circulation of mammals. Emphasis will be placed upon 
the oxidative chemistry and biochemistry of these cells, and will include a discussion 
of selected current problems in fields relating to these topics. A bibliography of recent 
general reviews and monographs is given for readers wishing a more encyclopedic 
coverage l -6 and pertinent topical reviews will be cited in the subsection headings. 

Several types of white blood cells are formed from precursor cells produced in the 
bone marrow (Figure 1). Predominant among these is the neutrophil, a motile cell 
whose primary function in host resistance to disease is to recognize and destroy 
unicellular pathogenic organisms. Among the other white blood cells, the monocyte 
appears to have very similar biochemical capabilities. Upon leaving the blood stream 
to reside in host tissues, this cell differentiates further, forming macrophages which lack 
the peroxidase (termed myeloperoxidase) found in neutrophils and monocytes, but are 
otherwise similar. The eosinophil, which will be mentioned in a comparative sense, has 
unique biochemical capabilities and appears to be directed primarily against 
multicellular parasitic organisms.7 

Each of these cells, upon recognizing and binding a bacterium or other foreign 
body, undergoes a progression of biochemical transformations that serve to isolate the 
organism within an inimical environment. These events are illustrated in stylized form 
for the neutrophil in Figure 2. Upon binding a particle (here, an antibody-coated 
bacterium), a dormant electron transport chain located within the plasma membrane 
is activated, causing respiration to increase about 100-fold over the basal rate. This 
respiratory chain catalyzes a unique one-electron reduction of O2 to superoxide ion, 
which then disproportionates quantitatively (or nearly so), forming hydrogen peroxide. 
The immediate source of electrons is NADPH; because this reductant is cyclically 
regenerated by glucose oxidation via the hexose monophosphate pathway, the other 
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A. Phagocytic cells of host resistance: 

Bone marrow 

Stem cells 

Blood stream Tissue 
(leukocytes, white blood cells) 

Neutrophil 
~ (polymorphonuclear leukocyte) 

__ ----+ .... Monocyte ~ Macrophage 

....... Eosinophil 

-----------. Basophil 
(other?) 

B. Diseases of granulocytes (neutrophils. monocytes): 

Chronic granulomatous disease (CGD) 
(inability to undergo stimulated respiration) 

Myeloperoxidase (MPO) deficiency 
(neutrophils lack active peroxidase) 

Figure 1. A glossary of terms. The three columns in part A refer to intracellular location of the particular 
cell types, as labeled. 

respiratory end product is carbon dioxide. Coincident with stimulation of respiration, 
phagocytosis is initiated. The membrane invaginates, ultimately surrounding the 
particle and pinching off to form a sealed vacuole (phagosome) containing the particle. 
Because the membrane everts during this process, the respiratory chain is now 
vectorially oriented to produce H20 2 within the phagosome from the enzymatic glucose 
oxidation system located in the cytosol. Neutrophils also contain lysosomal particles 
called granules that, upon activation of the cell, migrate to the phagosomal and plasma 
membranes, at which point the membranes fuse and the lysosomal contents are 
discharged into the vacuole or extracellular space. Granule components include among 
a variety of digestive enzymes and biopolymers two proteins that are potentially 
involved with oxidative metabolism, the enzyme myeloperoxidase (MPO) and the iron
binding protein, lactoferrin. The amount of MPO contained within normal neutrophils 
is truly staggering, comprising up to 5% of the total cell weight. Although lactoferrin 
containing bound iron might also utilize H20 2,2 the protein appears to be present 
primarily in its apo, or demetalated form. 

Are the oxidative reactions associated with the respiratory burst important to 
bactericidal mechanisms? Clinical evidence suggests that they are. A set of congenital 
defects known as chronic granulomatous disease (CGD) which manifests itself as an 
inability of affected individuals' neutrophils to undergo stimulated respiration, but with 
otherwise apparently normal phagocytic capabilities, is characterized by persistent life
threatening bacterial infections.6 In contrast, hereditary myeloperoxidase deficiency is 
markedly less debilitating, and apparently has only minor clinical manifestations.8,9 

However, as summarized by Klebanoff,4,8 MPO-deficient neutrophils are considerably 
less effective than normal neutrophils in cell-free studies of bactericidal potency. This 
behavior implies the existence of dual, i.e., MPO-dependent and MPO-independent, 
oxidative bactericidal mechanisms. Further, not all species of bacteria require O2 for 
phagocytic killing,lO,ll and the neutrophil granules contain cationic proteins that are 
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OPSONIZED MICROBE 

~~ 

GRANULES 

( 

~--
PHAGOSOME 

CYTOSOL 

NEUTROPHil 

Figure 2. Diagram of phagocytosis by neutrophils. (1) Binding of the antibody-coated bacterium elicits 
the respiratory burst; (2) the neutrophil membrane invaginates; and (3) ultimately pinches off forming a 
new vacuole (phagosome). Simultaneous degranulation leads both to extracellular secretion and 
intraphagosomal compartmentation of granule components. Reproduced from reference 2 by permission 
of CRC Press. 

toxic to bacteria by nonoxidative mechanisms.12-14 The need for this apparent 
redundancy is not presently obvious, but may ultimately be found to lie within the 
diversity of bacterial species with which our bodies must contend. 

HOW IS O2 "ACTIVATED" BY NEUTROPHILS?15 

Although the mechanistic details are as yet incomplete, activation of the 
respiratory chains in phagocytic cells appears to involve a secondary messenger cascade 
triggered by binding at specific receptor sites on the plasma membrane envelope, 
followed by enzymatic activation, phosphorylation, and translocation of cytoplasmic 
proteins and their assembly with membrane-localized proteins to form the intact 
electron transport chain. Specifically, binding of bacteria or other agonists is thought 
to release a trimeric G-protein from the receptor sites, which in turn activates 
phospholipases (A2' C, D), which directly (C), or indirectly (D) generate diacylglycerol 
or other secondary messengers (A2) by hydrolyzing phospholipid components of the 
plasma membrane. These secondary messengers activate protein kinase C, which 
phosphorylates several cytosolic proteins, including a 47-kDa protein. Phorbol esters 
and similar surface-active compounds are apparently able to mimic functionally these 
secondary messengers, bypassing the usual triggering mechanisms to directly activate 
the enzyme. The phosphorylated 47-kDa protein, together with specific 67-kDa and 
21-kDa cytosolic proteins, then complex with the plasma membrane-localized redox 
proteins to form the electron transport chain. The requirement and sufficiency of these 
three cytosolic proteins for activity appears firmly established from cell-free 
reconstitution studies in which the separate proteins purified by recombinant DNA 
techniques were added to membranous fractions of purified oxidase redox 
components.16,17 The minimal membrane protein composition is less well defined, 
however. General agreement exists that, in addition to an NADPH binding site, the 
chain contains an FAD molecule and an unusual heteromeric low-potential b-type 
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cytochrome. The major controversy involves whether or not the FAD binding site 
exists within the cytochrome or is contained within a separate flavoprotein. Two groups 
have reported16,17 that reconstitution of activity required only purified lipid-solubilized 
cytochrome and identified putative FAD and NADPH binding domains from genetic 
mapping comparisons.16,18 Others, however, have demonstrated a requirement for a 
separate membrane-bound flavin enzyme in their preparations.19 

Irrespective of composition, the electron transport pathway is thought to involve 
the following sequence: NADPH - FAD - cyt b - O2, in which the FAD is properly 
situated to mediate the two-to-one noncomplementary transfer of electrons from 
NADPH to the cytochrome.2 An FAD binding protein with the appropriate reduction 
potential has been identified in neutrophils by ESR spectroscopy.2° The general 
features for activation of the neutrophil respiratory oxidase are summarized 
schematically in Figure 3. 

plasma 
membrane 

phosphorylation 
and 

assembly 

protein 
kinase C 
activation 

} cyl b 55B 

intact 
oxidase 

Figure 3. A putative pathway for neutrophil oxidase activation. As discussed in the text, bacterial binding 
at specific receptor (R) sites releases a trimeric G protein, which activates phospholipase C (PLC), 
catalyzing formation of inositol-1,4,5-triphosphate (InsP:v and diacylglycerol (DAG). InsP3 binding to Ca 
storage proteins releases Ca2+ ion which, with DAG, activates protein kinase C. The kinase 
phosphorylates a 47-kDa cytosolic protein (cp47) which initiates assembly of other cytosolic proteins and 
membrane-localized redox proteins to form the intact oxidase; fp and gp stand for flavoprotein and 
g1ycosylprotein, respectively. The structural organization of the complex is unknown, and the issue of the 
location of flavin adenine nucleotide (FAD) is unresolved. Reduction potentials for the redox centers, as 
measured for isolated components, are given in parentheses. This figure is an adaptation of drawings from 
reference 15. 
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THE ENIGMATIC HEMES OF THE NEUTROPHIL 

Cytochrome bsss (b_24S) 

The respiratory cytochrome is a heteromeric integral membrane protein complex 
containing two types of subunits, a 22-kDa protein and a 67- to 91-kDa glycoprotein;21,22 
it is often described as a dimer, although the subunit stoichiometry has not been firmly 
established. Based upon the optical properties of the purified cytochrome, there 
appear to be 2-3 hemes bound within the complex.23 Although denaturation studies 
have suggested that heme binding is heterogeneous, physical studies give little evidence 
for heme inequivalence. Thus, the spectroelectrochemically determined reduction 
potentials and optical, magnetic circular dichroic, and resonance Raman vibrational 
spectra are all consistent with the presence of a single or equivalent hemes in the 
oxidase.24 The only reported physical evidence suggesting inequivalence is the 
observation that approximately one-half of the ferric heme is easily photoreduced to 
the ferrous oxidation state, whereas the remainder is extremely resistant to 
photoreduction.24 The resonance Raman spectra clearly indicate that the heme is low
spin six-coordinate in both its ferrous and ferric oxidation states. These studies also 
suggest N-atom ligation at both axial binding sites, most likely from histidyl imidazole 
substituent groups. This assignment was problematical when originally proposed 
because earlier structural studies had suggested that heme binding was localized to the 
small subunit,25,26 which was known from its genetic sequence to have only one 
conserved histidine groUp.27 However, more recent studies have demonstrated heme 
binding to both subunits, suggesting an interfacial binding 10cus.23 In that case, the 
second imidazole ligand could be provided by the large subunit, which has five histidine 
groups. Alternatively, the sixth ligand could be an €-amino substituent from a protein 
lysine group. 

Strong axial ligation on both sides of the heme plane accounts for the inability of 
the oxidase to bind small anions and for the ferrous cytochrome to only weakly bind 
carbon monoxide.2 Consequently, the oxidase is unaffected by addition of general 
respiratory inhibitors such as azide or cyanide ions. This property also suggests the 
absence of an oxygen binding site, which has prompted considerable discussion of the 
appropriateness of the cytochrome as the oxidative terminus of the respiratory chain. 
However, since formation of 02- requires transfer of only one electron to °2, heme 
coordination of 02 is not essential and the reaction could involve outer-sphere electron 
transfer from the heme periphery. Precedent for this mechanism is the reduction of 
ferricytochrome c by 02-' which is essentially the reverse reaction.28 In this case, 
electron transfer is more rapid than the rate of axial ligand substitution on the heme, 
requiring an outer-sphere mechanism. Imidazole ligation can potentially also account 
for the unusual ferric-ferrous reduction potential of the heme, which is the lowest 
reported for a mammalian respiratory heme. (The designation cyt b_24s used by some 
researchers, rather than the more conventional cyt bS5S' is based upon the measured 
redox potential of the human cytochrome.) Potentials of similar magnitude are 
observed in peroxidases, whose proximal imidazole ligand is strongly hydrogen bonded 
to a second basic amino acid within the peptide backbone. This hydrogen bonding 
enhances the imidazolate character of the ligand, increasing its a-electron donating 
capabilities with consequent stabilization of the ferric oxidation state.2,29 

One puzzling aspect of the physical properties of the cytochrome is the absence 
of detectable EPR signals from the ferric heme. Deoxycholate-solubilized oxidase gave 
no characteristic signals expected for low-spin hemes, the only detectable signals being 
a high-spin rhombic signal attributable to myeloperoxidase present in the membrane 
fraction and a complex g = 2.0 organic radical signal (Figure 4).24 Reports assigning 
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both high-spin30 and normallow-spin31 heme signals to the oxidase have appeared, but 
probably arise from contaminating heme impurities. More recently anomalous low-spin 
signals at g = 3.3-3.4 were observed for highly purified cyt bss8 preparations (Figure 
4),18,32 which have the features of highly anomalous low-spin (HALS)-type bis-imidazole 
hemins.33 The bands in these spectra are typically very broad and often only the low
field gz component is clearly resolved. If these EPR spectra represent the native form 
of the oxidase (purified cyt bss8 is active only when reconstituted with lipids), then the 
signals should also have been detectable in the solubilized oxidase preparation. An 
alternative interpretation is that the heme interacts strongly with a second 
paramagnetic center, possibly another heme, and is even-spin or diamagnetic, therefore 
PER-silent, or that relaxation-induced broadening causes the signals to drop below 
detectable levels. The circular dichroic spectrum of cyt bss8 exhibits an unusual bilobed 
band in the Soret region which might be indicative of heme-heme interactions,26 but 
the notion of a dimeric heme appears inconsistent with the bis-imidazole ligation 
suggested from resonance Raman spectroscopy. An additional feature of the EPR 
spectra is that the g = 2 signal observed in the solubilized oxidase apparently copurifies 
with the cytochrome (Figure 4). The apparent splitting of this signal and the 
dependence of its bandshape upon temperature suggest interaction with a second 
paramagnetic center.24 One intriguing possibility is that this signal arises from the 
semiquinone form of the respiratory FAD redox center, although preliminary redox 
titrations suggest that the signal titrates at a potential 100-200 mV above the redox 
poise of the respiratory chain. Despite the uncertainties, recent progress in the 
structural and functional characterization of the oxidase components has been rapid, 
and we can anticipate resolution of many of the remaining issues in the near future. 

Solubilized oxidase!' 
6.80 5.03 

t t 4.27 

• 

Purified heme:D 

Purified heme:18 3.5 2.S 

1.95 

2.oi 
• 

2.24 2.00 

1.5 

Figure 4. Electron paramaguetic resonance spectra of neutrophil cytochrome hSS8 (b-24S). Adapted from 
references 18, 24, and 32. 
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Myeloperoxidase8,9,29 

As a consequence of having a strong visible absorption band at 570 nm, MPO is 
green, rather than the usual rust coloration characteristic of other peroxidases. This 
spectral feature has been attributed alternatively to the presence of formyl or other 
electron-withdrawing substituents at heme peripheral sites, e.g., as in heme a of 
cytochrome oxidase, or to symmetry-breaking reduction at one of the (j-pyrrolic ring 
positions, forming a chlorin. Historically, evidence from physical studies has favored 
assignment of the heme as a chlorin, whereas chemical derivatization studies were 
more consistent with the presence of formyl substituents. Studies designed to isolate 
and characterize the heme have been frustrated because the heme is tightly bound, 
probably covalently, to the protein and the relatively harsh treatments required to 
isolate it have invariably caused physical and/or chemical modifications. 

Resonance Raman spectroscopy has proven exceptionally useful in characterizing 
the heme in the native enzyme.34,35 Several additional bands were observed in the ring 
breathing region when compared to similar peroxidases containing normal heme 
prosthetic groups such as lactoperoxidase36 and eosinophil peroxidase.37 These 
differences, which could arise from reduction in ring symmetry, were similar to those 
found in comparisons of chlorin and heme model compounds.38,39 Furthermore, there 
was no indication of a carboyl carbon-oxygen stretching band, which should have been 
a prominent spectral feature if a ring-conjugated formyl substituent were present. To 
accommodate the chemical derivatization results, we suggested that perhaps the heme 
was indeed a formylporphyrin, but was attached to the protein by addition of an amino 
acid substituent (specifically a cysteine thiol group) across the (j-carbon double bond 
of the pyrrole moiety bearing the formyl substituent.29 In this case, the native MPO 
would have the physical characteristics of a chlorin since the formyl substituent was not 
in conjugation with the heterocyclic ring, but its presence would be unmasked upon 
cleavage of the covalent bond to the protein. This suggestion was based upon 
structural studies on lactoperoxidase from which it was inferred that the heme was 
covalently linked to the apoprotein through a disulfide bond between a cysteine residue 
and a heme (j-thiomethyl ring substituent.4o,41 If this were a formyl substituent on the 
MPO heme, a nearby cysteinyl group could preferentially add across the (j-pyrrolic 
double bond, forming a pseudo-chlorin that is the analog of well-described green 
sulfhemins.42 Recent NMR43 and X-ray crystallographic44 studies do not support this 
notion, however. Although these studies could not distinguish between chlorin and 
heme prosthetic groups, the spectral signature of MPO did not match well the reported 
spectra of sulfhemins, and the heme binding pocket contained no protein cysteinyl 
residues. From the crystallographic data, the site of covalent attachment has been 
tentatively assigned to a substituent on the heme pyrrole ring B and a protein glutamyl 
residue, although the chemical nature of the linkage remains uncertain. A likely 
possibility is formation of ester or thioester bonds to a modified protoporphyrin IX
based heme. These modifications might involve alterations of the normal 3-methyl or 
4-vinyl (j-pyrrolic ring substituents or attachment to hydroxyl groups of a ring-reduced 
3,4-dihydroxyprotochlorin IX.44 Precedent for this type of chlorin structure is the 
cytochrome d terminal oxidase from E. coli, which has been identified as a 5,6-
dihydroxyprotochlorin IX,45 i.e., the analogous structure reduced at the (j-carbon-carbon 
double bond of protoporphyrin IX pyrrole ring C. Similarities noted in the magnetic 
circular dichroic spectra between MPO and a model system constructed by reconsti
tuting apomyoglobin with 2-formyl-4-vinyl-deuteroheme IX have also been interpreted 
to indicate that the MPO heme is a formylporphyrin.46 Mild denaturation of MPO, 
which was partially reversible, has been shown to cause reduction in the number of 
characteristic bands in its resonance Raman spectrum, consistent with an increase in 
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chromophore symmetry.47 Based primarily upon this observation, it was speculated that 
the anomalous physical properties of native MPO were caused by the presence of an 
uncompensated negative charge from the protein in the heme binding pocket.48 

Presumably, protein denaturation relaxed this symmetry-breaking perturbing influence 
by allowing the anionic group to move away from the heme. The heme in the 
denatured form of MPO was green, suggesting that it is a formylporphyrin. However, 
a formyl C = 0 vibrational mode could not be clearly identified in the resonance Raman 
spectrum of the denatured MPO. Thus, the structure of the MPO heme remains con
troversial, and will probably be conclusively identified only when X-ray crystallographic 
data are refined to atomic resolution.43 

Kinetic characterization of the catalytic reactions of MPO is complicated by many 
factors, including the reversibility of H20 2 binding to form compound 1,49 its catalase50 
and superoxide dismutase activities51 and possible reaction sequences involving both O2-

and H20 2,52,53 and formation of an inhibitory complex with the physiological substrate, 
chloride ion.29 A schematic summary of these reactions, taken primarily from the 
studies by Winterbourn, Wever, and their collaborators, is given in Figure 5; 
compounds I, II and III have all been shown to form in the presence of its substrates, 
O2- and H20 2•51,52,54 The central reaction of importance, however, is between 
compound I and Cl" ion, yielding hypochlorous acid. MPO is unique among the 
peroxidases in its capacity to catalyze two-electron oxidation of Cl- to a form that is 
freely diffusible from the enzyme active site.55 Since the phagosomal milieu contains 
MPO, chloride ion (at -0.15 M), and an H20 2-generating system, formation of HOCI 
within that vacuole during stimulated respiration is plausible. 

MPO'CI-

INHIBITORY 
COMPLEX 

MPO 

COMPOUND III 

DISMUT ASE REACTION 

PEROXIDASE 
REACTION 

~"-7"""'-''''''\-- COMPOUND I 

HOCI CI-

CATALATIC 

CYCLE 

COMPOUND II 

Figure 5. Reactions of neutrophil myeloperoxidase with products of the respiratory burst. The kinetic 
scheme is a composite of various reaction steps described in references 29 and 49-55. 

IS HOCI FORMED IN THE PHAGOSOME? 

Early studies using chemical trapping agents for HOCI such as taurine56 (2-
amino ethane sulfonate) and 1,3,5-trimethoxybenzene57 indicated that stimulated 
neutrophils produced HOCI, but the topographic location of these reactions in relation 
to the cell could not be identified. We subsequently used fluorescein covalently 

274 



attached to yeast cell wall fragments (zymosan) as. a phago~tos.able probe.58 

Fluorescein is rapidly oxidized by HOCl to mono- and dichioro denvatlVes that have 
red-shifted optical absorption and fluorescence bands and reduced fluorescenc.e 
quantum yields. Changes in the fluorescent properties ~f the dy.e upon phag~cyt~sIS 
of these particles by normal neutrophils were consIstent WIth fl~orescem nng 
chlorination although these reactions were not observed when neutrophIls from MPO
deficient or' CGD patients were used. Azide ion, an inhibitor of MPO? blocked t~e 
reaction in normal neutrophils, and addition of MPO or an H20 2-generatmg enzy~atIc 
system to the suspending medium containing MPO-deficient or CGD cells, respectIv~ly, 
elicited spectroscopic changes analogous to those observed for n~rm~l neutrophIls. 
Although these changes were consistent with intraphagosomal chlormatlOn, the prob.e 
could not be recovered for confirming structural analyses. In part to remedy thIS 
deficiency, we have recently constructed artificial particles containin~ covalent link~ges 
that can be cleaved upon demand, allowing dye recovery. The reactIOn sequence glVen 
below illustrates preparation of one such particle. 

Syntheses: 

o 0 
" " .-CNH2 + OH---'-C - 0- (I) 

Fluorescein release: 

S 
u 

III + RSH - HS(CH2)2NHCNH fluorescein (IV) 

Polyacrylamide beads of approximately the same size as bacteria (1-2 ,urn) were 
partially hydrolyzed (I), the carboxy groups formed were amidated with cystamine (II) 
using a carbodiimide coupling reagent (EDC), then fluorescein isothiocyanate (FITC) 
was attached to the other amino terminus of the linker group through formation of a 
thiourea bond (III). When serum-opsonized, the particles were avidly phagocytosed by 
neutrophils, as observed by fluorescence microscopy. Subsequent fluorescence spectral 
shifts and intensity changes were consistent with intraphagosomal chlorination of the 
probe. The cells were isolated and lysed, then the fluorescence was released by 
disulfide exchange with soluble thiol compounds (Figure 6); the dye was recovered in 
90-95% yield. Subsequent HPLC analysis revealed peaks that chromatographed with 
authentic samples of the recovered fragments (IV) that had been directly chlorinated 
with HOCl. These results leave little doubt that HOCl is indeed generated within the 
phagosomes of stimulated neutrophils. 

MYELOPEROXIDASE-DEPENDENTTOXICITY -- HOW ARE BACTERIA KILLED? 

Although HOCI is a strong oxidant, it exhibits remarkable selectivity with respect 
to its reaction partners.2 This is probably a consequence of its tendency to act as a 
two-electron oxidant toward organic compounds. In this case, electron transfer may 
require nascent bond formation, as in atom transfer reactions. In any event, the 
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Figure 6. "Smart" probes for timing post-phagocytic events; properties include a reporter group that can 
be recovered upon demand and the capacity to discriminate between pH changes, chlorination, and other 
oxidative reactions. The symbol fl refers to the fluorescein moiety. 

chlorine atom in HOCI behaves as an electrophile, reacting most rapidly at nucleophilic 
sites within other molecules. As we have shown, the most reactive biological molecules 
are those containing nitrogen heterocycles (hemes, nucleotide bases), conjugated 
polyenes (e.g., carotenes), or other electron-rich 'II'-delocalized centers (e.g., iron-sulfur 
clusters).s9 Free amines react with HOCI at near-diffusion controlled rates yielding, 
initially, N-chloramines, but their conjugate acids are unreactive; at physiological pH 
values, the rates are several orders of magnitude below the diffusion lirnit.60 The highly 
polarizable sulfur atom of cysteinyl groups is also easily oxidized; consequently enzymes 
and transport proteins containing essential cysteine functional groups are particularly 
sensitive to oxidative inactivation by HOCl. 

These selectivities, which were based upon kinetic studies with simple bio
molecules, have been shown to extend to bacteria themselves. Thomas has shown that 
oxidation of sulfhydryl substituents and N-chlorination of amines on the bacterial 
envelope are early events in the progressive oxidation of bacteria by HOCl.61 •62 We 
have found in representative examples that plasma membrane-localized respiratory 
components (cytochromes, iron-sulfur containing dehydrogenases) and carotene pig
ments are also particularly vulnerable to oxidative degradation.59.63 In fact, the 
selectivity is sufficiently high that pseudo-titrimetric curves can be constructed that plot 
loss of susceptible molecules and sites, or loss of biological function, against the 
amount of added HOCl. These curves are generally sigmoidal in shape, with the initial 
titrimetric range in which no changes occur in the molecule or function being 
monitored representing oxidations at other, more reactive sites within the bacterium. 

The reactivity patterns that emerge from comparing several sets of these curves 
can be used to identify the bactericidal mechanisms. Although some species differences 
exist, the patterns for the various bacteria that we have examined lead to identification 
of a common cidal mechanism; a typical result is illustrated schematically for 
Escherichia coli in Figure 7. Vulnerable molecules existing within the bacterial cytosol 
such as sulfhydryl-dependent enzymes and the nucleotide bases, particularly adenine, 
are not damaged until an amount of HOCI is added that is in large excess over that 
required to kill the organisms64•6S (Figure 7, solid line). Similarly, the functional 
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integrity of the bacterial plasma membrane is not lost, as measured by its intrinsic 
impermeability to small molecules and ions and its ability to maintain an 
electrochemical gradient (the protonmotive force).65 Respiratory capabilities are lost 
after addition of only severalfold HOCI in excess of that required for killing, 
accompanied approximately by oxidative bleaching of the respiratory cytochromes and 
destruction of the iron-sulfur redox sites.63 However, loss of viability coincides with (or 
in some instances, is preceded by) loss of metabolic energy reserves by massive ATP 
hydrolysis, inhibition of metabolite transport by all available transport mechanisms, and 
inhibition of the proton-translocating ATP synthase.66 Within the framework of the 
chemiosmotic hypothesis,67 this means that the cell is functionally dead because its 
capacity for energy transduction has been destroyed. Specifically, the locus of 
respiration-driven energy transduction in bacteria is the plasma membrane, which 
contains the electron transport chain and proteins involved with metabolite and ion 
transport. Although the plasma membrane is intact and respiratory capabilities are 
apparently sufficient to maintain a normal protonmotive force at this level of oxidation, 
the organelle required to couple the electrochemical gradient to intracellular ATP 
synthesis, the ATP synthase, has been destroyed. Similarly, other metabolite transport 
systems which couple directly to the electrochemical gradient, Le., by proton symport, 
have also been inactivated. Further, loss of ATP inhibits energy-linked metabolite and 
ion transport, including the phosphoenolpyruvate-dependent glucose phosphotransfer
ase system. Since glucose transport is the first step in substrate-level phosphorylation 
by the glycolytic pathway, it appears that cells lacking metabolic energy reserves would 
be unable to generate ATP by this pathway as well. Without a constant supply of ATP, 
cells could not maintain homeostasis, much less undergo biosynthesis and repair, and 
would soon expire. These HOCl-inflicted dysfunctions therefore identify a set of 
reactions that are sufficient to account for the universally bactericidal properties of 
HOCI. The molecular sites of attack within the transport proteins have not been 
identified, but are probably cysteine sulfhydryls, since these groups appear to be critical 
to their proper functioning.66 

MYELOPEROXIDASE-INDEPENDENT MECHANISMS -
METAL ION-PROMOTED "101 TOXICITY 

General Mechanistic Considerations 

Hypochlorous acid is potently toxic to bacteria; typically, less than 108 HOCI 
molecules per bacterium (or 50 I'mol HOCl/ g) are required to inhibit cellular division 
of E. coli and similar organisms.68 The demonstration that HOCI forms within the 
phagosome therefore implies that HOCI is a primary microbicide generated by the 
respiratory burst. However, as previously discussed, the clinical manifestations of MPO 
deficiency are very minor,8,9 suggesting that the phagosome generates other oxidants 
that are also effective microbicides. The respiratory end products, superoxide ion and 
hydrogen peroxide, are by themselves not particularly toxic.2 For example, bacteria are 
able to survive H20 2 quantities as high as 50 mmol H20 2/g in metal-free environments 
(conditions which correspond to dilute cellular suspensions in 0.05-0.1 M H20 2!).69 

When certain redox metal ions and reducing agents are present, H20 2 toxicity is 
markedly potentiated.69 In model systems, cupric was by far the most effective metal 
ion, enhancing toxicity over a wide range of medium conditions to levels approaching 
thOse measured for HOCl. In contrast, ferric complexes commonly used as catalysts 
in H20 2 oxidation reactions were much less effective, and measurable effects could be 
demonstrated only under a narrowly defined set of conditions.70 Mechanisms of toxicity 
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Figure 7. Schematic representation of titrimetric loss of cellular function or biochemical components of 
E. coli with addition of HOCI and/or cell-free MPO-H20 2-cr bactericidal systems. Adapted from 
references 63-66. 

are thought to involve cyclic one- or two-electron oxidation of the metal ions in their 
lower valence states (CuI, Fell) by H20 2, followed by reduction to the original oxidation 
state by the reductant and/or components of the bacterial cells.71-73 Either the higher
valent ions (CuIII, FeIV =0) or hydroxyl radical might be the causative agents of cellular 
damage, although the actual oxidant has not yet been conclusively identified in any 
physiological system. A conceptual problem arising in considering these reactions is 
that, given the extremely reactive character of the hydroxyl radical and higher-valent 
metal ions and the plethora of potential biological reactants, how might selectivity for 
vulnerable targets within the organism be attained? This problem is particularly acute 
for phagocytic cells involved with host resistance, where the reagents for H20 2 

formation, i.e., O2 and respiratory reductants, are in limited supply. One popular 
hypothesis is that the metal ions themselves, as catalytic agents for H20 2 reduction, 
confer selectivity on the systems de Jacto by the cellular location of their binding sites.74 

In this site-specific mechanism, the powerful oxidants generated are thought to react 
with biological components in the immediate vicinity of the metal ion, leading to loss 
of associated cellular function. This mechanism has received widespread acceptance 
and is supported indirectly by considerable data from various model studies.71,72,74 

Radical Reactions in Phagosomal Environments 

Hydroxyl radical toxicity has been investigated using radiolysis techniques.75 In 
general, the deleterious effects of ionizing radiation appear to originate from reactions 
occurring within the bacterial cell, as predicted by the site-specific mechanism.76 This 
conclusion is based primarily upon observations that adding hydroxyl radical scavengers 
to the suspendi~ medium failed to protect the bacteria. However, when the medium 
contained Cl' 69, ,78 or HC03- 69 ions at concentration levels mimicking the phagosomal 
environment, radiolytic damage by extracellularly generated OH was also observed. 
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The effect can be ascribed to formation of secondary radicals that are sufficiently long
lived to selectively oxidize vulnerable cellular targets. A persistent chlorinating agent 
with the reactivity of HOCl accumulated upon irradiation when Cl- ion was present, 
and the carbonate radical was identified by electron spin resonance analyses of 
irradiated bicarbonate buffers containing the spin trap DMPO.69 The bacteria could 
be protected by including low concentrations of reducing agents in the reaction 
medium; for example, 10 /-LM H20 2 was sufficient to completely block enhanced killing 
of bacteria suspended in bicarbonate-buffered physiological saline solutions. Since OH 
radical oxidation of Cl- ion is relatively slow in neutral solutions,79 the reductants 
undoubtedly prevent its formation by directly competing for the radiolytically generated 
OH radical. In contrast, reaction with HC03- ion is relatively rapid,80 so that at the 
concentration levels projected for the respiring neutrophil its reaction with OH radical 
will predominate regardless of other reactants in the medium. Protection by reducing 
agents in this case must arise primarily by their reaction with the C03- radical that is 
formed. This reactivity pattern is summarized in Figure 8. Thus, although the 
relatively long-lived C03- radical is preferentially formed from OH radical in these 
media and is toxic to bacteria, its lethal reactions are not expressed in dilute 
suspensions of the cells because it is effectively scavenged in competing reactions with 
the chemical reductants. 

non-toxic products 

t other 
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H20----·OH • COat 

y--+4 ............. ·0H-

other I 
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non-toxic radicals 
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Figure 8. Hypothetical mechanisms for CI- and HCO;-enhanced radiolytic killing of a bacterium by 
extracellular pathwayso Cli radical formation is suppressed by OH-reactive compounds in solution, but 
CO; radical formation is not. In this case, protection by free radical scavengers must arise by direct 
competition for the C03° radical. The reaction scheme also includes an intracellular pathway, although 
target sites are not specified. 

If one considers the spatial dimensions of the phagosome, however, an entirely 
different reactivity pattern emerges. Specifically, the average diffusion distance before 
the C03- radical encounters the bacterial envelope is markedly reduced in the confining 
space of the phagosome, so that competing reactions in the extracellular solution 
become less significant. A reaction model and typical results are given in Figure 9; 
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assuming reasonable kinetic parameters, the calculations show that reactions at the 
bacterial and phagosomal membrane surfaces will predominate, whereas radical 
quenching by solution components will be minor.8! Thus, if conditions for C03- radical 
generation exist within the phagosome, either by metal-catalyzed OR formation or 
direct reaction of the higher-valent metal ions with RC03-, the toxicity of the C03-

radical should be expressed. This set of reactions constitutes a bactericidal mechanism 
that is fundamentally different from the site-specific mechanism; its expression is a 
unique consequence of the spatial constraints imposed by compartmentalization within 
the neutrophil, and is not generally applicable to other environments. 

A. Reaction model 

B. Typical calculation 
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Figure 9. Dependence of reactions of postulated phagosome-generated free radicals with bacteria upon 
phagosomal dimensions. A. Kinetic model for COi reactions assuming spherical geometry. The radical 
is generated throughout the volume identified as ·phagosomal fluid,· and either reacts with solution 
components (ko) or diffuses to the bacterial envelope or phagosomal membrane, where it reacts. The first
order rate constants are estimates based upon measured rate constants for typical biological compounds 
at 1 mM concentration levels. B. Typical results indicating the fraction of reaction occurring at the 
bacterial surface for varying thicknesses of the phagosomal fluid layer. In this calculation it was assumed 
that the bacterial and phagosomal surfaces were equally reactive. Even at fluid layer thickness approaching 
bacterial dimensions, a significant fraction of the C03- radical reacts with the bacterium. However, the 
reactions of the more reactive OH radical are quenched at all distances beyond the immediate vicinity of 
the bacterial surface. 
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Bactericidal Mechanisms 

Hydrogen peroxide-inflicted damage to eukaryotic cells appears to involve several 
intracellular loci, including cytosolic enzymes and nuclear DNA. These cellular 
reactions have been studied most extensively in macrophage-like tumor cells by 
Cochrane and associates.s2•s3 They found that exposure to H20 2 caused inhibition of 
ATP synthesis by both glycolytic and respiratory pathways to levels which appeared to 
be sufficient to cause loss of homeostasis and subsequent cellular death. Inhibition of 
oxidative phosphorylation involved direct oxidative inactivation of the mitochondrial 
ATP synthase; inhibition of substrate-level phosphorylation involved both selective 
inactivation of a key glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase, and 
depletion of its cofactor, NAD, through an indirect mechanism initiated by single-strand 
cleavage of nuclear DNA following oxidation of its ribose units. This nucleotide 
damage initiated activation of the repair enzyme, poly-ADP-ribose polymerase, whose 
enzymatic reactions involve NAD catabolism. 

phagosome 

serum protein 

~"----.,. 
[0] 

NADPH CO 
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Figure 10. Speculative model for enhanced intraphagosomal toxicity. Serum Cu-binding protein undergoes 
oxidative [0] damage, releasing its Cu ion, which relocates on the bacterial envelope, where it either 
catalyzes formation of the lethal oxidant [Cu(III), OH] from H20 2 and endogenous reductants [el, causing 
damage at that site, or catalyzes formation of C03- radical, which selectively oxidizes vulnerable sites on 
the envelope. 

Both single-strand and double-strand breaks were observed in the chromosomal 
DNA of the bacterium, E. coli, when exposed to aerobic media containing cupric ion 
and the reductant, ascorbic acid.84 As recognized by the researchers,85 the quantities 
of reagents used in this study were far in excess of the amounts usually required for 
killing. Subsequent research on paraquat (N,N'-dimethyl-4,4'-bipyridinium)-mediated 
toxicity established that the cellular content of ATP and potassium ions diminished 
roughly in proportion to cellular death and that active transport of leucine was 
inhibited in exposed cells, suggesting that the bacterial plasma membrane was the site 
of the lethal oxidative attack.85 Localized damage to the bacterial envelope was also 
evident from electron micrographs of the bacteria. (Paraquat is thought to catalyze 
one-electron oxidation of O2 by endogenous donors, forming O2- and, by subsequent 
disproportionation, H20 2, which then reacts with bacteria by the usual metal ion
mediated pathways.) Using a Cu(II)-ascorbate-H20 2 bactericidal assay system, we have 
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found that DNA from a plasmid-carrying E. coli underwent negligible chain cleavage 
at oxidant levels sufficient to kill the microbe.69 Thus, unlike eukaryotic cells, the DNA 
of bacterial cells appears to be considerably less vulnerable to H20 2-induced oxidative 
degradation. 

Although the results are preliminary, the cumulative evidence suggests that, as 
with HOCI, the bacterial toxicity of H20 2 might be attributed to reactions at the 
cellular envelope. If so, the activating metal ions (most likely copper) are almost 
certainly host-derived. The blood stream (and presumably interstitial fluids) contains 
several copper-binding proteins, which could be incorporated along with other 
extracellular components into the phagosome during its formation.86 Oxidative 
degradation of these proteins might release the copper which, in the site-directed 
model would relocate to the bacterial envelope, rendering it vulnerable to oxidative 
damage or, otherwise, would catalyze formation of long-lived reactive species. Figure 
10 presents a speculative model incorporating these ideas. A mechanism for 
"triggering" HP2 toxicity by metal ion release has not yet been identified, however. 
Both the copper-binding serum protein, ceruloplasmin,87 and the iron-binding 
lactoperoxidase88 retain their metal-binding capabilities when extensively oxidized by 
HOCI, for example. 

CONCLUDING REMARKS 

In the neutrophil and other phagocytic cells involved in host resistance to disease, 
Nature has evolved remarkable cellular agents for microbial destruction. Prominent 
among the various microbicidal mechanisms of the neutrophil are oxidative reactions 
initiated by one-electron reduction of dioxygen by a respiratory chain that is unique in 
biology, both with respect to its composition and its modes of activation. Although our 
knowledge of these processes is rudimentary, it seems clear that dynamic control is 
maintained in a manner that cannot be duplicated outside the cell by the subtle 
interplay of inherent chemical selectivities, localization of endogenous catalysts, and 
compartmentation. As our conceptual understanding improves, we should be prepared 
for surprises. In particular, as with MPO peroxidation of chloride ion, we might find 
that other cellular components that are generally regarded as benign are, in fact, 
critical elements of the oxidative reaction sequences. For example, O2' could play an 
essential role in preventing MPO accumulation in its unreactive compound II oxidation 
stateS3 (Figure 5) and in generation of the bactericidal agent in MPO-independent 
oxidative reactions (Figure 10), and the respiratory end-product and physiological 
buffer, bicarbonate ion, might potentiate radical-inflicted damage by forming carbonate 
radical, which is a relatively long-lived and selective oxidant (Figure 10). We have 
much to learn about these fascinating systems, but the recent pace of progress is 
encouraging. 
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METALLOPORPHYRINS AS BIOMIMETIC OXIDANTS AND SYNTHETIC 
LIGNINASES 
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Heme proteins serve many varied rules biologically even though all contain the 
same prosthetic group (heme, iron protoporphyrin IX, Figure 1). Those hemeproteins 
which are activated by hydrogen peroxide (catalase, peroxidase, ligninase) and those 
which activate oxygen, via a "peroxide" bound intermediate (cytochrome P-4S0), all 
function through the same, or similar intermediates.1 Indeed when most iron porphyrins 
either protein bound or protein free react with hydrogen peroxide their reaction may be 
summarized as follows: 

Hemoglobin O2 
Fe(n}P ---Myoglobin ~ 

Cytochromes Fe(m}P ~ 

Catalase 

Peroxidases 
(Ligninase) 

Fe(m}P 

Chloroperoxidase 

~ 

H202. 

0 
..... 0 

I 
Fe(n}P 

Fe (n) P 

0 

" Fe(IV}P++ + H2O 

fH202 

Fe(m}P + O2 

Cytochrome O2 _4_\.-§-~.~ 2H20 
Oxidase ? 

c," + Fe(m}P 

4H+ 

Cytochrome P-450 RH + 

Figure 1: Major classes of hemeproteins using heme (iron protoporphyrin IX) as prosthetic group 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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Complex I, an oxo-ferryl(FeIV) porphyrin x-cation radical has been well characterized 
for catalase, horseradish peroxidase, and ligninase,2 and all of the chemistry of 
cytochrome P-450 points towards a similar high oxidation state intermediate.3 In the 
enzymatic systems this intermediate is known as compound I. 

In addition to the activation of cytochrome P-450 by dioxygen and two electrons 
the enzyme may be shunted by peroxides or other oxygen atom donors such as iodosyl 
benzene. Many simple ferric porphyrins behave in the same way when treated with 
peroxides, iodosyl benzenes, peracids, hypochlorite and even ozone. However, without 
the stabilization provided by the protein, simple iron porphyrins are rapidly destroyed 
when presented with these oxidizing agents due to their oxidative degradation. Groves4 
ftrst showed that sterlc protection of the porphyrin periphery could stabilize these high 
oxidation states and thereby enhance the catalytic turnover. meso-Tetraporphyrins usu
ally contain a flat aromatic porphyrin macrocycle where the four phenyl groups are 
constrained to be "perpendicular" to the porphyrin ring. Hence substitution of a bulky 
substituent on each of the eight o-phenyl positions provides sterlc protection both above 
and below the plane of the porphyrin ring (see Figure 4). While this provided some 
modest increase in turnover number in the case of tetra-mesitylporphyrin the catalytic 
epoxidation of norbornene still had to be carried at -800C to prevent too rapid a destruc
tion of the catalyst.4 We and the Professors Traylor5 dramatically improved both the 
stability and efftcacy of iron tetraphenylporphyrins by placing eight chlorines on the 
phenyl rings, one at each of the ortho-positions to give 2. The dramatic increase in 
stability of the iron complex under oxidizing conditions (Figure 2) is paralleled by a very 
significant increase in the turnovers found during the epoxidation of norbornene (Figure 
3). 

The eight halogens in compound 2 not only provide steric protection but serve 
two important electronic roles as well. The combined electronegativity of the halogens 
makes destructive oxidation of the phenyl-substituted porphyrin more difftcult, but of 
equal importance this electron deftciency is transmitted through the porphyrin to the 
iron. The oxo-ferryl centre of 1 is an effective oxidant due to its electron deftciency and 
further increase in this electron deftciency will increase its oxidation potential. Having 
shown that halogens on the phenyl group of TPP both activated and stabilized the iron 
porphyrin as a catalyst we next perchlorinated the porphyrin rings at the J3-positions,6 by 

treating the iron complex 3 to give 4 as shown in Scheme 1. 

2 
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Figure 3: Turnover numbers of three iron meso
letraphenylporphyrins catalyzing the epoxidation of 
norbornene 
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o-Dichlorobenzene 

Scheme I 

While halogenation as the phenyl groups can only reduce electron density at the 
iron inductively, since the phenyl rings are orthogonal to the porphyrin ring, halogena
tion directly on the porphyrin ring has a significant effect on the electron density at iron 
as shown in Table 1. Thus per-ortho-halogenation changes the Fe2+/Fe3+ couple by 60 
m V while halogenation directly on the porphyrin ring has almost a ten fold greater 
effect.7 

In addition to providing dramatic electronic activation the ~-halogens also cause a 
significant change in the conformation of the porphyrin ring. Smith and his colleagues8 

have shown that bulky groups on the ~-positions of meso-tetraphenylporphyrins can 
cause the normally flat aromatic porphyrin to take up a saddle shape where the four 
pyrrole rings alternately point up and down with respect to the mean porphyrin plane. 
The perhalogenated porphyrins take up similar conformations as shown in Figure 4. 
This saddle conformation results in even greater steric protection than the planar confor
mation. Thus "perhalogenation" provides both steric protection and electronic activation 
of metallo tetraphenylporphyrins making them excellent biomimetic catalysts. 

Since we first reported on the o-phenyl halogenated systems they and the more 
recent f3-halogenated complexes have been widely studied as oxidation catalysts 
particularly as mimics of chytochrome P-4509 and for the oxidation of alkanes using 
dioxygen without a coreductant. lO We shall concentrate here on the use of these highly 
chlorinated complexes as mimics of the ligninases. 

The ligninases are hemeproteins which are produced by fmgi and used in nature 
to assist in the degradation of lignin. 11 As well as the in vivo degradation of lignin the 
ligninases are also known to degrade several classes of persistant environmental 
pollutants such as chlorinated phenols, polycyclic aromatics, and dioxins.12 SuIfonation 
of 2 and the free base of 4 in H2SOJS03 places a sulfonic acid group in each of the 
phenyl rings thereby adding further electron withdrawing groups to give the water 
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TABLE 1. Half-wave potentials 
(vs. SCE) for Fe2+lFe3+ porphy
rins in PhCN (O.IM TBAPF ~ 

TPP -0.37 
2 0.04 
perchloroTPP 0.27 



"Igure 4 Space flUang and skeletal views of 4 Left column IdealIzed flat porphynn and orthogonal 
phenyl nng~ Right column energy mlOImued structures usang BIOsym InslghtII ChlorIne atoms are at 
the ortho phenyl (0 ) and porphynn ~ posluons 
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5 
6 

soluble complexes which when metallated to give 5 and 6 can effectively mimic the 
ligninases in aqueous solution. 

Both the depolymerization of lignin and the degradation of aromatic pollutants 
are all initiated by single one-electron oxidations of the substrate.13 Thus the catalytic 
cycle of ligninase shown in Scheme 2 is typical of that of many plant peroxidases and 

both compound I and compound II (0 = Fe(IV)P) act as one electron oxidizing agents. 
Manganese dependent peroxidases bring about two separate Mn2+ _ Mn3+ oxidations 
and the Mn3+ is thought to diffuse through the lignin and to bring about single one
electron oxidations.14 Lignin is a complex three dimensional polymer containing a 
variety of functional groups and structural features all derived from the polymerization 
of the highly oxygenated monomeric phenyl propenoid unit as shown in Figure S. The 
complexity and inhomo- geneity of lignin makes it difficult to study and so a variety of 
model systems for lignin have been developed and our understanding of lignin degrada
tion has been derived from these simple models. Oxidation of the dimer 7 by ligninase 
and fragmentation of the same molecule in the mass spectrometer (Figure 6) shows that a 
single one electron process accounts for the bond cleavage that initiates lignin 
depolymerization. Similar reactions are catalyzed by the iron complexes 5 and 6 as 
shown in Figure 6. Indeed these simple halogenated iron meso-tetraphenyl porphyrins 

292 

o 

r-Jl~ + A-~P. 

Compound IMn(~ 
H~ AH~Mn(m)~ 

A. II 
<2V- P c 7 "" cv--- P 

Mn(I1I) Mn(II) Compound II Resting Enzyme 

k>-<-" 02 I' 
"' I Q!)-P 

Compound III 

Scheme 2 



~{H 
OH 

coumaryl 
alcohol 

+ 

~O:' OH 
coniferyl 
alcohol 

+ OH 

CH'O£OCH' OH 
sinapyl 
alcohol 

HO 

peroxidase .. 

Lignin 

Figure 5: Partial structure of lignin showing the major substructural features 
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Figure 6: Degradation of a ~-O-4 lignin dimer via a one-electron oxidation initiated by electron bombard

ment in a mass spectrometer, ligninase and 5 or 6 using t-butylhydroperoxide 
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C(X Oxidation 

----
C(X Hydroxylation 

{3 -0-4 Bond Cleavage 

C(X -C{3 Double Bond 

Hydroxylation 

¢'-¢ 
OMe 0 

{3 -0-4 cleavage and de alkylation 

Figure 7: Major cleavage reactions of lignin brought about by ligninase and iron meso-
tetraphenylporphyrins 

degrade several lignin dimers in ways similar to the enzymatic degradation showing that 
similar mechanisms are utilized by both systems. Figure 7 shows several of these reac
tions all of which are observed during the enzymatic degradation of lignin and its 
models. Even though some of this chemistry may at fIrst sight appear to be P-450-like 
(such as the hydroxylation of the ca-c~ bond) any additional oxygen inserted into lignin 
during its degradation comes from either water or dioxygen, via a free radical autoxida
tion mechanism, but not by transfer of the oxygen atom from an oxo-ferryl species. 
Figure 8 shows how effectively a single electron oxidation can initiate lignin 
depolymerization where carbon centered radicals can react with dioxygen to generate 
autoxidation chain reactions as well as generate hydrogen peroxide which can activate 
the resting enzyme. Further oxidation of a carbon centered radical can also generate 
carbocations which will react with water. 

One of the most recalcitrant structures in lignin and environmental polluntants is 
the biphenyl substrate. The nature of the enzymatic degradation of biphenyl structures is 
unclear15 though straightforward mechanisms for aromatic ring cleavage can be written 
(Figure 9). We have examined the degradation of dehydrovanillin16 as shown in Figure 
10 where cleavage of the aromatic ring is observed which can be rationalized via a one
electron oxidation pathway similar to that shown in Figure 9. 
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COOHCHO 

CHJO.Q..-¢.OCHJ + 
OEI OEI 

COOH COOH 

CHJO.Q..-¢.OCHJ + 
OEI OEI 

Figure 10: Ring cleavage products of dehydrovanillin (8) using 5 or 6 

As noted above lignin peroxidase catalyses the oxidation of polycyclic aromatic 
compounds. Pyrene (9) was oxidized to the 1,6- and I,S-quinones (10, 11) and 
benzo[a]pyrene gave the 1,6-,3,6-, and 6,12-quinones. Pyrene was rapidly oxidized by 3 
at pH 3 using m-chloroperbenzoic acid to give 10 and 11 (Figure 11). Further oxidation 
of these two Quinones was slow using 3 but oxidation of 9 using 6 (as its Mn complex) 
which is more stable than 3 gave polymeric black tar insoluble in either water or organic 
solvents. Indeed the polymerization of polycyclic aromatics and simple phenols and 
aromatic amines using catalysts such as 5 and 6 suggests a means of removing such 
materials from industrial waste streams particularly using supported catalysts. 

Figure 11 shows the pH rate profUe for the oxidation of pyrene. In fact all 
substrates show complex pH rate profUes which also change depending upon the oxidant 
and metalloporphyrin. This is not surprising since the rate of oxidation of the substrate 
may be pH dependent (especially so with phenols), the rate of ligand exchange at the 
metal, so that oxidant may bind, will be pH dependent as will the binding of oxidant and 
finally cleavage of the 0-0 bond in peroxides or peracids will also be pH dependent. 

We have examined the oxidation of a number of chlorinated phenols using 5 
and 6 as their Fe and Mn complexes.17 The rate of oxidation was dependent upon 
the oxidant with m-chloroperbenzoic acid > potassium monoperoxysulfate > hydrogen 
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Figure 11: Oxidation of pyrene (9) using the iron complex 3 and m-chloroperbenzoic acid 
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H~O CI 
I I 

CI CI 
o 

}- H+. CI-

CI*CI 
o 

Scheme 3 

peroxide> t-butylhydroperoxide, in general catalyst 5 (Fe) at pH <4 was the most 
effective catalyst. The oxidation rate was also strongly dependent upon the number and 
position of chlorine substitution on the phenol with 2,4-dichlorophenol > 2,4,5-
trichylorophenol > 2-chlorophen = 4-chlorophenol > 3,4-dichlorophenol = 2,4,6-
trichlorophenol > 2,3,4,6-tetrachlorophenol = 2,3,5,6-tetrachlorophenol > 3-chloro
phenol > 3,5-dichlorophenol = 2,3,4,5-tetrachlorophenol. Products derived from 
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phenolic radical coupling and quinones were the major products and once again suggests 
that the reactions are initiated by single one-electron oxidations. Scheme 3 shows a 
postulated mechanism for the reactions of 2,4,6-trichlorophenol and Figure 12 shows 

the pH rate profile. The major product from the oxidation of 2,4,6-trichlorophenol was 
the 2,6-dichloro-I,4-benzoquinone and with high substrate concentration the dimer 12 
was observed. 

C~I CI 

o 0 
- -

CI CI 
12 

The ability to degrade lignin and phenolics suggest the possible use of these 
metalloporphyrins as catalysts in the pulp and paper industry for both the bleaching of 
pulp and the treatment of waste effluents. The production of Kraft pulp involves the 
initial delignification followed by several bleaching sequences often using Cl2 and Cl02 
which are aimed at removing the residual lignin since this colors the pulp and allows for 
subsequent decolorization of the paper. The extent of residual lignin in the pulp is 

measured by the Kappa number. Treatment of softwood Kraft pulp with either catalyst 5 
or 6 (as their Fe complexes) and t-butylhydroperoxide gave a significant decrease in 

TABLE 2. Bleaching of softwood Kraft pulp 

Iron Porphyrin 
(%w/w) 

o 
o 
6: 0.023 
6: 0.045 
5: 0.023 
5: 0.045 

t-butylhydroperoxide 
(%w/w) 

0.0 
0.5 
0.5 
0.5 
0.5 
0.5 

Kappa number 

17.9 
17.6 
10.4 
9.5 

14.1 
14.1 

Reaction Conditions: 18 hours, 6()OC, 2.5% consistency, pH 4.8 
Extraction Conditions: 90 minutes, 6()OC, 2.5% consistency, 
2.5% (w/w) sodium hydroxide 

TABLE 3. Effluent Decolorization with Porphyrins 

Temperature (0C) 

40 
50 
60 

Time to Decolorize 50% 
(minutes) 

20 
16 
13 

Reaction conditions: Porphyrin 6: 0.00028% (w/v) 
t-butyl hydroperoxide: 0.8% (w/v) 

No decolorization occurred in the presence of peroxide 
without porphyrin present. 
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Kappa number (Table 2) which was accompanied by a decrease in viscosity showing that 
the cellulose as well as the lignin was oxidized.18 

Highly colored effluents are produced in pulp mills which gives rise to environ
mental problems. We have seen very promising results in that undiluted effluent was 
decolorized by greater than 50% in less than thirteen minutes using low concentrations 
of catalyst and t-butylhydroperoxide (Table 3).18 
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INTRODUCTION 

There is much current interest in non-heme diiron carboxylate proteins. 

Included are the hydroxylase enzyme of methane monooxygenase (MMO), 

hemerythrin, ribonucleotide reductase, and purple acid phosphatase, all of which 

contain a dinuclear iron center at their active site. We ultimately desire an 

understanding of how these units are tuned in each protein to exhibit diverse 

functions ranging from the reversible binding of dioxygen in hemerythrin to 

activation of dioxygen for converting methane to methanol in MMO. In pursuit of 

this objective, we are investigating the proteins of the MMO system and exploring 

the fundamental chemistry of the hydroxylase diiron center. In the present article 

we review some of our recent progress in this area. 

METHANE MONOOXYGENASE 

The enzyme system MMO can be isolated from methanotrophic bacteria, 

which use methane as their only source of carbon and energy.1 MMO catalyzes the 

first step in the metabolic pathway of the organism, eq. 1.2 Research in our 

CH4 +02 + W + NADH (1) 

laboratory has focused primarily on the soluble MMO isolated from Methylococcus 
capsulatus (Bath), although some work has also been carried out with MMO from 
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Methylosinus trichosporium OB3b. These enzyme systems have three components: a 
hydroxylase, a coupling protein B, and a reductase.3,4 The hydroxylase contains up 

to two non-heme, dinuclear iron centers, and is the site of substrate binding.4 The 

reductase contains one FAD and one 2Fe-2S cluster. Its function is to accept 

electrons from NADH and pass them ultimately to the dinuclear center in the 

hydroxylase.5-7 The coupling protein B regulates electron transfer,7,8 but its role in 

catalysis is more complex.9 

Here we summarize our structural studies of the hydroxylase dinuclear iron 

center, work that identifies interactions among the MMO component proteins, and 

probes into the mechanism of the hydroxylation reaction. 

Structure of the Hydroxylase Dinuclear Iron Center 

EXAFS spectroscopy has been used to study the hydroxylase in three 
oxidation states, the oxidized FeIIIFeIII (Box), mixed-valent FeIIFeIII (Hmv), and fully 

reduced FeIIFeII (Hred) forms.1°,ll The Fe···Fe distance is 3.4 A in both Hox and 

Hmv, whereas no Fe···Fe backscattering was observed in Hred. The coordination 

sphere of the iron atoms was assigned to a mixture of 0 and N donor atoms, with 

an average Fe-O /N distance ranging from 2.04 A in Hox to 2.15 A in Hred. No short 

Fe-O (1.80 A) distance was observed in any oxidation state, implying the lack of an 

oxo bridge between the iron atoms. The absence of any optical features above 300 

nm in Box further confirms the absence of an oxo bridge and rules out coordination 

by phenolate ion.10 

EPR spectroscopy is a valuable diagnostic tool for characterizing dinuclear 

iron sites in proteins.12 The Hmv protein exhibits a characteristic rhombic signal 
with gay = 1.8310,13 and weak anti ferromagnetic exchange coupling (J = -32 cm-I) as 

measured from EPR power saturation experiments. IO This value is consistent with 
a hydroxo, alkoxo, or monodentate carboxylato bridge between the iron atoms. lO 

Mossbauer spectral parameters, especially l1EQ = 1.05 mm/s for Hox and 3.014 

mm/s for Hred, are close to those expected for an oxo-bridged species, but a 

hydroxo-bridged system with pentacoordinate iron atoms is also a reasonable 

interpretation. lO 

Recent Q-band proton ENDOR spectra of Hmv have provided new evidence 

concerning the nature of the bridging ligand.14 Proton ENDOR results for both 

Hmv and the related semimet HrN3 revealed the existence of three different classes 

of protons. The first class, which exhibits resonances with A ::; 4 MHz, are mostly 

nonexchangeable with 020 and are assigned to protons that are> 3 A from the iron 

center. A second class of protons was also identified. In semimet HrN3, these 

resonances are highly anisotropic and strongly coupled to the diiron center, with A 

- 12 - 28 MHz. They are assigned to the H atom of the hydroxo bridge15-I7 

between the iron atoms. Proton ENDOR spectroscopy thus provides a direct 

302 



method for identifying bridging hydroxide ligands in the mixed-valent diiron 

centers of proteins. 14 In Hmv, strikingly similar resonances appear in the ENDOR 

spectrum, with A -14 - 30 MHz. Accordingly, these resonances were assigned to a 

bridging hydroxide ligand in Hmw providing the first positive identification of the 

bridging unit for the diiron center in this protein. A third class of protons, observed 

in Hmv but not semimet HrN3, has isotropic resonances with A - 8 MHz. These 

protons are assigned to terminal water or hydroxide ligands, which are not present 

in semimet HrN3.16 Both the second and third classes of protons are readily 

exchangeable with D20.14 Taken together, these results provide strong evidence 

for the core structure shown in Figure 1. 

Figure 1. Postulated structure of the diiron center in the hydroxylase component of methane mono
oxygenase. The unlabelled ligands are a mixture of oxygen and nitrogen donors. 

Component Interactions 

Although considerable effort has been made to understand the structure and 

function of the hydroxylase, less is known about the interactions among the three 

component proteins of MMO. Previous work on this subject revealed the ability of 

the coupling protein B to regulate electron transfer between the hydroxylase and 

the reductase.8,18 The hydroxylase is isolated as Hox, but Hmv and Hred are 

accessible following chemical reduction with sodium dithionite in the presence of 

appropriate mediators. Through redox titrations monitoring the EPR signal of 

Hmv, the reduction potentials of the hydroxylase were determined to be +48 and 

-135 mV vs NHE, with a slight diminution to +40 and -160 mV following addition 

of the substrate propylene.8 In the presence of a stoichiometric amount of the 

coupling protein and the reductase, however, no reduction of the hydroxylase was 

observed. In contrast, under the same conditions but with added substrate, a two 

electron reduction of the hydroxylase, from Hox to Hred, was observed at potentials 

above 150 mY. No Hmv was detected, which suggests that this oxidation state is 

not physiologically significant. This result is consistent with kinetic work in which 

coupling protein B was demonstrated to inhibit NADH oxidation by the MMO 
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system in the absence of substrate, a finding that was reversed by addition of 

substrate. 7 

Other workers have discovered that addition of coupling protein B to the 
hydroxylase in MMO from M. trichosporium OB3b decreases the midpoint of the 
reduction potential of the diiron center by -120 mV;19 this result implies that 

interaction of B with the hydroxylase affects the diiron center. This interpretation is 

supported by studies of MMO from the same organism, which indicate that 
coupling protein B perturbs the EPR signal of Hmv 20 and dramatically alters the 
hydroxylation product distributions.9 In the latter work, it was hypothesized that 

changes in the hydroxylase structure upon complexation with coupling protein B 

caused the substrate molecule to interact differently with the active site. Moreover, 
coupling protein B from M. trichosporium OB3b increases the initial velocity of the 
complete reconstituted system, but decreases initial velocities in reactions of Box 
with H202.9 Direct evidence exists for the formation of complexes among the three 

protein components of the M. trichosporium OB3b MMO from studies using 
chemical cross-linking agents.20 

Quite recently we have investigated the effect of coupling protein B on the 

single turnover reactivity of Hred from M. capsulatus (Bath) with nitrobenzene, 
previously demonstrated to be a suitable substrate with MMO from M. 

trichosporium OB3b.21 In particular, the coupling protein increases the rate of 
formation of 4-nitrophenol, the pseudo-first order rate constant increasing from 

0.012 s-l without the protein to roughly 0.400 s-1 at a ratio of 1.5 equivalents of 

coupling protein to Hred.22 These results are illustrated in Figure 2. Further 

addition of coupling protein above this ratio slightly diminishes the rate constant, 
which levels off at approximately 0.264 s-1. The coupling protein B therefore 
induces a maximal increase of greater than 3D-fold in the rate constant for the 
reaction. Addition of the reductase, in contrast, does not affect the rate 

significantly. 
From these results it is apparent that there are at least three known functions 

of the M. capsulatus (Bath) coupling protein. It regulates electron transfer from the 

reductase to the hydroxylase so as to occur only in the presence of substrate?'S It 

shifts the reduction potentials of the substrate/reductase/hydroxylase complex 

such that E2° > E1° > +100 m v,B and it increases kobs in single turnover reactions of 

Hred.22 A unifying explanation for these observed functions has yet to be 

determined. Future studies may identify additional roles of the coupling protein B 

from M. capsulatus (Bath), which will be interesting to compare with those of the 

analogous protein from M. trichosporium OB3b. 

Mechanism of Hydroxylation 

The catalytic mechanism of hydrocarbon oxidation by the MMO hydroxylase 
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has been frequently compared to that of its heme analog, cytochrome P_450.21,23-25 

A widely accepted mechanism for P-450 hydroxylations invokes a high valent iron 
oxo, or ferryl, species which is then postulated to abstract a hydrogen atom from 
bound substrate.26 The resulting substrate radical can then recombine with the 
iron-bound hydroxyl radical in a so-called "rebound" mechanism. Evidence for the 
presence of substrate radical intermediates in cytochrome P_45027-29 includes the 

use of probes termed radical clocks. 30 Such substrates rearrange rapidly upon the 
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Figure 2. Effect of added coupling protein B on the rate of 4-nitrophenol fonnation from 
nitrobenzene in single turnover reactions of Hred and dioxygen. 

abstraction of a hydrogen atom in the enzyme active site, affording skeletally 
modified hydroxylation products. The presence of such products is taken as 
evidence that a substrate radical intermediate participates in the mechanism. The 
substrate probe 1,1-dimethylcyclopropane has been employed previously to study 
MMO from M. trichosporium OB3b,24 and the products recovered were consistent 
with both radical and cationic substrate intermediates. We have recently applied 

this methodology with MMO from M. capsulatus (Bath) and M. trichosporium OB3b 

using several radical clock substrates}1 including two much faster probes than 

those reported previously for experiments with cytochrome P-450. 

Results with MMO from M. capsulatus (Bath)31 are listed in Figure 3, together 

with the known rearrangement rates28,32,33 for the substrate-derived radical. No 

products consistent with the formation of a substrate radical were detected. This 

result implies that the mechanism of hydroxylation for the substrates employed in 
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Rearranged Observed Ratio of Rate Constant 
Unrearranged Alcohol(s) Unrearranged to For Radical Rear-
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H? 
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"Rearranged product is accounted for through thermal rearrangement. 

Figure 3. Expected products and observed ratios for hydroxylation reactions with MMO from M. 
capsulatus (Bath). 

these studies may not involve the generation of substrate radical or carbocation 

intermediates. This conclusion contrasts with literature reports that radical 

intermediates can be trapped during methane hydroxylation by MMO from M. 
capsulatus (Bath),34 although the amount of trapped radical was not quantitated in 

those experiments. Rearranged product with the probe trans-l,2-
phenylmethylcyclopropane was observed in experiments with MMO from M. 

trichosporium OB3b, however.31 From the ratio of unrearranged to rearranged 
products, a rebound rate constant for the substrate radical with an iron-bound 

hydroxyl radical was calculated to be 6 -10 x 1012 s-l. The formation of a substrate 
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radical intermediate for M. trichosporium OB3b is consistent with literature 
reports.24,25,35,36 

The radical clock experiments with MMO from M. capsulatus (Bath) and M. 

trichosporium OB3b carried out in our laboratory indicate that there may not be a 

single mechanism operative for these enzyme systems.31 Instead, the mechanism 
may depend on factors such as the steric and energetic requirements of the 

substrate, as well as the temperature employed in the MMO hydroxylation reaction. 

Differences in the MMO systems from the two different organisms include their 

optimal hydroxylation temperatures as well as sequence variations in the coupling 

protein B from the two organisms.37 

In addition to radical clock studies, kinetic isotope effects were measured by 

using deuterated trans-l,2-phenylmethylcyclopropane probes.31 No significant 

intermolecular isotope effect was found in comparing reactions with probe 

deuterated at the methyl position versus experiments with undeuterated probe. 

Comparison of hydroxylation products for mono- and dideuterated derivatives of 

trans-l,2-phenylmethylcyclopropane, however, revealed an intramolecular isotope 

effect, kH/kD = 5.15 and 5.03, respectively. These results indicate that, whereas C

H bond breaking is not the rate-determining step in the overall enzymatic reaction, 

the hydroxylation step does involve a substantial C-H bond-breaking component. 

The magnitude of this intramolecular isotope effect for MMO from M. capsulatus 
(Bath) can be compared to values of 4.2 for MMO from M. trichosporium OB3b36 and 

7-14 for cytochrome P-450 hydroxylations,26 although these literature values were 

determined for different substrates. In addition, dimethyldioxirane, which oxidizes 

hydrocarbons by an insertion process, has a kH/kn = 5.38 

MODEL COMPLEXES 

In a parallel approach to unraveling the chemistry of the non-heme diiron 
center in the MMO hydroxylase and related diiron carboxylate proteins, we have 

undertaken the synthesis, characterization, and exploration of biomimetic reaction 

chemistry of appropriately designed model compounds. Here we report progress 
in several areas. One is the preparation of kinetically stabilized carboxylate

bridged (ll-oxo)diiron(III) units to study terminal ligand substitution and other 

reactions. By using this approach, we have synthesized a model complex 

containing pendant phenoxyl radicals as a model for the R2 subunit in 

ribonucleotide reductase. Additionally, we have explored the basic reaction 

chemistry of bridged diiron(II) complexes with dioxygen. In this research the 

objectives are to determine the stoichiometry of the 02 oxidation reaction and to 

identify intermediates and products through spectroscopic, kinetic, and structural 
investigations. 
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Dinuc1ear Complexes Stabilized by Molecular Cleft Ligands 

We have been investigating the assembly of dinuclear iron model complexes 

using cleft-shaped dicarboxylate receptors designed by Rebek and coworkers for 
molecular recognition studies.39,40 These rigid molecules are organized so that the 

two carboxylate groups are positioned toward the center of the cleft, resulting in 

kinetic and thermodynamic stabilization in their binding interactions. As an 
example, the ligand XDK (Figure 4), where XDK = xylenediamine bis(Kemp's 

triacid imide), a chelating dicarboxylate ligand obtained by condensing two Kemp 
triacid moieties with a xylyl spacer,40,41 has been used to prepare a number of 

dinuclear ferric model complexes. This ligand directs the spontaneous and 

exclusive formation of a dinuclear ll-oXO complex in methanol solution, 
[Fe20(XDK)(MeOH)s(H20)](N03h (1), shown in Figure 5. Moreover, it does so in 

the absence of the 'capping' ligands normally required to prevent the formation of 

higher nuclearity aggregates.42 In contrast to dinuclear complexes of simple 
carboxylates, this compound is sufficiently robust to permit stepwise substitution of 

Figure 4. Structure of XDK ligand. 

the terminal solvent ligands by monodentate and bidentate donors. Such 

substitution reactions can be monitored by changes in both the visible and 

resonance Raman spectra.42 For example, titration of the complex with six 

equivalents of I-methyl imidazole O-MeIm) in methanol results in stepwise 

substitution at each of the terminal sites on the complex to afford the hexakis(l

MeIm) derivative. This approach should afford a variety of non-heme diiron units 
that have not been previously isolated. 

R2 Model with a Stable Pendant Phenoxyl Radical 

With the use of the unusually stable sol vento complex 1 described above,42 it 

was possible to construct a complex containing both an oxol carboxylato-bridged 
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c. 

Figure 5. Molecular geometry of [Fe20(xDK)(MeOH)S(H20)](N03)2 as determined in a single 
crystal X-ray diffraction investigation. 

Figure 6. Structure of BIDPhE. 

diiron(III) core and a proximate phenoxyl radical. The compound [Fe20(XDK) 

(BIDPhE)z(N03)z]·CH2C}z (2) was synthesized from 1 by addition of two 

equivalents of BIDPhE, a bidentate nitrogen donor ligand containing a pendant 

phenoxyl radical arm, illustrated in Figure 6. Complex 2 was isolated as a stable, 

brown-green crystalline solid from pentane/methylene chloride mixtures at -30°C. 

Two bands are evident in the Raman spectrum of 2 dissolved in methylene chloride 

(Figure 7). The peak at 1503 cm-1 is assigned to the C-O stretch of the radical,43 
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and an intense resonance at 524 cm-1 is characteristic of the symmetric Fe-O-Fe 

vibration in the (~-oxo)diiron(III) core.44 Crystallographic characterization of the 
analogous compound [Fe20(XDK)(bpyh(N03h]42 suggests that the terminal sites 

in 2 are filled by bidentate BIDPhE and monodentate N03- ligands. 

From these spectroscopic features it is apparent that compound 2 is a good 

model for the diiron/tyrosyl radical center in R2. The incorporation of a (~
oxo)diiron(III) core and nearby phenoxyl radical into a single, stable compound 

affords a resonance Raman spectrum that closely resembles that of the protein. 

This comparison can dearly be seen in Figure 7. 

524 

Model 

Protein 

400 500 1500 1600 
Raman Shift (em-I) 

Figure 7. Resonance Raman spectra of [Fe20(XDK)(BIDPhE)2(N03)21 and the R2 subunit of ribo
nucleotide reductase. 

Reaction Chemistry of Diiron(II) Complexes with Dioxygen 

It is the reduced states of diiron carboxylate proteins that react with 

dioxygen. Accordingly, we, and others, have begun to explore the fundamental 

chemistry of diiron(II) model complexes with dioxygen as an approach to 
understanding the diverse reactivity of these proteins.45,46 Examples of diiron(II) 

model compounds described in the literature are presented in Figure 8.47-51 For 

kinetic studies of the reactivity of these complexes with dioxygen, a few guidelines 

have been followed. The oxidation reaction should afford a single product in high 

yield; the starting material and product should be structurally characterized; and 

the time scale of the oxidation must be able to be recorded by stopped flow 
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12+ 

Figure 8. Examples of complexes prepared as models for the diiron(Il) forms of carboxylate-bridged 
protein cores. 

spectrophotometry. With these limitations in mind, [Fe2(BIPhMeh(02CH)4] (3a) 

(BIPhMe = 2,2'-bis(1-methylimidazolyl)phenylmethoxymethane) and [Fe2(OAch

(OH)(Me3TACNh]+ (4a) (Me3TACN = 1,4,7-trimethyl-l,4,7-triazacyclononane) were 

chosen for initial studies. Compound 3a presents an asymmetric core in which one 

iron atom is penta coordinate, similar to the reduced form of Hr, and 4a has a 

hydroxo-bridged structure that may be present in Hred of MMO. Upon oxidation of 
3a and 4a, (ll-oxo)bis(ll-carboxylato)diiron(III) species 3b and 4b are formed. The oxo 

bridge atom in both cases is derived from dioxygen, as revealed through 180 labeling 

experiments.46,47 Oxidations of both 3a and 4a consume 0.5 mole equivalents of 

dioxygen per dinuclear unit as measured by manometry. In addition, when oxidized 

in the presence of triphenylphosphine, no triphenylphosphine oxide is produced. 

The reaction orders with respect to complexes were found to be 1.5 ± 0.1 and 

1.9 ± 0.1 for the oxidations of 3a and 4a, respectively. In chloroform, the reactions of 

both 3a and 4a showed a first order dependence (0.9 ± 0.1) on dioxygen. In contrast, 

the reaction rate of 4a in methanol was [02]-independent (zero order). The oxidation 

of 3a could not be studied in methanol since a different product formed. The 

experimental rate laws for the two oxidations are given in equations 2-4. The 

observation of a fractional order with respect to 3a (eq. 2) requires a dissociation 

equilibrium to occur prior to the rate-determining step. Several possible mechanisms 

could explain this result, but the favored one is shown in Scheme 1. In this 
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(2) 

(3) 
(4) 

mechanism, dioxygen reacts with the dinuclear species to form a diferric peroxide 

intermediate. This species in turn reacts with the mononuclear complex in two 
successive steps, the first of which is rate-limiting. If the predissociation 

equilibrium is fast relative to the other steps, and if steady-state is assumed for the 

intermediates 11 and 12, then the rate law corresponding to Scheme 1 is given by eq. 
5. This expression simplifies to eq. 6 when [M] is replaced by its equilibrium 
concentration, and assuming k2[A] «l<-}. This latter inequality arises from the 

assumption that step 2 of Scheme 1 is overall rate-determining. 

Rate = 2klk2[MIAI~J 
k-l +k2 [A] 

Rate == 2.JKk/Gl [A]1[02J 
k_l 

(5) 

(6) 

The postulated formation of the polynuclear peroxo intermediate has 
precedence in the literature of Fe(II}-porphyrin systems.52,53 In addition, the only 

structurally characterized non-heme iron(III) peroxide complex, [Fe6(02)02(OBzh2] 

(5), has a structural motif similar to that in the key intermediate, namely, a 1l,1l
'T12,'T12-peroxide species in which four ferric ions are coordinated to the peroxide 
dianion (13 in Scheme 1).54 Because 5 has all ferric ions, this peroxide-bridged 
complex is stable. The species in Scheme 1, on the other hand, is mixed-valent 
FeIl2FeIIl2, and can therefore decompose by redox chemistry to form the stable 41-
oxo)diiron(II1) product. 

A mechanistic interpretation of the kinetic results on the oxidation of 4a is 
presented in Scheme 2 and the rate law derived from this mechanism is given in 

equation 7. The key feature to understanding this reaction is its order with respect 

to dioxygen. To account for the observation that in methanol the rate is 

independent of dioxygen concentration, there must be a reversible step occurring 

prior to the step involving dioxygen. With the appropriate assumptions, this step 
leads to simplification of the rate law such that the order in [02] cancels (eq. 8). We 

postulate that this reversible step involves a shift of one of the bridging 

carboxylates to a monodentate binding mode accompanied by solvent binding to 

the newly opened site. Since chloroform is a non-coordinating solvent, the 

carboxylate-shifted intermediate is unstable (k-l is large) and the dominant 
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oxidation route occurs via reaction 2 in Scheme 2. The resulting rate law shows a 

first order dependence on dioxygen, as indicated in eq. 9. An intermediate in this 
reaction is observed spectroscopically under some conditions, but its physical 

properties have not yet been fully elucidated. 

in both solvents: k-3» k4[A] 

in MeOH: k2[02] »k-l and kl » k3[02] 

rateM,OH == 
2k4 [ A ]2(k3[ 02] + k1) 

k_3 

== 2k4 [ A n 02](k_1k3 + ~k2) 
k_lk_3 

(7) 

(8) 

(9) 

Although compounds 3a and 4a yield very similar products following 

oxidation, the kinetics of the two reactions highlight important differences. 

Compound 4a is coordinatively saturated, but undergoes rapid carboxylate 

exchange at room temperature. The intermediate in the exchange process is the 

carboxylate-shifted form, which is probably stabilized by methanol coordination. 

Carboxylate shifts of this kind have been previously delineated,41 and the present 

data require such a shift for meaningful interpretation. Monomer / dimer equilibria 

have also been observed in some diiron(II) compounds49,51 and the consequences 

of such an equilibrium are manifest in the kinetics. 

It is noteworthy that the kinetic data for these reactions can be interpreted 

without invoking high valent ferryl species. Neither 3a nor 4a exhibit any oxo

transfer activity when exposed to dioxygen in the presence of a large excess of 

triphenylphosphine. The formation of triphenyphosphine oxide from 

triphenylphosphine occurs rapidly in both non-heme dinuclear55 and porphyrin52 

iron systems postulated to contain high-valent iron oxo units. It therefore appears 

that the reactions studied here do not involve such a species. 

A characteristic feature of the present model systems is their dimerization to 

yield a tetrametallated peroxide intermediate or transition state. In the proteins the 

iron domains are stericaUy isolated from one another, thereby precluding such a 

dimerization reaction. Future efforts to model the chemical reactivity of these non

heme diiron protein cores must be directed toward the synthesis of complexes in 

which the metal centers are sufficiently hindered. In such systems, reversible 
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binding of dioxygen, or oxidation of a substrate molecule by the diferric peroxide 

or a species derived therefrom, may be achieved. 
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INTRODUCTION 

Biological catalysts capable of functionalizing alkanes include cytochrome P4501 

(which contains a heme active site) and methane monooxygenase2 (MMO, which has a 

nonheme diiron active site). For cytochrome P450, an oxoiron(IV)(porphyrin cation radical) 

complex derived from the heterolysis of the 0-0 bond in an intermediate ferric peroxide is 

strongly implicated as the active species in the cytochrome P-450 mechanism) For MMO, 

an analogous mechanism (Figure 1) is proposed by substituting the heme center with a diiron 

active site.2 As has been found for cytochrome P450, Lipscomb et al. recently demonstrated 

that diferric MMO can hydroxylate alkanes with H202 via a peroxide shunt pathway, thus 

implicating a diferric peroxide complex in its mechanism of alkane hydroxylation.4 The 

peroxide intermediate is then proposed to decompose to a high valent iron-oxo species which 

is capable of abstracting hydrogen from alkanes. In our efforts to model the chemistry of 

MMO and other nonheme iron enzymes, we have explored the capabilities of a series of 

nonheme iron complexes to catalyze alkane functionalization chemistry and provide some 

mechanistic insight into this intriguing reaction.5 Modeling efforts towards this goal have 

entailed the combination of an iron complex with peroxide or OVreductant. 6-8 Most 

preminent of these are the systems developed by Barton et aU using iron salts collectively 

known as the "Gif' systems; an alkyl hydroperoxide has recently been identified to be the 

precursor of the alcohol and ketone products observed. This hydroperoxide is proposed to 

derive from 02 trapping of an alkyliron(V) species produced by the interaction of the alkane 
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with a high valent iron-oxo species. We have been interested in the nature of the oxidizing 

species that is involved in alkane functionalization reactions by nonheme iron centers. In 

order to define more clearly the coordination environment of the metal center in such 

reactions, we have used iron complexes of tetradentate tripodal ligands as catalysts for the 

tert-butyl hydroperoxide-dependent oxidation of cyclohexane. The tripodal ligands selected 

for this study offer the important advantage of systematic control over the ligand 

environment at a labile iron center. 

2e-y Fell/X, Fell ~ 
Felli/X, Felli 

H20 2 X .. Feili/ 'Felli 
(peroxide shunt) °22-

ROH~ Felv/ X, Felv ~2W 
~ t RH H2O 

Fev / X , Felli 
II 
0 

Figure 1. Proposed Mechanism for Methane Monooxygenase 

CATALYTIC FUNCTIONALIZATION OF CYCLOHEXANE 

We have found that both mononuclear and oxo-bridged dinuc1ear TPA (TPA = tris(2-

pyridylmethyl)amine) complexes are quite effective in catalyzing cyclohexane oxidation5,9 

relative to other complexes reported in the literature (Table 1). 
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Table 1. Product Distributions for the Iron-Catalyzed TBHP Oxidation of Cyclohexane in 

Acetonitrile Under 1 attn of Argon at 25°C. 

Productsa 

Rxn OH 66'8U Time 6 Catalyst (h) (A+K)/P TN/hb 

effect of nuclearitv 

[FeTPACI2]CI04C 2 15 12 8 3.4 28 

[Fe20(TP AhOAc] (CI04h 0.25 9 11 16 1.3 252 

effect of the terminal ligand 

[Fe2BPA20 (OBz)z](CI04)z 16 15 13 10 2.8 3.8 

[FezNTB20(OAc)] (CI04}J 16 8 7 0.7 20 1.5 

[Fe2 {HB(pz}J hO(OAc)z] 16 0 0 0 - 0 

effect of the bridging anion 

[Fe2TP A20(OzC4iH4-4-

OCH3)] (CI04h 1 11 13 18 1.3 73 

[Fe2TPA20(C03)] (CI04)z 4 8 8 6 2.7 9 

[Fe2TPA20(ohthalate)](CI04)z 20 15 14 5 5.8 2.6 

a moles of product per moles of catalyst; A = cyclohexanol, K = cyclohexanone, P = ROOR'. 

b turnover expressed in terms of moles TBHP required to produce observed products 

(1 for alcohol, 2 for ketone, and 2 for ROOR') 

C one mole of chlorocyclohexane also produced per mole catalyst 

Representative complexes for our studies are 

[Fe(TPA)CI2]CI04 (1) and [Fe20(OAc)(TPA)z](CI04}J (2), 

whose structures are shown in Figure 2. 1 is a mononuclear 

six-coordinate complex,IO while 2 is a (f.l-oxo)(f.l

acetato )diferric complex with distinct iron sites because of the 

different orientations of the TPA ligands relative to the 

bridging groups. I I A typical reaction consists of a 0.77 M 

solution of cyclohexane and 0.10 M t-butyl hydroperoxide (TBHP) in acetonitrile reacted in 

the presence of 0.70 mM catalyst at 25 ·C under argon. For 2, TBHP was consumed in 15 

minutes. Cyclohexanol, cyclohexanone, and t-butylperoxycyclohexane were formed (Table 

1), and complete mass balance of substrate was established. The dinuclear catalyst showed 

remarkable stability; after 15 minutes, its characteristic visible and NMR spectra remained 
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[Fe(TPA)Ch]+ (1) 

Figure 2. Chem3D® representations of the x-ray structures of complexes 1 and 2. 

unchanged. Furthermore the addition of another aliquot of TBHP resulted in its 

consumption within the same time period with the same conversion efficiency into products. 

For 1, the same products were observed (Table 1). But TBHP was completely 

consumed after 2 hours, and the catalyst became inactive. NMR monitoring of the reaction 

indicated that the mononuclear catalyst was converted to [Fe20(TPAhCh]2+, which could 

be independently synthesized and found to be incapable of catalyzing these reactions. In 

addition, an equivalent of chlorocyclohexane was observed as product. 

Variation of the trlpodalligand and coordinated anion resulted in differences in the 

length of time required for complete consumption of TBHP (Table 1). These results 

suggested that the metal center played a central role in activating the peroxide for alkane 

functionalization. The data presented in Table 2 show that the TP A complexes were the most 

efficient in the activation of TBHP and that the use of more electron donating ligands served 

to slow down the reactions. These observations led us to focus on the TPA catalysts for 

mechanistic studies. 

< f:NH t) 
rO N~ N-N 

~ II ~ 
# 

HN N 
HN--rN~NH H~\ "'N' "c (iN NO N .... N 

N~ 
~I ~I U 

BPA NTB HB(pz}J 
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The nature of the C-H bond cleavage step was probed for these reactions. Significant 

kinetic isotope effects (6-12) were observed in a competitive oxidation of cyclohexane and 

cyclohexane-d12. When the oxidation of cyclohexane was conducted in 90% CH3CN/I0% 

CH2Br2, significant amounts of bromocyclohexane were formed, demonstrating the 

involvement of radicals in this reaction. 12 These radicals appeared to be trapped immediately 

since no dicyclohexyl was observed. 13 The alkyl radical may be generated by the reaction of 

alkane with species derived from TBHP heterolysis, i. e. an iron(V)-oxo moiety, or TBHP 

homolysis, i. e. an alkoxy radical. 

The participation of the two mechanisms is indicated by the effect of added dimethyl 

sulfide. The presence of dimethyl sulfide suppressed formation of cyclohexanol, 

cyclohexanone and halocyclohexane but did not affect the production of t-butylperoxy

cyclohexane. In place of the former products, dimethyl sulfoxide was found. Since sulfides 

can act as a trap for a two-electron oxidant such as an iron-peroxo or an iron-oxo species, 14 

the formation of alcohol, ketone and haloalkane must involve heterolysis of the alkyl 

hydroperoxide, i.e. 

FeIIITPA + RooH ~ [(TPA)Fev=o] + ROH 

[(TPA)FeV=O] + R'-H ~ FeIIITPA + R'=OH 

[(TPA)FeV=O] + R'-OH ~ FeIIITPA + R'=O 

[(TPA)FeV=O] + (CH3)zS ~ FeIIITPA + (CH3)zSO 

On the other hand, the persistence of the dialkyl peroxide indicates that it must not 

derive from a mechanism involving such oxidants. Indeed such dialkyl peroxides are readily 

formed by metal-catalyzed decomposition of alkyl hydroperoxides and involve alkoxy and 

alkylperoxy radicals. IS The mechanism for dialkyl peroxide formation shown below is 

adapted for FeTPA from previously proposed schemes: 

initiation 
FeIIITPA + RooH ~ FeIITPA + ROO-

propagation 
FeIITPA + RooH ~ FeIIITPA + RO· + OH

RO· + R'H ~ ROH + R'· 

termination 

R'· + ROO· ~ R'ooR 

or 

R'· + RoaH ~ [R'· (RoaH)] 

[R'· (RoaH)] + FeIIITPA ~ R'OOR + FeIITPA + H+ 
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Support for this hypothesis comes from the fact that the product distributions observed 

depended on the nature of the catalyst (Table 1). Indeed the proportion of dialkyl peroxide 

formed diminished as the ligands on the iron center became more electron donating. The 

increased electron density at the metal center should shift the redox potential of the metal 

center to more negative values and disfavor the reduction of the metal catalyst in either the 

initiation or termination steps of the dialkyl peroxide formation mechanism. 

STOICHIOMETRIC ALKANE HALOGENATION 

The formation of haloalkane in the reactions catalyzed by the mononuclear 

[Fe(TPA)X2]+ complexes provides important mechanistic insights. Only one equivalent of 

haloalkane is produced per molecule of catalyst.5 This stoichiometry is maintained even in 

the presence of excess halide (10-750 equiv), indicating that free halide is not incorporated 

into product. When [Fe(BPA)Br3] (BPA = bis(2-pyridylmethyl)amine) is used as catalyst, 

two equivalents of bromocyclohexane were formed.5b Taken together, these observatiom 

implicate the metal center directly in the formation of the haloalkane products. 

Table 2. Comparison of the Selectivities of Various Mononuclear Catalysts for the 

Halogenation of Alkanes. 

Complex kH/kD for 3°/2° (TBHP)a 3°/2° (CHP)a 
cyclohexane adamantane adamantane 

[Fe(TPA)Br2]+ 7 5.4 6.1 

[Fe(TPA)Ch]+ 8 9.7 9.1 

[Fe(TPA)(N3)z]+ 9 10 11 

[Fe(N -Et-NTB )Br2] + 10 7.6 -
[Fe(N-Et-NTB)CI2]+ - 12.8 -

aTBHP = tert-butyl hydroperoxide; CHP = cumyl hydroperoxide. 

When the [Fe(TPA)X2]+ catalysts are reacted with stoichiometric amounts of TBHP 

in the presence of alkanes, only the alkyl halide is formed and in good yield. 70-80 % of the 

TBHP oxidizing equivalents is converted into alkyl halide product. The absence of 

additional products greatly facilitates mechanistic interpretation of the results. For example, 

the band at 500 nm in [Fe(TPA)Br2]+ attributed to bromide-to-iron(III) charge transfer 

decays upon addition of TBHP concomitant with the appearance of the alkyl halide product. 

NMR studies of the reaction mixture show that the starting complex is converted to a (Il

oxo )diferric species during the course of this reaction. Addition of dimethyl sulfide inhibits 
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the fonnation of product, while a radical scavenger such as 4-methyl-2,6-di-tert-butylphenol 

does not. 

Table 2 summarizes isotope effect data on cyclohexane halogenation and selectivity 

data on adamantane halogenation as a function of mononuclear catalyst. The data 

demonstrate that the nature of oxidant depends on the tripodal ligand and the bound halide, 

but not on the alkyl hydroperoxide. These results lead us to conclude that the oxidant in the 

halogenating reaction is an iron(V)-oxo species with bound halide (Figure 3). The alkyl 

hydroperoxide displaces one of the bound halides in the initial interaction and undergoes 0-0 

bond heterolysis to fonn the iron-oxo intennediate. The iron-oxo moiety then abstracts a 

hydrogen from substrate generating an iron (IV) species and an alkyl radical in a solvent 

[(TPA)Fe'Il-Xr 
I 
X 

stoichiometric 
oxidative ligand 
transfer agent 

I inactive complex I 

ROOH 
[(TPA) Fe'Il-oORr 

I 
X 

~ 
[(TPA)FeV=Of+ 

* + RO· 

01 

I catalytic functionalization species I 

Figure 3. Proposed Mechanism for the Oxidative Ligand Transfer Reaction 

Catalyzed by [Fe(TPA)X2]+ Complexes 
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cage, by analogy to the mechanism ascribed to models for cytochrome P450. At this point, 

the radical can either combine with the bound hydroxide to form alcohol (oxygen rebound) 

or with the bound halide to form alkyl halide (ligand transfer). The absence of any alcohol 

in the stoichiometric oxidations indicate that halide transfer is favored over oxygen rebound, 

which is consistent with the lower oxidation potentials of halide vs hydroxide. The transfer 

of halide leaves behind [Fe(TPA)OH]2+, which probably converts to a (Il-oxo)diferric 

species that is responsible for the alcohol, ketone, and dialkyl peroxide products observed 

under catalytic conditions. In the absence of added ROOH, the catalyst picks up halide to 

form the catalytically inactive [Fe20(TPAhX2]2+ complex. 

A HIGH V ALENT NONHEME IRON-OXO INTERMEDIATE 

The dimethyl sulfide trapping experiments in the alkane functionalization reactions 

described above implicate the participation of a formally iron(V)-oxo species derived from 

peroxide heterolysis at the iron center. Similar species have also been proposed in other 

nonheme iron-catalyzed alkane oxidation systems.6-8 Such species are characterized in 

heme-containing systems and best characterized as [(porphyrin)Fe=O]+ with oxidizing 

equivalents stored on the iron (+4 oxidation state) and the porphyrin (radical).3 However 

direct spectroscopic evidence for a corresponding non heme iron complex has only been 

recently obtained. 16 Interestingly this species is also best described as an iron(IV)-oxo 

species with a ligand cation radical. 

The proposed mechanism for peroxide heterolysis described above entails the 

coordination of the alkylperoxo moiety to the iron center. We sought to facilitate the 

formation of such an intermediate by using an Fe(TPA) complex with an available 

coordination site or a readily displaceable ligand. To this end, [Fe20(TPAh](CI04)4 was 

synthesized. I6 Though no crystal structure is available for this complex, its spectroscopic 

properties suggest that its structure is similar to complex 2 with a perchlorate replacing the 

bridging acetate (Figure 2). The NMR spectrum of the complex shows features with small 

paramagnetic shifts, suggesting the presence of an oxo bridge; the NMR features have a 

multiplicity indicating that the two TPA ligands coordinate differently to the two iron centers, 

just as in 2.11 The visible and Raman spectra of the complex exhibit features associated 

with a bent Fe-O-Fe unit. Specifically, there is a weak visible band at 640 nm and a Raman 

Vs (Fe-O-Fe) at 456 cm- I, which correspond to an Fe-O-Fe angle of ca. 1400;17 such an 

angle is similar to that found for the corresponding phosphate bridged complex. I 1 Since 

phosphate and perchlorate are expected to have similar bites, the spectral features suggest a 

bridging perchlorate. 

When treated with excess TBHP in the presence of cyclohexane, [Fe20(TPAh]

(CI04)4 indeed consumed TBHP faster than 2 and gives rise to cyclohexanol, cyclohex

anone, and t-butyldioxycyclohexane. Treatment with H202 instead resulted in the 

appearance of a flash of brilliant green color. When cooled to -40 °C, this transient 

intermediate could be stabilized for two hours, which allowed its spectroscopic 
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characterization. 16 Treatment of this intermediate with Ph3P causes the immediate 

decomposition of the intermediate, forming Ph3PO and regenerating the starting complex. 

The intermediate is presently best formulated as [(TPA)Fe=O]3+. It exhibits an 

intense visible absorption band at 614 nm (eM 35(0) associated with its brilliant green color. 

Excitation into this band elicits a resonance enhanced Raman vibration at 676 cm-1 which 

shifts to 648 cm- I when the intermediate is treated with H2180. The pronounced effect of 

H2180 excludes the assignment of this feature to a v(O-O) of a bound peroxide, since a 

426 

414 676 

300 400 500 600 700 

b.v (cm-1) 

Figure 4. Resonance Raman spectrum of [(TPA)Fe=o]3+ in CD3CN 

peroxide moiety would not be expected to exchange with solvent. Indeed the observed 

isotopic shift is almost precisely what is expected for an Fe-O vibration (dVca1cd.= -29 em-I). 

The value for the iron-oxo stretch is low when compared to those observed for synthetic 

iron-oxo porphyrins (800-850 cm- I);18 however it flanks the values observed for the 

Compounds I of Fe horseradish peroxidase (737 cm- I )19 and Mn horseradish peroxidase 

(622 cm- I).20 The metal-oxo vibration in porphyrin complexes has been shown to be 

sensitive to the electronic properties of the other ligands, particularly the basicity of the axial 

ligand.21 A cogent explanation for the Raman properties of the nonheme derivative will 

require a better understanding of its structural and electronic properties. 
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[(TPA)Fe=O]3+ exhibits an EPR spectrum with g values at 4.5, 3.95, and 2.0, 

corresponding to an S = 3/2 center. The presence of three unpaired electrons is consistent 

with an Fe(V) oxidation state, but Mossbauer studies unequivocally identify the iron center 

to be in +4 oxidation state, having an isomer shift (0 = 0.11 mm/s) similar to those found for 

Compounds I and II of horseradish peroxidase and related model compounds.22 In order to 

reconcile the EPR and Mossbauer data, the remaining oxidizing equivalent must be assigned 

to the TPA ligand as a cation radical,16 a description analogous to that applied to 

corresponding porphyrin species) As in the heme species, the S = 3/2 spin state is 

proposed to result from the ferromagnetic coupling of an S = 1 Fe(IV) state with an S = 1/2 

radical state on the ligand. The precise description for this ligand cation radical is presently 

being pursued using NMR spectroscopy. 

SUMMARY 

We have explored the reactivity of Fe(TPA) complexes with peroxides and found 

that such centers are capable of activating peroxides to functionalize alkanes in a catalytic 

fashion. Because of the efficient stoichiometric transfer of coordinated halide onto the 

alkane substrate, we have been able to deduce the participation of an [(TPA)Fe(X)=O]2+ 

species in these reactions. Finally the high valent intermediate can be stabilized under 

appropriate conditions to allow its spectroscopic characterization. These experiments 

provide significant insight into how nonheme iron centers may function in enzyme active 

sites for the functionalization of unactivated C-H bonds. 
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CHARACfERIZATION OF PAGE BANDS FROM 3'-LABELED SHORT DNA 
FRAGMENTS RESULTING FROM OXIDATIVE CLEAVAGE BY "Mn_ 
TMPyPIKHSOs". DRASTIC MODIFICATIONS OF BAND MIGRATIONS BY 5'
END SUGAR RESIDUES 

SUMMARY 

Marguerite Pi tie, Genevieve Pratviel, Jean Bernadou, and 
Bernard Meunier 

Laboratoire de Chimie de Coordination du CNRS 
205 route de Narbonne 
31077 Toulouse cedex, France 

Recent experiments with the chemical nuclease Mn-TMPyP /KHSOs 
showed highly specific cleavage on both 3'-sides of A.T base pair triplets of 
double stranded oligonucleotides.1 Hydroxylation at the S'-carbon of a 
deoxyribose represents the initial damage and leaves a 3'-phosphate and a 5'
aldehyde at the ends. Careful examination of PAGE bands resulting from 
oxidative cleavage of two selected double-stranded oligodeoxyribonucleotides 
which have been labeled either at 5' or 3' ends indicated that S'-end-labeled 
fragments with a 3'-phosphate terminus were unsensitive to different 
chemical or thermal treatments and migrated according to the corresponding 
fragments obtained by Maxam-Gilbert sequencing. Whereas 3'-end-labeled 
fragments with a S'-aldehyde terminus (-CHO) migrated differently after 
reduction (-CH20H), oxidation (-COOH), heating (S'-P terminus and release of 
free base and furfural), heating and alkaline phosphatase treatment (S'-OH 
terminus and loss of free base, furfural and inorganic phosphate). The precise 
knowledge of the chemical lesion at the oxidized site of DNA allowed us to 
localize the exact position of the break and attribute the structures of the 
different fragments observed on PAGE analysis after the manganese porphyrin
mediated cleavage of two OONs containing A.T rich sequences. 

INTRODUCTION 

Over the past several years, an increasing interest has been devoted to 
porphyrins and metalloporphyrins, natural or synthetic, able to cause chemical 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
Edited by O.H.R. Barton et aI., Plenum Press, New York, 1993 333 



or light-mediated DNA and cellular damages. Following chemical activation 
(ascorbate, iodosylbenzene, monopersulfate, ... ), some metalloporphyrins, 
especially those containing manganese, promote efficient DNA cleavage. Mn
TMPyP, me s o-tetrakis(4-N-methylpyridiuniumyl)porphyrinatomanganese(lII) 
penta acetate, associated to potassium monopersulfate, KHSOs, degrades 
double- or single-stranded DNA and RNA2-6 Previous analyses on the binding 
mode to DNA and degradation of DNA showed its preference for AT 
sequences.3, 7-10 Recently we reported the high specific cleavage on both 3'-sides 
of AT base-pair (bp) triplets (for short, three contiguous AT bp will be named 
as AT triplet) of double-stranded oligonucleotides ODNs;l we have shown that 
immediate DNA strand scission occurred through oxidative C-H bond 
activation of DNA sugar at C-S' leading to 3'-phosphate and S'-aldehyde 
termini at the sites of breaks. Therefore, interpretations of polyacrylamide gel 
electrophoresis (PAGE) data are very easy in the case of S'-labeling since the 3'
terminus of fragments is a phosphate: they migrate exactly as the 
corresponding fragments obtained by the Maxam-Gilbert methods.ll However 
this is not the case when studying the migration of short 3'-labeled 
oligonucleotides resulting from the cleavage of double-stranded 12- and 22-
mers. In the absence of a thermal step, which eliminates the oxidatively 
damaged sugar residue at the S'-end, band migration is highly dependent on 
the S'-modified sugar end. Then differences of several bases can be found with 
the Maxam-Gilbert scale and misinterpretation of PAGE bands is possible in 
the absence of a precise knowledge of the chemistry going on at the S'-end of 
these short oligonucleotides. The relationship between the sugar damages and 
the oxidative cleavage conditions allowed us to discuss the difference between 
metalloporphyrin-mediated DNA cleavage involving non-diffusable metal
oxo species or diffusible oxygenated radicals (metal-oxo versus HOO). 

EXPERIMENTAL PROCEDURES 

Materials 

Potassium monopersulfate (in fact a triple salt 2KHSOs.KHS04.K2S04, 
Curox®) was a gift of Interox. Mn-TMPyP was synthesized as previously 
described.2 Alkaline phosphatase (EC 3.1.3.1, from Escherichia coli, type III) was 
from BRL. T4 polynucleotide kinase (EC 2.7.1.78), terminal deoxynucleotidyl 
transferase (EC 2.7.7.31), [y-32p]ATP and [a-32P]ddATP were from Boehringer. 
Maxam-Gilbert kit was from NEN (Dupont). Other chemicals were from Sigma 
or Aldrich. 

Oligonucleotides 

ODNs I, II, III (sequences are indicated in Figure 1) and reference fragments 
(ACGA and GACGA) were synthesized on a Cyclone Plus DNA synthesizer 
from Milligen/Biosearch and purified by PAGE. Concentrations of ODNs and 
their fragments were determined according to their absorption coefficient.12 

Gel electrophoresis analyses of cleavage pattern of the two 32P-end-Iabeled 12-
and 22-mer ODNs (general protocole) 

The three unlabeled ODNs I, II and III (see Figure 1 for sequences) were 
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separately treated with T4 polynucleotide kinase and [y_32P1ATP or with 
terminal deoxynucleotidyl transferase and [a._32PlddATP. Before reaction, 5'- or 
3'-labeled ODNs were annealed with their complementary strand (I and II, III 
and III) by heating at 90°C for 1 min and subsequent slow cooling at room 
temperature. All following reactions were done on ice-bath. 

KHSOs as oxygen atom donor. The reaction mixtures (total volume = 11 
JlL) contained 1 JlM 12-mer or 22-mer duplex, 5 x 103 cpm of 32p end labeled 
ODN and 0.5 JlM Mn-TMPyP in 100 mM NaCl and 40 mM Tris/HCl pH 8 buffer 
at + 4°C. Following 15 min pre-incubation, cleavage of duplexes was initiated 
by the addition of a freshly prepared solution of 40 JlM KHSOs (final 
concentration). After a 15 min-incubation for cleavage at 4°C, 2 JlL of 0.5 M 
Hepes buffer (pH 8) were added as stopping reagent. Some experiments were 
heated 30 min at 90°C or incubated 30 min at ambient temperature with NaBH4 
or with NaO!. The samples (11 JlL) were then diluted with 1 JlL of 1 mg/mL 
salmon testes DNA and 250 JlL of 0.3 M sodium acetate pH 5.2 buffer 
containing 0.1 mg/mL yeast tRNA, precipitated with ethanol, washed with 
ethanol/water (3/1, v Iv), dried as pellets, redissolved in loading buffer and run 
on 15 % (22-mer) or 20 % (12-mer) denaturing polyacrylamide gels (3 hours at 
1,700 V). 

H20 2 as oxygen atom donor. Alternatively,S mM H 20 2 instead of 40 JlM 
KHSOs was used. In these experiments the Mn-TMPyP concentration was 5 
JlM, the incubation time for cleavage 1 hour at + 4°C, the reaction was 
quenched with 1 JlL catalase ( 200 units), the precipitation was obtained with 5 
JlL of 1 mg/mL DNA. Before PAGE analysis, some samples were redissolved in 
100 JlL of 1 M piperidine and heated at 90°C for 30 min. 

Heating in alkaline conditions. In some experiments, analysis of strand I 
was performed after incubating the 22-bp 5'_32P-end-labeled duplex l/ll (1 JlM) 
either (i) with 0.5 J..LM Mn-TMPyP in 100 mM NaCl and 40 mM Tris/HCl (pH 8) 
buffer in the presence or not of 40 JlM KHSOs (lanes 8 and 6, respectively, 
Figure 2) or (ii) with 2 JlM Mn-TMPyp, without KHSOs, in 5 mM phosphate 
(pH 7.2) buffer (lanes 12 and 14, Figure 2). After incubation for 15 min at 4°C, 
100 (i) or 5 (ii) mM Hepes (pH 8) buffer was added and the medium was heated 
for 30 min at 90°C after addition of 1.2 JlL 1 M NaOH. Then PAGE analysis was 
performed according to the general protocole indicated above. 

Phosphate hydrolysis with alkaline phosphatase 

Some reaction samples were incubated for 30 min at 37°C, with or without 
a preliminary heating step (30 min at 90°C), in the presence of 150 units of 
alkaline phosphatase. 

NaBH4 reduction of 5'-aldehyde derivatives 

Some reaction samples were incubated for 30 min at ambient temperature 
in the presence of 0.1 M NaBH4 (final concentration). Reaction was stopped by 
further addition of 1 JlL acetone (10 equivalents with respect to NaBH4). Then 
the general protocole was applied. 
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NaOI oxidation of 5'-aldehyde derivatives 

Some reaction samples were incubated for 30 min at ambient temperature 
in the presence of 0.1 M Tris pH 9 buffer, 1 M 12 and 1 M NaI. Then the general 
protocole was followed excepted samples were washed twice with 
ethanol/water (3/1, v Iv) before gel preparation. 

Gel electrophoresis analyses of references fragments 

The 3'-labeling of ACGA and GACGA was performed with terminal 
deoxynucleotidyl transferase and [a-32P]ddATP. After synthesis and purification 
on a CIS Sep-Pack cartridge, these DONs were phosphorylated at the S'-end 
with ATP and T4 polynucleotide kinase. After dissolution in loading buffer, 
they were run on 15 % polyacrylamide gel, 3 h at 1,700 V. 

RESULTS 

Cleavage of a 32P-end-Iabeled 22-mer ODN containing two independent A.T 
base pairs triplets under various conditions 

To confirm the sequence selectivity observed on short DDNs for AT base 
pairs triplets, we studied the oxidative cleavage of a 22-mer duplex containing 
two AT triplets (Figure I, duplex 1Ill) with Mn-TMPyP activated by KHSOs' 
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Figure 1. The selectivity of cleavage of short oligonucleotide duplexes by Mn-TMPyP /KHSOS 
depends on the presence and the location of an A.T triplet. Arrows indicate the sites of selective 
cleavage on the 3'-side of the A.T triplets. Duplex 1/11 which contains two independent triplets 
gives two independent cleavage sites on each strand (M and N sites), duplex III/III which 
contains four overlapping triplets gives four consecutive cleavage sites. 

In a preliminary reportl , using the S,_[32P]-end-Iabeled DONs I and II, we 
have shown that a very selective breakage occured at the two expected sites M 
and N on each strand, always located on the 3'-side of the two AT triplets (see 
Figures 1 and 2, lane 7). Migration of the different fragments were unsensitive 
to heat or NaBH4 treatment (data not shown) which is in agreement with the 
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presence of 3'-phosphate termini. Therefore they may be compared directly 
with the chemical sequencing lanes of the Maxam-Gilbert method. 
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Figure 2. Polyacrylamide gel electrophoretic analysis of strand I after treatment of the 22-bp S'-
32p end labeled duplex 1/11 (or OON I, lane 14) with activated Mn-TMPyP. Reaction mixtures 
contained 1 ~ of OON. Lanes I, 2, 3 and 4, Maxam-Gilbert sequencing reactions (A + G, G + C, G 
and C respectively). Lane S to 11: 40 mM Tris/HCI pH 8 buffer and 100 mM NaO; lane S, duplex 
control; lane 6, O.S llM Mn·TMPyP followed by alkali + heating treatment; lane 7, 0.5 ~ Mn
TMPyP + 40 ~ KHSOS; lane 8, 0.5 ~ Mn-TMPyP + 40 ~ KHSOS followed by alkali + heating 
treatment; lane 9, control duplex heating; lane 10, SIlM Mn-TMPyP + S mM H20 2; lane 11, S ~ 
Mn-TMPyP + 5 mM H 20 2 followed by piperidine + heating treatment. Lanes 12 to 14: 5 mM 
phosphate pH 7.2 buffer; lane 12, double-stranded OON I/II incubated with 2 llM Mn-TMPyP 
followed by alkali + heating treatment; lane 13, control double-stranded OON 1/11 incubated 
with Mn-TMPyP; lane 14, single-stranded OON I incubated with 2 ~ Mn-TMPyP followed by 
alkali + heating treatment. 

In the case of 3'-labeling, we want to point out the necessity of a careful 
examination of PAGE bands before localizing the cleavage site(s). There is no 
straightforward correlations between the Maxam-Gilbert scale and the fragment 
bands corresponding to short OONs having a 5'-modified sugar residue. Figure 
3 displays the cleavage patterns of 3'-[32Pl-end-labeled OONs I and II. Several 
products created by activated Mn-TMPyp, at least five and four for I and II 
respectively, were seen in lanes 3. Only two of them in each case (one at each 
site, N or M) can be related to the 5'-phosphate terminus fragments generated 
by breaks at the expected sites, since they co-migrated with the corresponding 
DNA sequencing bands. Various chemical treatments of the cleavage reaction 
samples allowed a clear identification of the other bands: the detailed 
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interpretation is given in Scheme 1 and Figure 3. The initial damage was due 
to hydroxylation at C5' on one strand giving a 3'-phosphate terminus on the 5'-
side of the break and a 5'-aldehyde terminus on the 3'-side. Concerning this 
last fragment, four points have to be noted: (i) after being heated it lost a free 
base and furfural (as residue of the oxidized sugar) and let a 5'-phosphate 
terminus at the end of the fragment (Scheme 1, both lanes 4 in Figure 3), (ii) 
when the thermal step was followed by a treatment with alkaline phosphatase, 
the 5'-phosphate terminus was dephosphorylated giving a free 5'-OH at the 
end (lanes 5 in Figure 3), (iii) when reduced by NaBH4 it gave a 5'-OH at the 
end (Scheme 1, lanes 6 in Figure 3), (iv) and when oxidized with 12 + orr 
(NaOI) it gave a 5'-carboxylic terminus (Scheme 1, lanes 7 in Figure 3). All 
these data have been documented on ODN 1 and II and illustrated by Figure 3, 
lanes 4-7. 

CD 
123456789 

* -3 ' -

Figure 3 I. Polyacrylamide gel electrophoretic analysis of the 22-bp 3,_32P-end-Iabeled duplex 
1/11 following treatment with Mn-TMPyP + KHSOS' Reaction mixtures contained IIJM of duplex, 
4OmMTris/HCI pH8 buffer and 100 mM NaCl. Experiments with 3'-end labeled strand I. Lanes 1 
and 2, Maxam-Gilbert sequencing reactions (A + G and C + T, respectively); lane 3, 0.5 11M Mn
TMPyP + 40 11M KHSOS; lane 4, 0.5 IlM Mn-TMPyP + 40 IlM KHSOS followed by heating 
treatment; lane 5, 0.5 IlM Mn-TMPyP + 40 IlM KHSOS followed by heating and alkaline 
phosphatase treatment; lane 6, 0.5 IlM Mn-TMPyP + 40 IlM KHSOS followed by NaBH4 
treatment; lane 7, 0.5 11M Mn-TMPyP + 40 11M KHSOS followed by 12 + OH- treatment; lane 8, 40 
IlM KHSOS; lane 9, duplex control. Other controls (0.5 J.1M Mn-TMPyP; NaBH4 treatment; 12 + 
NaOH treatment) were identical to that of lanes 8 and 9 (data not shown). Brackets indicate the 
selective affinity sites of the metalloporphyrin and arrows its selective cleavage sites. Letters m 
and n correspond to the nucleotide related to the cleavage sites M and N. 
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If we consider PAGE analysis of cleavage reaction without any co
treatment (lanes 3 in Figure 3) the pattern is now more clear. For example lane 
3-1 showed five bands which can be interpretated as follows: two bands 
correspondmg to fragments with a 5'-aldehyde terminus which resulted 
directly from the initial hydroxylation at the two expected sites of cleavage; two 
fragments with a 5'-carboxylic terminus resulting from further oxidation of the 
aldehyde in the reaction conditions; two 5'-phosphate end fragments resulting 
from a partial evolution of the 5'-aldehyde fragments in the medium 
conditions with lost of base and furfural. In fact two bands on lane 3-1 are 
superposed (so lane 3-1 displays 5 bands, not 6): the shorter OON fragment with 
a -CHO terminus comigrated with the larger one with a 5'-phosphate end. 
Interpretation of PAGE analysis profile for OON II is similar as for OON I 
excepted that no amount of [COOH]n fragment was detected and, consequently, 
lane 3-11 displays only four bands. 
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Figure 3 II. PolyacrylamIde gel electrophoretic analysIs of the 22-bp 3,_32P-end-Iabeled duplex 
1/11 follOWIng treatment wIth Mn-TMPyP + KHSOS as IndIcated In FIgure 31 captIon 
Expenments wIth 3'-end-Iabeled strand II See FIgure 31 for lanes asslgnement 

In Figure 3-11, lanes 5-6, for PAGE analysis of OON II cleavage, we have to 
point out the puzzling behavior of the fragments ACGA (noted [CH20Hln_1) 
and GACGA (noted [CH20Hln>: the longer fragment migrated faster than the 
shorter. In order to ensure our interpretation, we checked that synthetic 
reference fragments ACGA and GACGA effectively presented this surprising 
electrophoretic behavior (data not shown). In fact increasing the gel 
polyacrylamide content from 15 to 20 % allowed to get back the usual order of 
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migration. Moreover with the S'-phosphorylated corresponding 
oligonucleotides, the electrophoretic mobilities were as expected, i.e. the 
smaller oligomer migrated faster. 

All the results presented here on the PAGE analyses of 3'_[32P]-end-labeled 
duplexes cleaved by KHSOs/Mn-TMPyP are in agreement with our 
preliminary study,l which was mainly carried out by HPLC on several short 
double-stranded OONs. The cleavage occurs very selectively on both 3'-sides of 
A.T triplets. 

In order to get an insight into reactive high-valent porphyrin a
tom anganese species involved in the cleavage reaction, some additional 
experiments were undertaken. The metalloporphyrin was activated with H2~ 
as oxidant (Figure 2 lanes 10-11). The breaks were as specific as for KHSOS but 
with an intensity highly dependent on the nature of the buffer. Tris-HCI buffer 
allowed a much more efficient cleavage than phosphate buffer (not shown); 
treatment with piperidine and heating did not modify the cleavage pattern 
(Figure 2, lanes 10-11). These data suggest that hydrogen peroxide was able to 
generate Mn(V)-oxo species in these experimental conditions (see below for a 
general discussion on the different activation modes of Mn-TMPyP). The 
metalloporphyrin was also incubated with OONs 1/11 in the absence of oxygen 
atom donors but with a ratio [bp]/[Mn-TMPyP] = 10 (instead of 44 in the general 
protocol e) and at low ionic strength (5 mM sodium phosphate, no NaCl; in the 
general protocole: 40 mM Tris HCl and 100 mM NaCl) and then heated at 90° C 
for 30 min in alkaline medium; in these conditions inspection of the sites of 
cleavage for this duplex indicated that most occurred at G residues (Figure 2, 
lane 12); results were similar for the corresponding single-stranded OON 
(Figure 2, lane 14); as guanine is by far the most reactive base, these results 
might correspond to a non sequence-specific interaction of Mn-TMPyP with the 
OON and to the generation of diffusible oxygen-containing reactive species 
produced by the metalloporphyrin in alkaline medium. 
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Scheme 1. Chemical structures involved in DNA breaks generated by the chemical nuclease Mn
TMPyP/KHSOS' 
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Cleavage of a 32p end labeled 12-mer aON containing four overlapping A.T 
base pairs triplets 

Sequence selectivity and SCISSIOn mechanism described above are not 
limited to AT triplets but could be extended to larger AT rich regions. As 
example we present in Fi~ure 4 the PAGE analysis of the 12-bp self
complementary 3'- and 5'_[3 P]-end-Iabeled duplex III/III which contains six 
consecutive AT base-pairs. These six AT bp actually represent four 
overlapping triplets (see duplex III/III in Figure 1). Cleavage treatment by 
activated Mn-TMPyP gave the four expected sites of cleavage on the 3'-sides of 
the four AT triplets as illustrated by lanes 11-14 in Figure 4 for the 5'_[32P]-end
labeled duplex analysis. In the case of 3'_[32P]-end-Iabeled duplex (Figure 4, 
lanes 1-10), direct analysis of the cleavage reaction was more complicated (lane 
1) but an additional thermal treatment simplified the gel and showed the four 
expected bands (lane 2) which co-migrated with the corresponding DNA 
sequencing bands. Modifications introduced by further alkaline phosphatase 
hydrolysis (lane 3) or reductive (lane 4) or oxidative (lane 5) treatments were in 
agreement with observations and the 5'-sugar residue/migration behavior 
relationships described above for the 22-mer. Present results unambiguously 
demonstrate that the activated metalloporphyrin, even in the case of 
overlapping AT triplets, is able to cleave each of them specifically on the 3'
side. 
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Figure 4. Polyacrylamide gel electrophoretic analysis of the 12-bp 3'- or 5,_32p end labeled 
duplex III/III following treatment with Mn-TMPyP + KHSOS. Reaction mixtures contained 1 J.1M 
of duplex, 40 mM Tris/HCl pH 8 buffer and 100 mM NaCl. Lanes 1-10, 3'-end labeling; 1; lane 1, 0.5 
J.1M Mn-TMPyP + 40 J.1M KHSOS; lane 2,0.5 J.1M Mn-TMPyP + 40 J.1M KHSOS followed by heating 
treatment; lane 3, 0.5 JlM Mn-TMPyP + 40 J.1M KHSOS followed by heating and alkaline 
phosphatase treatment; lane 4, 0.5 JlM Mn-TMPyP + 40 JlM KHSOS followed by NaBH4 
treatment; lane 5, 0.5 J.1M Mn-TMPyP + 40 J.1M KHSOS followed by 12 + NaOH treatment; lane 6, 
duplex control; lane 7, 0.5 J.1M Mn-TMPyP; lane 8, 40 JlM KHSOS; lane 9, control NaBH4 
treatment; lane 10, control 12 + NaOH treatment. Lanes 11-15, S'-end labeling; lanes 11-14, same 
conditions as lanes 1-4; lane 15, duplex control. Brackets indicate the selective affinity sites of 
the metalloporphyrin and arrows its selective cleavage sites. 
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DISCUSSION 

Chemical cleavage of the double-stranded polynucleotides IIll and HIIllI 

Both oligomers, when treated with the chemical nuclease Mn
TMPyP/KHSOS at + 4° C, pH 8 and [hpl/porphyrin above 20, showed important 
cleavage, ocurring specifically on both 3'-sides of A.T bp tri~lets. No or very 
little cleavage is observed at other bases. In the case of 5'-[ 2Pl labeling, the 
cleaved fragments migrated as those obtained in the Maxam-Gilbert procedure. 
Therefore they carry 3'-phosphate terminal groups. In the case of 3'_[32Pl 
labeling, direct interpretation is not obvious. As exemplified in lane 3 of Figure 
3 (particularly in gel I), the determination of the number and the precise 
position of cleavage sites are not evident due to the presence of multiple bands. 
A precise knowledge of the chemical nature of the oxidative lesion is required 
to facilitate band attributions. As previously demonstrated scission occurs 
through hydroxylation of 5'-carbons which leads to the DNA break and leaves 
the 3'-terminus with an aldehyde function (Scheme 1). So, further oxidation by 
alkaline iodine of this aldehyde clearly indicates only two scission sites of this 
strand (Figure 3, lane 7); reduction with NaBH4 gives the same result (Figure 3, 
lane 5), but it may be less evident if partial oxidation of the 5'-aldehyde 
terminus occurred during the cleavage reaction itself. At last, an heating step, 
which allows release of furfural and free base through two l3-eliminations, 
leads to 5'-phosphate termini like in the case of usual DNA sequencing bands 
obtained with the Maxam-Gilbert procedure. It is particularly clear in the case 
of lane 4, Figure 3-II, where no or very little further conversion of the 5'
aldehyde in carboxylic acid occurred during the cleavage reaction. The presence 
of noticeable amounts of this acid form (lane 4, Figure 3-I), resulting from a re
oxidation of the 5'-position of sugar by the activated Mn-TMPyp, may lead to 
uncertain attribution of the position of breaks in the absence of previous 
identification of these 5'-carboxylic fragments. 

On the basis of these data the main conclusion is to carefully interpretate 
the PAGE analyses of 3'_[32Pl-end-Iabeled fragments resulting from a 5'
oxidative DNA cleavage. The initial DNA cleavage band (aldehyde terminus) 
always migrated slowly; for short fragments the difference may be of several 
nucleotides, for longer ones13 the difference is about two nucleotides. In our 
previous work,4 as in reference 3, the presence of several bands with 
migrations different of that of Maxam-Gilbert ones induced incorrect 
attribution of the cleavage positions (the exact position of breaks has to be 
shifted by about two nucleotides towards the 3'-end). 

Again a precise knowledge of the molecular aspects of chemical DNA 
cleavages is necessary to ensure the exact localization of breaks when they are 
determined by PAGE analysis. Depending on the nature of the cleaving reagent 
and the targeted C-H bond, sugar residues (including kinetically unstable ones), 
may remain attached to either the 5'- or the 3'-phosphate and, consequently, 
may give or not additional PAGE bands in the case of respectively 3'- or 5'
labeling. Table 1 summarizes the main results in this field. 

What about the nature of the activated Mn-TMPyP? 

Some informations on the oxidative species involved in the cleavage 
reaction should be obtained from the present experiments. In the general 
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protocole the high specificity of the chemical cleavage can be deduced from the 
quasi absence of additional weaker bands close to the main fragments in PAGE 
analysis and it strongly supports a non-diffusible active species, namely a high
valent manganese-oxo porphyrin complex (Scheme 2) similar to the ferryl 
intermediate involved in cytochrome P-450 chemistry. In the case of a Fenton 
chemistry (free hydroxyl radicals) we should expect oxidative damages 
extending over several nucleotides and also lesions on nucleobases giving 
additional breaks after heating in alkaline conditions. In Figure 2 it is clear that 
in these last conditions (compare lanes 7 and 8 for activation of the 
metalloporphyrin with KHSOs and lanes 10-11 for activation with H 20 2) no 
other additional cleavage sites were revealed; only very weak cleavage bands, 
also present in the control (lane 6), were added in alkaline and heating 
conditions. 

0 

l~riVI 
free oxygen diffuse 

+ radical species oxidative lesions 

~ 
(Oz··, OH· .•. ) 

~ Mn +HzOz 
0 0 (Mn.TMPYp~ 
~ IJ1IV I sequence specific 

(pH 8 buffer) .. 
n+" oxidative lesions .. 

Scheme 2. Reactive species generated from Mn-TMPyP in various conditions. The porphyrin 
ligand is schematized by a square. 

Nethertheless it could be possible to produce lesions on nucleobases and to 
induce limited amounts of cleavage when heating in alkaline conditions by 
changing the activation mode of Mn-TMPyP and modifying the experimental 
conditions (ionic strength, pH, bplcomplex ratio). We have shown previously 4 
that Mn-TMPyP is able to cleave restriction fragments at several sites in 
alkaline conditions. These data were obtained at low ionic strength with a low 
ratio [bp] I [Mn-TMPyP]. In these conditions predominant lesions occurred 
primarily at guanosine residues. Experiments on ODNs Illl in similar 
conditions of buffer and ionic strength gave the results presented in Figure 2 
lanes 12-14 . The gel pattern is very different compared to that obtained when 
Mn-TMPyP was activated by an oxygen atom donor. The main bands are 
effectively localized at G sites but many additional secondary bands and smears 
are present suggesting a different mechanism of oxidative cleavage which 
might involve diffusible species reacting at bases or sugars without sequence 
specificity. The HO° radicals resulting from the homolytic cleavage of hydrogen 
peroxide by Mn-TMPyP are reasonable candidates, as depicted in Scheme 2 (see 
reference 14 for a recent review article on the activation of metalloporphyrins 
by various oxygen atom donors). At basic pH, Mn(III)-OH porphyrin complexes 
are oxidized to Mn(IV)=O species with the concomittant formation of 
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superoxide anion which dis mutes and generates hydrogen peroxide in the 
reaction medium. These Mn(IV)-oxo complexes are less reactive than a Mn(V)
oxo complex produced by potassium monopersulfate with respect to the 
hydroxylation of hydrocarbon C-H bonds (see reference 15 for a recent article on 
C-H bond hydroxylation and reference 16 for a discussion on manganese-oxo 
species). But Mn(IV)-oxo entities are still able to abstract electrons from the 
oxidizable sites of DNA. Then non-hydroxylating Mn(IV)-oxo species with free 
oxygen radical species should oxidize nucleobases or sugar residues without 
sequence specificity and produce DNA breaks without sequence specificity. This 
hypothesis was confirmed by the fact that the observed cleavage pattern was 
similar on single-stranded ODN compared with double-stranded ones. 

Table I. Structures involved in additional PAGE bands depending on the end 
labeling and the site of oxidation. 

deoxyribose chemical nuclease postulated or identified metastable product 
oxidative lesion or observed on DNAs cleavage patterns with Ref. 

drug S'-laheling 3'-laheling 

at carbon l' 

at carbon 3' 

at carbon 4' 

at carbon 5' 

CONCLUSION 

1, IO-phenanthroline 
copper complex 

neocarzinostatin 

phenanthrenequinone 
diimine rhodium 
complexes 

methidiumpropyl
EDTA-Iron(II) 

1,1O-phenanthroline 
copper complex 

bleomycin 

5 ' 
.:Nv-®CH 2·CII0 

neocarzinostatin 5' 
:Nv-®-CH 2 ·CO-CH;CH-CHO 

I 

neocarzinostatin I 
Mn-TMPyP/KHSOs f 

I olle 0 lias. 

:3' '(:J I~ 

17 

18 

19 

20 

17 

21 
22 
23 

23 

24 

this work 

In the field of chemical nucleases, Mn-TMPyP /KHSOs represents an 
original system able to selectively activate the Cs,-H bond at the 3' side to its 
highest affinity sites (namely an A.T triplet). Hydroxylation at the 5'-carbon of 
a deoxyribose represents the initial damage and leaves a 3'-phosphate and a 5'
aldehyde at the ends. Careful examination of PAGE bands resulting from 
oxidative cleavage of two selected double-stranded oligodeoxyribonucleotides 
which have been labeled either at 5' or 3' ends indicated that (0 5'-end-labeled 
fragments with a 3'-phosphate terminus were unsensitive to different 
chemical or thermal treatments and migrated according to the corresponding 
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fragments obtained by Maxam-Gilbert sequencing, (ii) whereas 3'-end-labeled 
fragments had an electrophoretic mobility highly dependent on the 5'
terminus; migrations were different with a 5'-aldehyde terminus (-CHO), after 
reduction (-CH20H), oxidation (-COOH), heating (5'-P terminus and release of 
free base and furfural) or heating and alkaline phosphatase treatment (5'-OH 
terminus and loss of free base, furfural and inorganic phosphate). The precise 
knowledge of the chemical lesion at the oxidized site of DNA provided the 
possibility to localize the exact position of breaks and attribute the structures of 
the different fragments observed on PAGE analysis after the manganese 
porphyrin-mediated cleavage of two ODNs containing A.T rich sequences. 
Additional experiments with hydrogen peroxide and alkali-activation of Mn
TMPyP suggest that sequence specific DNA cleavage by MnTMPyP /KHSOs is 
due to non-diffusible manganese(V)-oxo entities. 
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NEW MODEL SYSTEMS FOR OXYGENASES 
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1 - INTRODUCTION 

The finding of new efficient and selective oxidation catalysts is an important 
challenge in fine chemistry and in bulk chemicals manufacture. In fact, the 
synthesis of many of the main chemicals of industrial chemistry, like ethylene and 
propylene oxides, phenol or terephthalic acid, involve oxidation catalysts. There is 
an always increasing demand of more efficient and selective catalysts for the 
transfer of oxygen atoms from readily available and cheap oxygen atom donors 
like 02 , H202 or alkylhydroperoxides (eq.I). In that respect, the hydroxylation 
of inert C-H bonds of alkanes under mild conditions, the enantioselective 
epoxidation of alkenes and the regioselective hydroxylation of aromatic rings by 
those oxygen atom donors remain very interesting challenges in organic 
chemistry. 

Catalyst 
RH+AO • ROH+A (eq.I) 

A possible strategy to find new selective oxidation catalysts is to consider 
and mimic the enzymatic systems which have been developed by living organisms 
during life evolution. Two classes of enzymes are able to catalyze the transfer of 
oxygen atoms from dioxygen to substrates!. The first ones, called monooxygenases 
catalyze the reductive activation of dioxygen with consumption of two electrons 
and two protons and the transfer of only one oxygen atom from 02 to substrates 
while the second oxygen atom is reduced to water (eq.2). 

Monooxygenase 
RH + O2 + 2e- + 2H+ • ROH + H20 (eq.2) 

Most monooxygenases that are ubiquitous in living organisms contain an 
hemeprotein called cytochrome P450. The active oxygen species involved in the 
catalytic cycle of these enzymes seems to be an oxyferryl complex of the Fe(V)=O 
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type. This very reactive, highly electrophilic species is able to transfer its oxygen 
atom to almost any organic substrate and to perform the hydroxylation of alkanes 
and arenes, the epoxidation of alkenes, the N-oxidation of amines and the S
oxidation of thioethers. At least in vitro, these monooxygenases also catalyze the 
transfer of an oxygen atom from H202 or alkylhydroperoxides to substrates 
(eq.3,4). Chemical model systems of such monooxygenases should exhibit several 
advantages because of the selectivity of the oxidations performed, even on alkanes, 
and the diversity of substrates that can be oxidized. However, their disadvantage is 
to transfer only one oxygen atom from 02 and to consume one mol of reducing 
agent per mol of substrate hydroxylated. 

RH+R'OOH 
Monooxygenase __ ----=c..:::-_~. ROH + R'OH (eq.3) 

The second class of oxygenases, the dioxygenases, do not present such 
disadvantages as they catalyze the transfer of the two oxygen atoms of 02 into 
substrates without any consumption of a reducing agent (eq.5). From a chemical 
point of view, chemical catalysts able to catalyze selective dioxygenations of C-H 
bonds of hydrocarbons with the intermediate formation of an alkylhydroperoxide 
and the eventual formation of a ketone for instance would be highly interesting. 
Unfortunately, dioxygenases known so far only catalyze the oxidation of a quite 
limited number of substrates which are relatively reactive by themselves like 
catechols or unsaturated fatty acids. 

Dioxygenas; ROOH products (eq.5) 

Many chemical model systems based on metalloporphyrin catalysts and 
mimicking cytochrome P450-dependent monooxygenases have been described 
during these last decade. Several review articles have been devoted to these 
systems 2-10. In that context, very recent results about the preparation and catalytic 
properties of new homogeneous and supported catalysts will be described in a fIrst 
chapter. In the second chapter, some preliminary results showing that the 
oxidation of alkanes by a dioxygenase-like mechanism could occur in the presence 
of iron porphyrin catalysts activated either photochemically or thermally, will be 
reported. 

2 - BIOMIMETIC SYSTEMS FOR CYTOCHROME P450-
DEPENDENT MONOOXYGENASES 

Model systems for cytochromes P450 must involve a metalloporphyrin able 
to receive an oxygen atom from oxygen atom donors like PhIO, H202, or 02 in 
the presence of a reducing agent, with intermediate formation of a high-valent 
metal-oxo complex which will transfer its oxygen atom to substrates. Two 
strategies have been used to build up such systems. In the first strategy, a 

348 



metalloporphyrin is used as an homogeneous catalyst. In the second one, the 
metalloporphyrin is included in a polymer matrix leading to a supported catalyst 
which should be more easily separated from the reaction mixture and recycled. 
Moreover, such supported catalysts could lead to substrate shape selectivity and to 
a regioselectivity of the oxidations catalyzed because of specific interactions of the 
substrates with the polymer matrix. 

2-1 : Development of a third generation of metalloporphyrins very 
efficient for the hydroxylation of alkanes and the oxidation of 
aromatic compounds. 

An intense effort of research has been done during these last twelve years in 
order to find chemical systems mimicking either the short catalytic cycle of 
cytochrome P450 by associating various Fe(III) or Mn(III) porphyrins with 
oxygen atom donors like PhIO, CIO-, ROOH, H202, KHS05, CI02- ,or the long 
catalytic cycle of this hemeprotein by using those metalloporphyrins and 02 in the 
presence of a reducing agent such as BH4-, ascorbate, H2+Pt or Zn. The purpose 
of this presentation is not to give a review of the corresponding results because 
this has been done in several review articles 2-10 but more to illustrate very recent 
tendencies in the field. 

The first system reported by Groves et al. II used iodosylbenzene, PhIO, in 
the presence of a simple catalyst, Fe(TPP)Cl (Fig. I). It reproduced quite well most 
cytochrome P450 reactions at least from a qualitative point of view. However, 
such first generation metalloporphyrin catalysts like Fe(TPP)Cl and Mn(TPP)Cl 
undergo a fast oxidative degradation under the strong oxidizing conditions used. 
Much better results were obtained with a second generation of Fe(III) and Mn(III) 
meso-tetra-arylporphyrins bearing several electron-withdrawing substituents at 
each meso-aryl groups. This is the case of Mn(TDCPP)CI which bears eight Cl 

Y 

Y 

y 

X=Y=H 
Y X=Y=F 

X=CI Y=H TDCPPH2 

Figure 1. Formula of representative porphyrins used in biomimetic catalysts of the first and second 
generation. 

349 



substituents and of Fe(TFPP)CI whose meso-aryl substituents are C6F5 groups 
(Fig. I). By using one of this second generation catalysts, Mn(TDCPP)CI, an 
efficient system for hydrocarbon oxidation by diluted H202 was built. This 
system, which also used imidazole as a cocatalyst, involves a Mn(V)=O active 
species and performs very efficient stereospecific epoxidations of alkenes and the 
hydroxylation of alkanes and aromatic compounds with satisfactory yields 12. 
However, the yields obtained for the hydroxylation of poorly reactive substrates 
like linear alkanes by using those second generation catalysts remained modest and 
there was an important oxidative degradation of the catalyst. 

More recently, even more robust and more reactive polyhalogenated 
metalloporphyrins bearing electron-withdrawing substituents on the ~-pyrrole 
positions (Fig.2) have been prepared and used as efficient oxidation catalysts 6-10. 
The three following examples illustrate the better catalytic activities of these third 
generation metalloporphyrins. 

F F 

Fe(TDCPClsP)CI 

Figure 2. Formula of some third generation iron porphyrins used as oxidation catalysts. 
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Fe(TPP)Cl and Fe(TDCPP)Cl catalyze the oxidation of cyclododecane by 
PhIO with formation of the corresponding alcohol and ketone in moderate yields 
(total yields of 25 and 45% and minor formation of ketone), whereas the third 
generation catalysts Fe(TDCPC1SP) and Fe(TDCPBrsP) give almost quantitative 
yields based on PhIO after Ih at 20°e. Similar results have been observed for the 
oxidation of adamantane by PhIO, with an increase of the yield from 16% for 
Fe(TPP)Cl to 100% for Fe(TDCPC1SP)Cl (57% adamantan-l-01, 3S% adamantan-
2-01 and 5% adamantan-2-one) (Fig.3). Even heptane, a poorly reactive alkane, is 
oxidized by PhIO in much higher yields (= SO%) in the presence of 
Fe(TDCPC1SP)Cl than in the presence of Fe(TDCPP)Cl (3S%) 13. Moreover, 
Fe(TDCPC1SP)Cl and Fe(TDCPBrgP)Cl exhibit a chemoselectivity toward the 
hydroxylation of a mixture of cyclooctene and heptane (1 :100) different from that 
found for Fe(TDCPP)Cl, the cyclooctene oxide : heptanols ratio being S.2 with 
Fe(TDCPP)CI and only 2.9 for Fe(TDCPClgP)Cl 13. 

+ cyclododecane 
~ 

/ 
Fe(TDCPClgP)Cl + adamantane 

+ PhIO 
.. 

~ + heptane 
~ 

01 + one 
95% 5% 

01-1 + 01-2 + one-2 
57% 3S% 5% 

heptanols + heptanones 
73% 5% 

regioselectivity:43:40:16 
for positions 2,3 and 4 

Figure 3. Hydroxylation of alkanes by PhIO catalyzed by Fe(TDCPCISP)CI (ref. 13 and D. Bouy, 
P. Battioni and D. Mansuy, in preparation). 

The main differences observed between the catalytic properties of the second and 
third generation iron porphyrins should be due at least in part to an increase of the 
electrophilic character and reactivity of the high-valent iron-oxo species involved 
as intermediates in those oxidations. In fact, a recent X-ray structure 
determination of Ni(TF5PBrgp) 14 and recent molecular mechanics and semi
empirical quantum calculations 15 made on TDCPCIgPH2 and TDCPBrgPH2 have 
shown that these third generation porphyrins adopt a saddle-shape structure for 
their tetrapyrrole ring. Thus, while TDCPPH2, as most other porphyrins of the 
first and second generation, exhibit a planar porphyrin ring and four meso-aryl 
groups almost perpendicular to this ring, TDCPBrgPH2 and TF5PBrgPH2 show a 
saddle-shape structure for the porphyrin and meso-aryl groups very much tilted in 
order to minimize the strong steric interactions between the ~-halogen and meso
aryl groups. These structure differences between Fe(TDCPP)CI and 
Fe(TDCPBrgP)CI should lead to a different accessibility of the iron-oxo 
intermediates formed in the presence of PhIO. The different electrophilicity and 
accessibility of these iron-oxo intermediates should be at the origin of the different 
chemo- and regio-selectivities observed in the oxidation of a cyclooctene-heptane 
mixture catalyzed by these two iron porphyrins. 
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~-polynitroporphyrins have been prepared very recently by reaction of 
TDCPPH2 and lFPPH2 with concentrated HN03 (J.F. Bartoli, P. Battioni and D. 
Mansuy, submitted for publication). The major compound, TDCPN6PH2, 
prepared from TDCPPH2 (SO% yield) bears six nitro substituents at the ~-pyrrole 
positions (from 1 H NMR and mass spectroscopy; mixture of regioisomers), while 
the one obtained by nitration of TFSPPH2 only bears four ~-nitro groups (one 
per each pyrrole ring) (Fig. 2). Their Fe(III) complexes, Fe(TDCPN6P)CI and 
Fe(TFsPN4P)CI, are also good catalysts for the hydroxylation of alkanes by PhIO, 
with yields only slightly lower than those obtained with Fe(TDCPCIgP)Cl. 
However, the most interesting property of Fe(TDCPN6P)CI is its particular ability 
to catalyze the epoxidation of alkenes by H202 in the absence of any cocatalyst. In 
a general manner, iron porphyrins have been found so far as bad catalysts for the 
oxidation of alkenes and alkanes by H202 because of their great propensity to 
dismutate H202 12,2-10 . In fact, although Fe(TDCPP)CI and even the third 
generation catalysts Fe(TDCPCIgP)CI and Fe(TFsPBrgP)CI give very low yields 
of conversion of cyclooctene by 3 eq. of H202 in a CH2Cl2:CH30Hmixture 
(conversions lower than 10% and epoxide yields equal to or lower than S%), 
Fe(TDCPN6P)CI catalyzes the epoxidation of cyclooctene by H202 with an almost 
quantitative conversion and very high epoxide yield under identical conditions 
(9S%) (eq.6) (J.F. Bartoli et aI., submitted). 

Fe(TDCPP)Cl ~ cyclooctene oxide (5%) 

cyclooctene + H202 (1:3) --.J Fe(TDCPN P)Cl . (eq.6) 
1,-. ___ --"-6 __ .~ cyclooctene oXIde (95%) 

This particular ability of Fe(TDCPN6P)CI to catalyze the epoxidation of 
alkenes should be due to an increased ratio between the rates of alkene epoxidation 
and H202 dismutation. Applications of this Fe(TDCPN6P)CI-H202 system, which 
does not require the use of a cocatalyst contrary to the previously described 
Mn(TDCPP)CI-H202-imidazole system, to other substrates is under study. 

Another third generation catalyst, obtained by substitution of four ~
hydrogens of Fe(TFPP) by S03H groups (one per pyrrole ring) was found 
particularly active for the oxidation of aromatic rings 16-18. For instance, in the 
presence of this ~-tetrasulfonated iron porphyrin, Fe(TFPS4P) (Fig.2), several 
methoxyarenes are oxidized to the corresponding quinones in one step by the 
water soluble oxygen atom donor Mg-monoperoxyphthalate (MMP) in a CH3CN
tartrate buffer pH3, with yields between SO and 9S% 16 (eq.7). This reaction was 
applied successfully to the preparation of the natural product methoxatin (or PQQ) 
by oxidation of a methoxyarene precursor 16. Formation of quinones by the 
Fe(TFPS4P)-MMP system also occurs on dimethoxyarenes bearing an electron
donating substituent. Interestingly, dimethoxyarenes bearing an electron
withdrawing substituent are oxidized by this system with the selective formation of 
muconic dimethylesters derived from the cleavage of the C-C bond bearing the 
two methoxy substituents 17 (eq.g). This reaction provides a new access to 
functional muconic diesters with yields around 40%. Sulfonated iron porphyrins 
of the first and second generation do not lead to the formation of muconic diesters 
under identical conditions. The formation of quinones or muconic diesters from 
dimethoxyarenes involve several steps and the consumption of two moles of 
oxidant per mole of substrate oxidized. The most likely first step of these reactions 
is a one-electron transfer from the aromatic substrate to the iron-oxo active 
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species 16-18. The good selectivity observed for the formation of quinones or 
muconic diesters in the presence of Fe(TFPS4P) should be due to a particularly 
good control of substrate-derived free radical intermediates by the iron during the 
catalytic cycle 16-18. 

R 

@-OCH3+ MMP (eq.7) 

fiCOOCH3 R-GCOOCH3 (eq.8) 

2.2. Biomimetic oxidation catalysts supported on inorganic matrices. 

Several strategies have been used to obtain supported catalysts involving 
immobilized metalloporphyrins 10. Mineral supports appear particularly attractive 
because of their inertness in strongly oxidizing media 19. Immobilized 
metalloporphyrins were recently prepared by taking advantage of the selective 
substitution of the para-fluorine substituents of TFPPH2 by various nucleophiles 20 
(Fig.4). This reaction was applied to the preparation of insoluble polymers of Fe 
or Mn(TFPP) 21 upon reaction of Fe (or Mn) (TFPP) with S2- , and to the 
covalent binding of these metalloporphyrins to silica or montmorillonite bearing a 
(CH2)3 NH2 function 22. A suspension of these supported Fe(III) or Mn(III) 
porphyrins in various solvents efficiently catalyze the epoxidation of alkenes and 
the hydroxylation of alkanes by PhIO 21,22. 

F F 

~s-fn 
F F 

F F 

~NH-%~ 

F F 

G>-Q-F 
F F 

F F 

Figure 4. Preparation of immobilized iron porphyrin catalysts by reaction of Fe(II1)(TFPP) with 
S2- or functionalized supports (p = silica or montmorillonite). 

Another approach was to intercalate metalloporphyrins into layered 
minerals such as clays 19. For instance, the tetracationic Mn(TMPyP = meso-tetra
N-methyl-pyridiniumyl porphyrin) catalyst was intercalated into the interlayer 
space of montmorillonite by simple ion exchange with already present cations 23. 
The corresponding supported catalyst was found to be much more efficient for 
hydroxylation of heptane by PhIO than the same Mn-porphyrin either simply 
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adsorbed on silica or used as such as an homogeneous catalyst (60% yield instead 
of 40% and 3% respectively). Moreover, Mn(TMPyP) intercalated in 
montmorillonite was found to select substrates of different shapes. This was shown 
in oxidations of a pentane: adamantane (2:1) mixture by PhIO in the presence of 
Mn(TMPyP) intercalated into montmorillonite or Mn(TMPyP) adsorbed on silica. 
The latter catalyst led to an almost exclusive hydroxylation of the more reactive 
adamantane, whereas the former one led to an adamantanols-pentanols ratio much 
more in favor of pentane 23. 

3 - IRON PORPHYRIN-CATALYZED OXIDATION OF ALKANES 
BY DIOXYGEN WITHOUT CONSUMPTION OF A REDUCING 
AGENT. 

Iron porphyrins of the first and second generation, like Fe(TPP)Cl or 
Fe(TDCPP)Cl, are not able to catalyze the oxidation of cyclohexane by 02 at 
room temperature in the absence of a reducing agent. However, we recently found 
that irradiation by a UV -visible light (350-450 nm), of a solution of 
Fe(TDCPP)OH in 02-saturated cyclohexane led to a progressive formation of 
cyclohexanone (eq.9) 24. 

O 0 (TDCPP)FeIII-OH 0 
+ 2 • 0 (30 turnovers h-1) (eq.9) 

hv 

This formation was linear as a function of time and cyclohexanol was only 
detected as a very minor product. Cyclooctane was similarly oxidized with the 
formation of CYclooctanone as a major product. Other iron(III)porphyrins 
involving different axial ligands, like Fe(TDCPP)CI and Fe(TPP)CI, were much 
less efficient and less selective. Irradiation of Fe(TDCPP)OH in the presence of 02 
and cis-stilbene failed to give any formation of stilbene epoxide, and cyclohexene 
was mainly oxidized on its allylic position with formation of CYclohex-2-enol and 
cyclohex-2-enone under such conditions. Finally, the intermediate formation of 
·OH radicals was detected by spin trapping experiments during cyclohexane 
oxidation by 02 with photochemically-activated Fe(TDCPP)OH. 

All these data, and particularly the selective formation of cyclohexanone, 
are in favor of the "dioxygenase-like" mechanism 24 shown on Fig.5. This 
mechanism involves (i) a photodissociation of the Fe(III)-OH bond of the catalyst 
leading to Fe(II)(TDCPP) and ·OH, (ii) an hydrogen abstraction from cyclohexane 
by ·OH, (iii) a reaction of the derived cyclohexyl radical with 02 which may be 
followed by the formation of a Fe(III)-O-O-cyclohexyl complex upon combination 
of the alkylperoxo radical with Fe(II), and the fast decomposition of the Fe(III)
alkylperoxo complex with formation of cyclohexanone and regeneration of 
Fe(III)(TDCPP)OH. The active species responsible for alkane activation in that 
system is ·OH and not an oxyferryl complex as in cytochromes P450. This explains 
why the Fe(TDCPP)OH-02-hv system oxidizes alkanes but does not epoxidize 
alkenes. Its mechanism (Fig.5) resembles that of dioxygenases as it involves the 
incorporation of the two oxygen atoms of 02 into the substrate and a control of 
the intermediate substrate-derived peroxy radical by the iron catalyst which should 
be at the origin of the selective formation of cyclohexanone. 
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~)FeII,: CHR~ 

-RR'CO l~ 
H 

~p)FeIICo-o-tRRJ ..... ------

Figure S. "Dioxygenase-like" mechanism for the oxidation of alkanes to ketones by 02 catalyzed by 
photoactivated Fe(TDCPP)OH. 

The key step for the oxidation of alkanes by 02 shown in Figure 5 is the 
photoactivation of the Fe(III)-OH bond of the catalyst leading to the ·OH active 
species. Such an homolytic cleavage of the (TDCPP)Fe(III)-OH bond does not 
occur by simple heating of a solution of Fe(TDCPP)OH in 02-saturated 
cyclohexane at SO°C as shown by the lack of any formation of cyclohexanone and 
cyclohexanol after 20h under these conditions. Presumably, the strength of the 
(TDCPP)Fe(III)-OH bond is too high to be homolytically cleaved by simple 
heating at moderate temperature. However, we thought that the homolytic cleavage 
of a (porphyrin) Fe(III)-OH bond could be easier in the case of the third 
generation iron porphyrins because of the greater stability of their Fe(II) state. In 
agreement with this assumption, heating an 02 -saturated solution of 
Fe(TDCPCISP)OH in cyclooctane at 80°C led to the formation of cydooctanone 
and cyclooctanol (375 and 75 turnovers per h respectively) (J.F. Bartoli, P. 
Battioni and D. Mansuy, to be published and ref. 25). Reactions performed under 
identical conditions but in the absence of iron porphyrin or in the presence of 
Fe(TDCPP)OH did not give these oxidation products. Most characteristics of 
theoxidations of substrates by 02 catalyzed by thermally activated 
Fe(TDCPCISP)OH resemble those catalyzed by photochemically-activated 
Fe(TDCPP)OH. 

+ cyclooctane 
cyclooctanone + cyclooctanol .. .. 

Fe(TDCPC18P)OH + cis-stilbene 
+ °iSO°C) 

.. no epoxide 

+ cyclohexene 

Figure 6. Oxidation of hydrocarbons by 02 catalyzed by Fe(TDCPClSP)OH (SO°C, 02 saturated 
hydrocarbon in benzene). 

Cis-stilbene is not epoxidized and alkenes containing allylic C-H bonds like 
cyclohexene are mainly oxidized at allylic positions (Fig.6). Therefore, it is 
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tempting to propose very similar mechanisms for the Fe(TDCPP)OH-02-hv and 
Fe(TDCPCI8P)OH-02-~ systems, with ·OR as active species and the intermediate 
formation of an alkylperoxo-iron (III) complex (Fig.5). The main difference 
between the two systems concerns their first step, the homolytic cleavage of an 
Fe(III)-OH bond, which is either photochemical or thermal 25. 

Such a "dioxygenase-like" mechanism could explain, at least in part, the 
results published by Lyons et al. 26 on the oxidation of simple alkanes like propane 
and isobutane by 02 in the presence of iron porphyrins (under pressure of 02 and 
between SO and 120DC). 

Table 1. Oxidation of alkanes by 02 in the presence of third generation iron 
porphyrins 1. 

Alkane Products 

01 + one 
cyc100ctane 

. ol/one 

cyc10hexane 

heptane 

01 + one 

ol/one 

ols+ones 
ols/ones 
-2/-3/-4 

Fe(TDCPP)Cl Fe(TDCPClgP)Cl Fe(TDCPN6P)Cl 

o 1550 2125 

0.3 0.25 

o 317 640 

1.26 1.3 

o 24 190 
0.33 0.6 

3S/37/25 38/38/24 

lConditions: iron porphyrin (ImM) in a 1:1 alkane:benzene mixture; 90°C, P02:1O bars. 01 and one 
are used for the alcohol and ketone derived from the starting alkane. Yields are given in mol of 
product per mol of catalyst per 2h. For heptane, heptan-2,-3, and 4-01 and heptan-2,-3, and 4-one are 
formed. 

Table 1 shows a comparison of the catalytic efficiency of three iron 
porphyrins, one of the second generation, Fe(TDCPP)Cl, and two of the third 
generation, Fe(TDCPC1gP)Cl and Fe(TDCPN6P)Cl, toward the hydroxylation of 
alkanes by 02 itself at 90DC (J.F. Bartoli, P. Battioni and D. Mansuy, in 
preparation). For the three alkanes studied, cyc1ooctane, cyc10hexane and heptane, 
Fe(TDCPP)Cl was found unable to give significant amounts of oxidation products 
under the used conditions. Fe(TDCPClSP)Cl was reasonably active for cyc100ctane 
and cyclohexane oxidation (1550 turnovers per 2h for cyc1ooctanol and 
cyc1ooctanone formation, and 317 turnovers per 2h for cyclohexanol and 
cyc1ohexanone formation). It was less active towards the oxidation of heptane, 
with only 24 mol of heptanols and heptanones formed per mol of catalyst per 2h. 
Interestingly, Fe(TDCPN6P)CI was much more active than Fe(TDCPCISP)CI for 
the three alkanes studies, the best increase of activity (S-fold) being observed in 
the case of heptane. This is another illustration of the catalytic potency of these 
third generation iron p-polynitroporphyrins, which have already been reported (in 
this paper) to act as particularly good catalysts for oxidation of hydrocarbons by 
H202· 
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4 - CONCLUSION 

Two kinds of systems based on Fe(III) or Mn(III) porphyrins are available 
now for the oxidation of hydrocarbons. The first ones involve such a 
metalloporphyrin catalyst and an oxygen atom donor like PhIO, H202 or 02 and a 
reducing agent 2-10. They reproduce quite well the reactions catalyzed by 
cytochrome P450-dependent monooxygenases and involve a high-valent metal-oxo 
active species which is able to epoxidize alkenes, hydroxylate alkanes and aromatic 
compounds and perform N- or S- oxidations. 

Third generation iron porphyrins, which bear several electron-withdrawing 
!3-substituents, very often are much better oxidation catalysts than iron porphyrins 
of the first and second generation. For instance, Fe(TDCPCI8P)Cl is particularly 
active for the hydroxylation of alkanes by PhIO (80% yield for heptane), 
Fe(TDCPN 6P)CI is very active for the epoxidation of alkenes by H202 without 
cocatalyst, and Fe(TFPS4P) for the oxidation of dimethoxyarenes to quinones or 
muconic diesters. Such homogeneous or supported metalloporphyrin models for 
monooxygenases should be very good tools for oxidations in fine chemistry and 
for the study and prediction of the oxidative metabolism of drugs. 

The second class of systems use iron porphyrin catalysts and 02 in the 
absence of a reducing agent. After a photochemical or thermal activation of their 
Fe(III)-axial ligand bond, some iron porphyrins catalyze the oxidation of alkanes 
by 02 to the corresponding ketones (and alcohols in some cases). Although more 
work is needed to completely determine their mechanisms, these systems seem to 
involve a free radical derived from their iron axial ligand as active species. This 
explains why they perform the oxidation of alkanes but not the epoxidation of 
alkenes contrary to monooxygenases. Such systems are attractive as they oxidize 
alkanes by 02 without consumption of any reducing agent and seem to involve a 
"dioxygenase-like" mechanism though there is no dioxygenase so far reported to 
oxidize alkanes in living organisms. Third generation iron porphyrins, and 
particularly Fe(TDCPN6P)CI, appear as more active catalysts also in these 
systems. 
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OXYGEN ACTIVATION BY TRANSITION METAL 
COMPLEXES OF MACROBICYCLIC CYCLIDENE 
LIGANDS 

ABSTRACT 

Bradley K. Coltrain, Norman Herron, and Daryle H. Busch 

The Ohio State University 
Columbus, Ohio 43210 

The cyclidene ligand produces effective dioxygen binding in the metal ions cobalt(II) 
and iron(II). This and the facility with which the structure may be varied or expanded has 
led to the design of species with large cavities (vaulted cyclidenes) that bind both dioxygen 
and organic molecules. This provides look-alike models for the ternary complex that 
precedes the reaction cycle of cyctochromes P450. The synthesis and characterization of the 
iron, manganese and chromium derivatives of the vaulted cyclidenes has opened the way 
for their evaluation as functional models. The Oz complex of the vaulted iron (II) cyclidene 
has been prepared in solution; the reactions of the bound Oz have led to formation of 
peroxo complexes, analogous to those proposed for P450, and the promoted oxidations of 
organic substrates with Oz have been explored. With surrogate oxidants, the vaulted 
cyclidenes display reactivities reminescent of the iron porphyrins, and like the early versions 
of those oxidation catalysts, the cyclidenes are destroyed during the promoted reactions. 
Success in promoting reaction between activated metal centers and substrate that is clearly 
within the hydrophobic receptor has been limited. At this early stage it can be concluded 
that the cyclidene complexes display the same capabilities as oxidation catalysts that have 
previously been demonstrated for porphyrin complexes. 

INTRODUCTION 

The lacunar cyclidene complexes of cobalt(II) are extremely robust and display high 
dioxygen affinities under a wide range of conditions/·6 and the iron (II) complexes with 
these ligands enjoy the distinction of being the only non-porphrin iron(II) derivatives that 
behave as stable dioxygen carriers for extended periods of time under ambient 
conditions?·4,8.13 This motivates work designed to incorporate these species in model 
systems that proceed from the capability to bind Oz. The much studied family of enzymes, 
cytochromes P450, dominate research of this sort and many of the related investigations 
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Figure 1. Structures of cyclidene complexes: 1) lacunar cyclidene complex; 2) vaulted cyclidene 
complex; 3) supervaulted cyclidene complex. 

have made use of various porphyrin derivatives,14-19 although other complexes, and even 
simpler species,20-25 have been studied. 

From among synthetic systems, the cyclidenes offer two persuasive features when one 
considers them as possible biomimics for the P450 enzymes: the iron(II)/02 complexes are 
well characterized and many elaborations of the cyclidene structure are readily 
accomplished.2-4.7.12.26-34 Figure 1 presents the lacunar cyclidene structure (structure 1); the 
m-xylylene = R1 bridged species have provided the best iron(II) dioxygen carriers. 
Structures 2 and 3 show the vaulted and supervaulted cyclidene ligands, derivatives with 
greatly expanded cavities. Extensive solution studies,4.35-41 mostly using NMR relaxation 
methods, have shown that organic molecules form guest-host complexes with the vaulted 
and supervaulted cyc1idene complexes in aqueous solutions. Further, substantial regio- and 
substrate selectivity has been observed. In a particularly intriguing experiment using a 
cobalt(II) vaulted complex and its O2 adduct, it was shown that the ternary cobalt cyclidene 
: dixoygen : organic substrate complex is indeed formed in these systems.42 Thus a 
cyc1idene system provided the first still-life model of the ternary complex of cytochrome 
P450. 

Ultimate goals of the research producing all of the results described in this brief 
summary are to imitate the function of the ternary complex of cytochrome P450. To that 
end, we report here the synthesis and characterization of the iron, manganese, and 
chromium complexes of vaulted cyclidene ligands. The ability of the vaulted iron (II) 
cyclidene complex to bind O2 has been established in this work, and reactions of the 
dioxygen adduct with reducing agents have been studied. Attempts have been made to 
oxidize organic substrates, beginning with the dioxyen adduct of the iron complex, and the 
first investigations on the oxidations of organic substrates using surrogate oxidants are 
reported. 

RESULTS AND DISCUSSION 

Iron Vaulted Cyclidene Complexes 

The ligands were synthesized by template reactions using nickel(II) as described 
earlier.32.33.43 The ligands were liberated with HBr gas in methanol and the free ligand salts 
served as starting materials for the synthesis of the new complexes. The structures in 
Figure 1 provide the basis for the abbreviated nomenclature used here to identify any given 
cyc1idene ligand. Our ligand abbreviations are of the form "LR2R3(R1)", where L stands for 
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Table 1. Temperature dependence of magnetic moment for [Fe(VMe(3,6-
durene)}CI]PF6 in 311APW. 

Temperature, K 110ft 

288 5.03 
283 5.00 
278 4.99 
273 4.94 
268 4.90 
263 4.85 
258 4.78 
253 4.65 
248 4.52 
243 4.39 
238 4.28 
233 4.22 

lacunar, the bridge RI is specifically identified as a polymethylene chain or, perhaps, a m
xylylene group, and the substituents R2 and R3 are specified; "VR3(Rl)", where V means 
vaulted, and the bridge RI and R3 are specified (the riser is always piperazine); "UR3(riser)", 
where U means unbridged, and the piperazine, piperidine (or other) riser and R3 are 
specified. 

The vaulted iron(II) cyclidene complexes were easily isolated as orange to red 
crystalline bis(hexafluorophosphate) salts or chloro hexafluorophosphate salts. The extreme 
air sensitivity and proclivity toward capturing varying numbers of molecules of solvent led 
to difficulties in obtaining simply definable and reliable elemental analyses. However, 
careful work led to pure samples and elemental analysis was an important part of the 
characterization of these compounds (see Experimental Section). Magnetic moments were 
determined by the Evans method at 25°C in acetonitrile solution: [Fe (VMe(3,6-
durene)}CI]PF6, 5.0BM; [Fe (VCsHn(3,6-durene)}](PF6h, 4.87BM; [Fe (VPh(9, 10-
anthracene)}](PF6)2' 5.41; and [Fe(UPh(piperidine)}](PF6h, 4.68. The low values in the set 
may indicate a mixture of spin states as described by equation 1; such a process has been 

FeII(V)py + S <===> FeII(V)(py)S (1) 

studied in detail for one system and is described below. In the solid state [Fe(VMe(3,6-
durene) }CI]PF6 exhibits Mossbauer parameters (0 = 0.93 mm s'l, LlliQ = 2.62 mm S·I) that 
confirm its high spin ferrous state, but in frozen 3:1:1 acetone/pyridine/water (henceforth 
311 APW), the parameters (0 = 0.48 mm s'l, AEQ = 0.61 mm S·I) indicate a low spin 
structure. This is consistent with studies on lacunar iron (II) complexes; as cavity size 
increases, the six-coordinate species becomes increasing important. The change in spin 
state has been quantitated over the temperature range 233-288K by magnetic susceptibility 
measurements on 311APW solutions (Table 1). The equilibrium of equation 1 is 
characterized by AH = -4.3±0.2 kcallmole and AS = -19.4 ±.6 eu. Calculations assumed 
the low spin magnetic moment to be 0.60 Bohr magnetons and the high spin moment to be 
5.31 BM. These observations confirm the binding of sixth ligands within the cavities of 
the vaulted iron(II) complex. 

Electrochemical data for one unbridged and four vaulted cyclidene complexes of 
iron (II) appear in Table 2. The most obvious feature is the dependence of redox potential 
on the axial ligand. For mixed chloridelbromide derivatives, the potential is much more 
negative than that for complexes having neutral acetonitrile as the axial ligand. The 
potentials are generally consistent with values reported for lacunar iron (II) cyclidene 
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Table 2. Electrochemical data" for the first oxidation reaction of vaulted and unbridged 
iron(I1) cyclidene complexes. 

RI R3 Axial Ligand EI/2(V) dEp(V) 

3,6-durene Me CI Br ",,-0.35b 0.18 

9,lO-anthracene Me CI Br ",,-0.35b 0.20 

3,6-durene n-CsHu acetonitrile -0.09 0.10 

9,10-anthracene CJfs acetonitrile 0.04 0.08 

C6HS acetonitrile -0.18 0.07 

'O.IM TBAH/CH3CN vs. Ag/AgN03 in CH3CN at 100 mV.s· l ; working electrode is a Pt bead; 3-
compartment cell employed; under N2• 

bBroad. 

complexes.10.31 ,4S For example, replacing R3 = alkyl with phenyl shifts the potential 
anodically. Reversibility varied with dEp values ranging from 70 to 200mV. 

The iron (III) complex [Fe {VMe(3,6-durene) }](PF6)·3HPF6 was prepared by oxidation 
of the corresponding iron (II) complex with ceric ammonium nitrate in methanol. The purple 
crystalline product is clearly high spin under most conditions and the ESR parameters at 
17K in various solvents are given in Table 3. In the presence of excess N-methylimidazole 
(NMI), or in neat pyridine, low spin signals are also observed, indicating the influence of 
strong axial ligands on spin state. 

Chromium Vaulted Cyclidene Complexes 

The complexes [Cr{VMe(3,6-durene) } (py)CI]PF6 and [Cr{UMe(piperidine) } (py)CI]PF6 
were synthesized from Cr(pY)2Cl2' under N2, using triethylamine to liberate the ligand from 
its salt. Even under carefully protected conditions, the chromium(III) complex was isolated. 
The product was recrystallized from pyridine/ethanol, yielding the six-coordinate complexes 
containing chloride and pyridine as axial ligands. Magnetic susceptibility measurements 
gave magnetic moments of 3.74 for the unbridged complex and 3.64 for the vaulted 

Table 3. ESR spectral parameters for [Fe{VMe(3,6-durene)}(H20)2](PF6)3·HPF6·2H20 
in frozen glasses at 17K. 
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311 APW 

DMF 

Acetone 

DMSO 

Solvent 

KHP buffer, pH 4.0 

20% NMI/MeOH 

20% NMI/DMF 

Pyridine 

g-Values 

6.32, 5.52, 2.00 

6.33, 5.53, 2.00 

6.29, 5.48, 2.00 

6.38,5.57,2.02 

6.31, 5.46, 2.00 

6.13, 5.37, 2.00 
2.31,2.19, 1.90 

2.17, 1.96 

5.60,2.00 
2.16, 1.95 



complex. ESR spectroscopy is consistent with high spin d3 in pseudo octahedral complexes, 
showing broad signals in the region around g = 3.4S. Electrochemical studies on the 
unbridged complex showed two reversible waves at Ew = 0.63V (L'.Ep' 90mV) and El/2 = 
0.90V (L'.Ep = 100 mY). The lower potential process is assumed to involve the Cr4+/Cr3+ 
couple and the higher potential is ascribed to a ligand oxidation. In acidic media the 
vaulted complex also gave two waves with El/2 = 0.S3 V and 1.06V (L'.Ep = 100 mV in each 
case). 

Manganese Vaulted Cyclidene Complexes 

The method reported by Herron for the synthesis of lacunar cyclidene complexes of 
manganese44 was used to prepare unbridged cyclidene complexes 
[Mn{UPh(piperidine)}Br](PF6)2 and [Mn{UMe(piperidine)}Br](PF6)2 and the lacunar 
complex [Mn{LMe(CH2)4}CI](PF6}z, but attempts to make pure vaulted complexes of 
manganese failed. The starting material was tris(acetylacetonato)manganese(III). At 25°C, 
the magnetic moments in acetonitrile solution are 4.66BM, 4.73BM, and 4.S2BM, 
respectively. Electrochemical measurements in acetonitrile revealed clean, reversible 
Mn4+/Mn3+ redox couples: for [Mn{UMe(piperidine)}Br](PF6h Ew = -0.47V (L'.Ep = 
90mV); for [Mn{UPh(piperidine)}Br](PF6)2 Ew = -0.34V (L'.Ep = SOmV); and for the 
lacunar complex Ew = -0.55V (L'.Ep = 110mV). These values are slightly more negative 
than those reported for the iron complexes but consistent with literature values for the 
manganese derivatives;44 however, with other metal ions, the most negative potential was 
not observed with lacunar species. As observed for iron and nickel, the phenyl substituent 
lowers the redox potential. In keeping with earlier reports on the lacunar complexes,44 a 
distinct ESR spectrum was observed for these species in frozen solutions at 77K; the very 
broad, isotropic signal centered at g.:: 2.01 is split into a very poorly resolved sextet (AMn 
.:: 1100) by hyperfine coupling to the manganese nucleus (I = 5/2) in frozen acetonitrile. 

Dioxygen Adducts of Vaulted Iron(II) Cyclidenes 

In keeping with expectations generated by earlier work with lacunar cyclidene 
complexes, the vaulted iron (II) cyclidene complexes are extremely air sensitive.1O•12.46-48 The 
large cavity in the vaulted complex neither limits the dioxygen affinity nor protects the 
bound O2 from other reagents. Stable dioxygen adduct formation could be observed with 
the vaulted iron(I1) complexes in 311APW solutions at, or below, -30°C. Above this 
temperature rapid decomposition occurred. The solvent is uniquely convenient for these 
systems because the acetone provides good solubility for the PF6' salts and the water 
facilitates replacement of axially bound chloride ligands by pyridine, and nitrogen axial 
bases strongly promote stable dioxygen adduct formation. Exposure of a solution of 
[Fe{VMe(3,6-durene)}Br]PF6 to only 0.11 torr of O2 results in total conversion to the 
dioxygen adduct as signaled by the appearance of a strong absorption band at 560 nm and 
a shoulder at 660 nm in the visible spectrum (Figure 2). This spectral change closely 
resembles those that occur upon formation of the well documented dioxygen adducts of the 
lacunar iron (II) cyclidenes.8.lo.12 The Oz adduct was further identified from Mossbauer 
spectra measured on frozen 311APW solutions (120K) that had been exposed to 760 torr 
of Oz. The Mossbauer spectral parameters compared closely to those of a lacunar complex 
and of the picket fence porphyrin49: [Fe (LMeMe(m-xylene) }(py)Oz]z+ 0 = 0.23 mm s·\ L'.EQ 

= 2.39 mm S·I; [Fe{VMe(3,6-durene)}(py)0z] 0 = 0.24 rom S·I, L'.EQ = 2.44 mm S·I. 

Increasing the pressure by a factor of 5 has no detectable effect on the spectrum, indicating 
that the equilibrium is saturated; i.e., Pso « 0.1 torr. At the higher temperature of -2SoC, 
exposure of a similar solution to 0.30 torr of Oz is sufficient to saturate the adduct 
formation equilibrium. Further, prolonged purging with Nz led to no appreciable decrease 
in the absorption band arising from the presence of the dioxygen adduct; this suggests that 
Pso is indeed much smaller that 0.1 torr. Our apparatus is inadequate for the determination 
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Figure 2. Changes in visible spectrum upon exposure of a solution of 
[Fe(VMe(3.6-durene»)Br]BF4 to dioxygen at -4O"C in 311APW. 

of such large dioxygen binding constants (Pso values so small). These observations confinn 
the expectation that the very large vaulted cavity would be accompanied by a very large 
dioxygen affinity. In contrast. the dioxygen affinity for the lacunar iron (II) cyclidene 
dioxygen carrier [Fe {LMe(PhCH2)(m-xylene) }Cl]PF6 is Pso = 330 torr (K02 = .003 torr·l) 
at _20°C.1O Dioxygen adduct fonnation was also detected for the vaulted iron (II) cyclidene 
complexes in the solvents pyridine, DMF, and 20% N-methylimidazole/pyridine, but 
decomposition was more evident even at low temperatures. We conclude at this point that 
the vaulted iron(II) complex has been shown capable of accomplishing the second 
requirement for fonnation of the ternary complex that biomimics that of cytochrome P450 -
- it fonns a dioxygen complex. The first requirement is the ability to hydrophobic ally bind 
an organic substrate in the large vaulted cavity. This was demonstrated in earlier studies 
with corresponding complexes of divalent nickel, copper and cobalt3S-42 

Reactions of the Bound Dioxygen 

Many previous studies pave the way to seek the activation of the dioxygen that is 
bound to iron in the vaulted cyclidene complexes.26-29 The results of detailed studies on the 
lacunar cyclidene complexes are particularly gennane and helpfuL30.46-48,so Mechanistic 
studies revealed that the destruction by dioxygen (autoxidation) of the lacunar complexes 
occurs by an outer sphere electron transfer mechanism and that the dioxygen adducts of the 
iron cyclidenes, and by inference other iron dioxygen carriers, are stable to this primary 
mechanism. A second important result is that the iron (III) product of this autoxidation may 
capture peroxide ion produced in the process and fonn a low spin peroxo adduct A 
number of investigators have provided positive identification of end-on low spin peroxo 
complexes of iron(III) in simple porphyrins derivativessl.s3 and in natural products.S4·s9 The 
outstanding characteristic is a rhombic, or more rarely axial, low spin ESR spectrum with 
distinctly small anisotropic splittings. It is particularly significant with respect to the thesis 
of this report that, in addition to autoxidation, the same peroxo complexes can be produced 
by a variety of independent routes (equations 2_5).47 The fact that the product can be 
fonned 

(2) 
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[FeII(L)B)f+ + H02 ----> [FeIII(L)B(H02-W (4) 

[FeII(L)B)]2+ + PhI=O + oa ----> [Fe lII(L)B(H02-W + PhI (5) 

by all of these routes confirms the spectroscopic assignment of the structure as a peroxo 
complex of iron(III)_ The reaction of Equation 5 is particularly significant because it 
establishes the reverse of the bond cleavage reaction that is critical to the activation of 
bound dioxygen.47 

The autoxidation of [FeII{VMe(9,10-anthracene) }pyf+ in 31lAPW, at oDe, in the 
presence of 38 torr of O2, is accompanied by electronic spectral changes that parallel those 
for the related lacunar complexes (Figure 3). The band at 560 nm that is characteristic of 
the dioxygen adduct decreases in intensity and a new band at 660 nm grows in intensity, 
changes that are also observed in the autoxidation of the corresponding lacunar complexes. 
The ESR spectrum of the product solution at low temperatures and relatively short times 
is also closely related to those observed for the lacunar species. A high spin component 
(g = 6.50, 5.16) appears to be associated with the same product that is formed by ceric ion 
oxidation of the original iron (II) complex. However, a low spin species forms that is both 
familar and a bit unusual. It has the distinctly small splitting that identifies the low spin 
peroxo complexes, but it is an axial spectrum (g = 2.18, 1.96), rather than the rhombic 
spectrum that is most commonly observed for the lacunar species. The axial spectrum was 
observed for the lacunar complexes only in very dry acetonitrile solutions. An obvious 
conjecture is that the large cavity is indeed anhydrous, as assumed to be necessary for 
hydrophobically driven guest-host complexation.3s.37-39.42 Since evidence exists that the 
piperazine amines may be protonated under certain conditions, it might better be assumed 
that the axial signal reflects a different level of protonation of the coordinated peroxide, as 
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Figure 3. Changes in visible spectra during aulOxidation of [Fe(VMe(9,10-anthracene)}Cl]PF6 
in 311APW at O'C and 38 torr of dioxygen. 
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might be expected in changing the polarity of the intra-cavity environment. At higher 
temperatures. the iron compounds become ESR silent. but Mossbauer data indicates that 
only high spin ferric species are present (8 = 0.41 rom s-l, dEQ = 0_68 mm S-I)_ These long 
term products are almost certainly oxo or hydroxo bridged dinuclear species. as 
characterized for the lacunar iron (II) cyclidene complexes.6o 

The addition of small amounts U equivalent) of ascorbic acid or dithionite to the 
dioxygen adduct of the vaulted iron cyclidene produced the axial signal attributed to the 
end-on peroxo complex (g = 2.18. 1.96). With dithionite. that signal is accompanied by a 
broader rhombic pattern (g = 2.37. 2.18. 1.91) that becomes the only spectral pattern when 
increasingly large amounts of dithionite are added. Similarly. excess ascorbic acid leads 
to a second dominant product. but in that case it is high spin (g = 6.94. 4.82. 2.00) and 
different from any previously reported high spin iron (III) cyclidene derivatives. It is 
suggested that the reducing agents or their oxidation products bind to the iron (III) in these 
cases. High spin species similar to that produced by adding an excess of ascorbic acid to 
the dioxygen adduct of the vaulted iron (II) complex were also observed in a variety of other 
related systems. all of which involved autoxidation of the complex. Ascorbic acid was 
replaced by hydroquinone. sodium acetate. sodium benzoate. or acetic acid. Further. 
pyridine was not necessary in order to observe these changes. Additional studies are 
needed. but it is suggested that these high spin species involve different oxygen donor 
ligands occupying the axial site. but with a peroxo group coordinated within the cavity; i.e .• 
they may be the high spin peroxo complexes of the cyclidenes. a species that has been 
sought but not observed previously.61 

Attempted Substrate Autoxidations 

Developments described above comprise both proof of the formation of the ternary 
complex between the vaulted cyclidene. dioxygen. and substrate and demonstration that 
reducing agents cause the formation of the peroxo complex that is the stoichiometric 
equivalent of the activated species in the cytochrome P450 reaction cycle.14-19 The stage 
is set for selective autoxidation of substrates by the vaulted cyclidene complexes and this 
grail has indeed been sought. Mansui4.15 has described very clearly the complexity of 
achieving this ultimate goal. The obvious primary difficulty for the systems at hand is the 
unavoidable fact that the reducing agent required for activating bound O2 may compete 
effectively with the substrate for the activated species. In the present case. this is 
aggravated by the small equilibrium constants for substrate binding. Additional 
complications arise from the fact that the coordination site opposite the in-cavity site must 
be blocked by the presence of an excess of an axialligand--excess axial ligand might also 
act as a competitive substrate. Further. we have begun to suspect that the equilibium of 
equation 6 may vary for the LFe(Ot)/(LFe=Or pair as the ligand L changes from 
porphyrins to various other synthetic or naturalligands.62 

(6) 

Attempts were made to observe stoichiometric reaction between the [Fe{VMe(3.6-
durene) }(H02-)]2+ (or rather its equilibrium partner) and a variety of substrates in 311APW. 
acetonitrile. or acetone solutions. Reducing agents were also varied and included ascorbic 
acid and dithionite. but no substrate oxidation was detected. The possibility of vaulted iron 
cyclidene promoted reaction of substrates with O2 was also explored in the absence of 
reducing agents but. again. with no evidence for reaction. 

More traditional O2 oxidation experiments were attempted with the vaulted iron and 
manganese complexes in several solvents with many of the reducing agents (ascorbic acid. 
sodium ascorbate. thiols. borohydride. and amalgamated zinc) that have been used elsewhere 
in work with porphyrins and their derivatives.14-19 The more promising systems are 
mentioned here. Various thiols. such as thioglycol ethyl ester and ~-mercaptoethanol. were 
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added to solutions of iron (III) lacunar, vaulted, and unbridged complexes in acetonitrile. 
Substrates were added and the solutions were exposed to air. In the case of styrene, small, 
but detectable, amounts of benzaldehyde were formed during a period of one hour. Also 
for [Fe{VMe(3,6-durene)}]3+ in acetonitrile with cyclohexene as substrate, the presence of 
p-mercaptoethanol resulted in detectable amounts of cyclohexene oxide which were formed 
in the course of 3 hours. Unfortunately, even the reactions that gave some product were 
poorly reproducible--in some repetitions no oxidation was observed. 

In pyridine/water solution, the system making use of [Mn{VMe(piperidine)}Br]2+, 
sodium borohydride, and O2 produced a very small amount of cyclohexene oxide from 
cyclohexene. Similar systems involving different solvents, substrates and reducing agents 
failed to give evidence for autoxidation. The addition of acyl halides and acetic anhydride 
to these solutions in an effort to facilitate 0-0 bond cleavage by acylation also failed to 
produce detectable concentrations of products.63 

Despite a very substantial accumulation of negative results, these few positive 
observations place the cyclidene chemistry in a situation that parallels early stages of 
developments with porphyrin autoxidation catalysts. Indeed the literature clearly shows that 
many attempts preceded substantial success and that early claims of success were not easily 
reproduced.64 In fact, even today after enormous efforts by many investigators, the 
porphyrin promoted air oxidation of organic substrates has not been brought under adequate 
control. The main reason is characteristic of the difference between in vivo chemistry and 
laboratory chemistry; the various components in the multiple component system cannot be 
restricted to their intended roles in the reactions. In synthetic systems, substrates, activating 
reducing agents, and axial ligands compete interchangeably for all intended roles. 

Oxidations with Iodosobenzene in Acetonitrile Solution 

Surrogate oxidizing agents function effectively in the presence of iron, manganese, and 
chromium cyclidene complexes, as they are well know to function with porphyrins, other 
metal chelates and even metal saltS.14-25.64d Iodosobenzene has been chosen for these initial 
studies with cyclidenes, a choice in keeping with the relative bulk of literature in this area 
of research. Solubility considerations led us to use acetonitrile as the solvent for the flrst 
investigations even though we recognized that this would greatly lower the probability that 
oxygenation would occur inside the cavity of a vaulted complex since hydrophobic forces 
are responsible for guest-host complexes in these systems.35-42 Iodosobenzene is sufficiently 
soluble to facilitate reaction in acetonitrile, but not in acetone or water. Lacunar, unbridged, 
and vaulted cyclidenes have all been used in order to discern those factors that are 
important in the promoted oxidations. Reactions were conducted at least in duplicate and 
in an inert atmosphere glove box to eliminate any complications O2 might cause. Reaction 
time was 2 hours and temperature was ambient, -25°. The yields were reproducible within 
10-15% and blanks from which the catalyst was omitted yielded virtually no oxidation 
products. 

Most generally, Tables 4-7 report product yields and total turnovers for the substrates 
styrene, cyclohexene, cyclohexane, and methylcycloh~xane. T~ese data show that the 
reactions typically promoted by cytochrome P450 and Its porphynn-based models are also 
promoted by cyclidene complexes. Highly selective epoxidations are readily achieved and 
even saturated hydrocarbons undergo hydroxylation. As for porphyri~s, the mang~ese 
cyclidenes generally give the best performance;+howe.ver, tl1~ la:un~ lfon(III! cyc~ldene 
having a very short bridge [Fe{LMeMe(CH2)4CI] prOVIdes an mu:gumg excep~o~ WIth all 
substrates. The results are generally explainable on the assumptlOn that reaCtIVIty of the 
activitated metal site varies in the expected order Fe > Mn > Cr. Chromium generally 
shows lesser capability because of an inherent low reactivity, but yields observ~d in most 
iron systems are lowered because the very reactive activat~d iron center destroy.s .ltself more 
rapidly that does the corresponding manganese center. ThIS leads to the SUpposl~lon that the 
high yields found for the short-bridged lacunar iron complex reflect an exceptIonally long 
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Table 4. Product yields for oxidation of styrene by PhIO. catalyzed by cyclidene 
complexes in acetonitrile solution at -25°C. 

Catalyst t Fe3+ 

LMeMe(CHJ4' Cl 97 

LMeMe(CHJ6' Cl 85 

LMeMe(m-xylene), Cl 81 

VMe(3,6-durene) 72 

Mn3+ 

LMeMe(CHJ4' Cl 92 

LMeMe(m-xylene), Cl 79 

UMe(piperidine), Br 93 

UPh(piperidine), Br 93 

C~+ 

VMe(3,6-durene), Cl, py 58 

UMe(piperidine), Cl, py 63 

'Yields are based on catalyst concentrations. 
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Table 5. Product yields for oxidation of cyclohexene by PhIO. catalyzed by cyclidene 
complexes in acetonitrile solution at -25°C.1O 

Catalyst 

c> Fe2+ 

LMeMe(CHJ4' Cl 67 

LMeMe(CHJ6' Cl 86 

LMeMe(m-xylene), Cl 60 

VMe(3,6-durene) 84 

Mn3+ 

LMeMe(CHJ4' Cl 91 

LMeMe(m-xylene), Cl 92 

UMe(piperidine ),Br 89 

UPh(piperidine),Br 85 

C~+ 

VMe(3,6-durene), Cl, py 61 

UMe(piperidine), Cl, py 70 

'Yields are based on catalyst concentrations. 
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Table 6. Product yields for oxidation of cyclohexane by PhIO, catalyzed by cyclidene 
complexes in acetonitrile solution at -2SoC. 

Catalyst c5 6 0 % yieldb 

Fe2+ 

LMeMe(CH~4' CI 75 18 7 40 

LMeMe(CH~6' CI 60 20 20 10 

LMeMe(m-xylene), CI 53 13 33 30 

VMe(3,6-durene) 0 100 0 2 

Mn3+ 

LMeMe(CH~4' CI 40 40 20 107 

LMeMe(m-xy1ene), CI 47 34 19 90 

UMe(piperidine ),Br 0 42 58 70 

UPh(piperidine ),Br 0 28 72 85 

Cr+ 

VMe(3,6-durene), CI, py) 32 41 27 35 

UMe(piperidine), CI, py 23 31 46 40 

'Yie1ds are based on catalyst concentration 
bX = CI or Br. 

Table 7. Product yields for oxidation of methylcyclohexane by PhIO, catalyzed by 
cyclidene complexes in acetonitrile solution at -2S°C. 

Catalyst 8°· Cfo" &. 
% yield" 

Fe2+ o· 
LMeMe(CH~4' C1 0 91 9 Tr 160 

LMeMe(CH~6' CI 0 100 Tr Tr 10 

LMeMe(m-xylene), Cl 0 70 30 Tr 30 

VMe(3,6-durene) 0 100 Tr Tr 15 

Mn3+ 

LMeMe(CH~4' CI 0 100 Tr Tr 60 

LMeMe(m-xylene), CI 0 100 Tr Tr 60 

UMe(piperidine), Br 8 83 9 Tr 90 

UPh(piperidine), Br 19 74 7 Tr 70 

Cr+ 

VMe(3,6-durene), CI, py 0 67 33 Tr 35 

UMe(piperidine), CI, py 0 62 38 Tr 20 

'Yields are based on catalyst concentrations. 
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life for that particular iron catalyst. The most obvious consequence of the short bridge is 
the improbability of having either substrate or a fifth ligating group inside the cavity. This 
suggests that the good results come about because the activated species is a 5-coordinated 
(LFe=O)3+, whereas the other iron complexes may form 6-coordinated activated forms. 
Analogously, one perspective on the role of the presence of mercaptide as the 5th donor in 
cytochrome P450 is that under highly oxidative conditions this ligand might be oxidized to 
the radical leaving a 5-coordinated activated species. For a given level of oxidation, the 
lower coordination number would enhance the electrophilicity of the Fe=O group. In 
keeping with the assertion that yields are determined by catalyst degradation, careful Ge
MS studies on the reactions solutions have yielded fragments of ligand destruction. When 
the unbridged piperidine complex was employed as catalyst, significant amounts of 
acetylpiperidine were detected (structure 4), indicating cleavage of the vinyl group of the 
ligand. Detailed mechanistic studies on the autoxidation of lacunar cyclidenes have 
confirmed this mechanism and traced it to the acidity of the R3 methyl groups, which 
participate in a conjugate base-ligand oxidation mechanism.65,66 

~yCH' 
4 0 

Olefin epoxidations are both productive, with up to 47 catalytic turnovers, and 
moderately selective, with manganese showing the greatest selectivity. The product yields 
are greatly diminished on changing the substrate from olefin to alkane, a commonly 
observed result that is in keeping with the reactivities of the substrates, especially in 
systems where the catalyst is being destroyed. The most interesting products are the 
cyclohexyl chloride and bromide (the halide depends on the axial ligand of the catalyst); 
similar products were observed long ago in porphyrin catalyzed oxidations, and these results 
are consistent with the accepted mechanism of oxidation of alkanes under the catalysis of 
porph yrins.16,67 ,68 

Yields remained low with methylcyclohexane, but the observed selectivity is 
interesting. Despite steric demands, the tertiary hydrogen was abstracted in the vast 
majority of cases, with most of the remaining reaction at the secondary hydrogens. Only 
two catalysts led to attack on the primary methyl hydrogens and these were the least 
sterically hindered manganese catalysts. In contrast to the suggestion for iron at the end of 
the preceding paragraph, one must conclude that the most accessible manganese atom 
forms the most reactive (least selective) activated form. Alternatively, the lack of selectivity 
may indicate a different mechanism traceable to the bromide axial ligand of these unbridged 
catalysts. In support of this view, it should be noted that these catalysts produce about 3 
times the % yield of cyclohexyl halide as do the corresponding manganese catalysts that 
have chloride as axial ligands. A more interesting but not necessarly better justified point 
of view proceeds from the assumption that the halide remains bound to the side opposite 
the natural cleft of the unbridged complex. The rather bulky piperidine groups might make 
it difficult for the cyclohexane ring to approach the metal center, thereby favoring attack 
at the smaller methyl group. Finally to obtain an additional calibration point for the 
reactivities of these catalysts, catalytic oxidation of styrene by iodosobenzene was attempted 
using the simple compound, ferric chloride. Both styrene oxide and benzaldehyde were 
formed but in a combined yield of only 27%, about 200 times less than that due to our best 
cyclidene catalysts. 

Oxidations with Hydrogen Peroxide in Water 

The vaulted cyclidenes were designed to facilitate selective oxidation of organic 
substrates through mimicing the action of the ternary complex of cytochrome P450. Because 
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Table 8. Oxygenation of toluene by hydrogen peroxide in aqueous solution at -25°C, 
catalyzed by iron cyclidenes of various cavity sizes. 

Catalyst A. Cresols(%) B. Benzaldehyde(%) Ratio(AIB) 

(Fe (LMeMe(CH04) CIt 1l.9 6.0 2.0 

[Fe (LMeMe(m-xylene))CW IS.9 7.4 2.1 

(Fe (LMeMe(CH06) CIt 2S.0 6.6 3.8 

(Fe(VMe(3,6-durene))]2+ 30.9 4.6 6.7 

a(Fe2(DHMe(M-xylene)py]4+ 39.9 3.6 ILl 

"The symbol D here indicates the dinuclear ligand having structure S. 

of the great oxidizing power of the activated center in cytochrome P450, the selectivity is 
believed to be derived from selective substrate binding, and that aspect of enzyme is central 
to our vaulted cyclidenes. Our first oxidation studies in acetonitrile provided little liklihood 
of taking advantage of the selective binding capabilities of the vaulted cyclidene system 
because the driving force for guest-host complexation with these species is hydrophobic. 
A series of iron cyclidenes have been used to promote the oxidation of toluene by hydrogen 
peroxide in aqueous solution (Table 8), and the results suggest reaction within the cavity 
of the vaulted cyclidenes. Low yields of the expected products, cresols and benzaldehyde, 
were observed because of the rapid destruction of the catalyst under the reaction conditions. 
The most significant observation is that the ratio of cresols to benzaldehyde depends on the 
cavity size of the macrobicycle, and the overall yield increases in the same direction. The 
cavity size increases from lacunar to vaulted to dimeric cyclidene. The latter complex has 
structure 5 with a very large cavity between the two metal binding sites. Referring back 
to Tables 4-7 and the results of reactions of the iron complexes in acetonitrile, no similar 
correlation was evident, and that is totally consistent with the conclusion that the reactions 
occur outside the cavity in nonaqueous solvents. Returning to the hydroxylation of toluene 
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in aqueous media, presumably the very restrictive lacunar complexes with m-xylylene and 
tetramethylene bridges would permit no oxidations within their small cavities (they barely 
accept such small ligands as O2 and HO;). Thus the ratio of cresols to benzaldehyde for 
these complexes( -2) probably represents the limiting value for sterically unhindered 
oxidations that occur on the side opposite the bridge. On the other hand, the other 
complexes have cavities large enough to permit some reactivity inside the voids and it is 
just these instances where steric considerations could influence the site of oxidative attack. 
The data strongly suggest that at least some of the oxidation events are occuring inside the 
cavities of the complexes with the more commodious voids and that the prefereed 
orientation of toluene within those cavities appears to favor attack on the aromatic moiety. 
These results provide the first confirmation among the cyclidenes of the design principle 
for selective catalysis which has been put forth in these studies. 

CONCLUSIONS 

The iron and chromium complexes of macrobicyclic vaulted cyclidene ligands and 
manganese complexes of macrocyclic unbridged cyclidene ligands have been synthesized 
and characterized. The binding to the vaulted iron (II) complexes by O2 and the reactions 
of bound O2 have been investigated. The dioxygen affinities of vaulted iron (II) cyclidenes 
are very great with Pso probably much smaller than 0.1 torr. Reduction of the bound O2 

yields a species identified from its ESR spectrum as a low spin complex of peroxide; this 
is a presumed intermediate along the activation path for cytochrome P450 and its mimics. 
Intense efforts to observe stoichiometric oxidations of substrates with solutions of these 
peroxo complexes failed, but several tantalizing but poor examples of autoxidation of 
substrates were found under catalytic conditions. In contrast to the difficulties associated 
with the promotion of oxidations with 02' iodosobenzene oxidations of substrates in 
acetonitrile solutions were catalytic for the iron, manganese and chromium cyclidene 
complexes and both saturated and unsaturated hydrocarbons were attacked. Largely because 
of the solvent, the iodosobenzene reactions occurred with the substrate outside the cavities 
of the vaulted cyclidene catalysts. However, the reactivities and selectivities were 
reminiscent of porphyrin behavior and showed that cyclidene catalysts are capable of 
performing many of the cytochrome P450 reactions, including hydroxylation of primary, 
secondary and tertiary saturated hydrocarbon atoms. The dependence of the yields of 
reaction products on the metal ions also paralleled those of the porphyrins, and the behavior 
generally implies the same mechanism or mechanisms. At this early stage, and again like 
the porphyrins, the product yields are limited by competing destruction of the cyclidene 
catalyst, and the general nature of that reaction has been found. In aqueous solution, using 
hydrogen peroxide as the surrogate oxidant and toluene as the catalyst, selective attack at 
the aromatic nucleus increases as the cavity size of the catalyst increases, a result implying 
that a major fraction of the oxidation events occur within the catalyst cavities. 

EXPERIMENTAL 

Reagents and Solvents 

Solvents used in chromium(III), manganese(III), and iron (II) reactions were dried by 
conventional means and degassed with nitrogen. All other reagents, solvents, and chemicals 
were reagent grade and were used without further purification. 

Physical Measurements 

Elemental analyses were performed by Galbraith Laboratories, Inc., Knoxville, 
Tennessee. Infrared spectra were obtained from 4000 to 200 cm-1 using a Perkin-Elmer 
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Model 283B Infrared Spectrophotometer. Samples were Nujol mulls held between 
potassium bromide plates, or as KBr pellets. Electronic spectra were obtained using a Cary 
17D Recording Spectrophotometer or a Varian 2300 Spectrophotometer. Exposure of 
solutions of iron (II) complexes to dioxygen at various partial pressures was achieved with 
a series of calibrated rotameters (Matheson, E. Rutherford, N.J.) to accurately mix dioxygen 
and dinitrogen. The gas mixture was first saturated with solvent vapor in a simple bubble 
cell followed by passage through the sample solution in lcm quartz optical bubbling cells 
(Precision Cells, Inc., Hicksville, N.Y.) equipped with a gas inlet and bubbling tube. The 
cell was thermostated (±0.3°C) by using a Neslab or FTS constant-temperature 
circulation system with methanol coolant flowing through a Varian double-jacketed 
cell holder within the nitrogen-flushed cell cOIl1partment of the spectrophotometer. 
The cell temperature was monitored with a calibrated copper-constantan 
thermocouple attached to the cell holder. 

Carbon-13 NMR spectra were recorded on a Bruker WP80 fourier transform 
spectrometer (30MHz). Deuterated solvents were used for all NMR experiments. 
Magnetic susceptibilities were measured on a Bruker WM300 or Bruker WH90 
NMR spectrometer by the Evans method69 using a Wilmad coaxial capillary tube 
fitted with a ground glass joint. 

Electrochemical data were obtained by Dr. Ken Goldsby using a Princeton 
Applied Research Corp. PotentiostatlGalvanostat Model 173 equipped with a 
Model 175 linear programmer and a Model 179 digital coulometer. Current vs. 
potential curves were measured on a Houston Instruments Model 200XY recorder. 
The working electrode for voItammetric curves was a platinum disc with potentials 
measured vs. an AgO I Ag+ (O.lM) reference. Peak potentials were measured from 
cyclic voltammograms at a 100 MV.s·1 scan rate. Half-wave potentials were taken 
as the average of the anodic and cathodic peak potentials. 

EPR spectra were obtained using a Varian E-112 Spectrometer in the X band 
at 9.3 GHz with g values quoted relative to external dpph (g = 2.0036). Samples 
were run as frozen glasses at 77K in quartz tubes. 

Mossbauer studies were done at the University of Illinois with the assistance 
of Mr. Dan English. The Mossbauer transmission spectra were collected by using 
a vertically positioned Ranger drive, a Reuter-Stokes Ar-C02 proportional counter, 
and a Canberra Series 30 analyzer operating in multiscaler mode. Synchronization 
was achieved by using the twice-integrated square wave signal (MSB) from the 
multichannel analyzer to generate the drive signal. The source consisted of 
approximately 45 m Ci of 57CO diffused in a rhodium matrix. Calibrations were 
made by using the known splittings of the metallic iron spectrum;70 all isomer shifts 
are reported relative to room temperature iron metal. In these calibrations spectral 
line widths of approximately 0.27 mm S·l were normally observed. The 
temperature was monitored with either a GaAs or Si diode. The spectral 
parameters (isomer shifts, quadrupole splittings, line widths, and relative areas) 
were obtained by a least-squares fitting to a sum of Lorentzian components. The 
fits were performed by using a modified Gauss-Newton iteration procedure. 
Enriched 57Fe203 (86.06%) was obtained from Oak Ridge National Laboratory and 
converted to 20 to 33% 57Fe enriched FeC12 by the method of Chang, DiNello, and 
Dolphin?l The 57FeCi2 was then converted to 57Fe(py}zCI/3 which was used to insert 
the iron into the macrocyclic ligands as described below. The Mossbauer spectra 
were obtained on solids or on frozen solutions at 120K. 

Gas chromatography was performed on a Carlo Erba 4160 series GC equipped 
with a flame ionization detector, a Carlo Erba Model 200 cryogenic unit, and a 
Houston Instruments B-5000 strip chart recorder. A J and W 30M x 0.32 mm, 1.0 
Jlm film thickness, DB-5 capillary column was employed using a splitless injection 
at 20°C and programming 20 to 180°C at 10° Imin. Standard curves were obtained 
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for the expected oxidation products and were used for quantitation experiments. 
GC-MS data was obtained at the University of Colorado, Boulder, with the 

assistance of Prof. Robert Sievers' research group on an HP-5710A GC coupled with 
an HP 5980A mass spectrometer, an HP 5933A data system, and an HP 2100S 
computer. The samples were run under the same conditions listed above for the 
GC experiments. 

Oxidations Using Fe(III) Complexes and H20 2 

Into a 25 ml Erlenmeyer flask was added 20mg of the Fe(III) catalyst, 0.1 g of 
the substrate, and 1 ml of CH3CN. Five ml of distilled water and 3 ml of an 0.975 
M stock solution of H20 2 were then added with vigorous stirring. The reaction 
was allowed to continue stirring until no additional color change was detected 
(usually 45 minutes to 1.5 hours). The mixture was extracted 3 times with 2 ml of 
CH2CI2. The extracts were combined, dried over MgS04, filtered, and diluted to 10 
ml for analysis. An 0.5 ilL injection was used for the GC, and a 2.0 ilL injection 
was used for the GC-MS. 

Oxidation with PhIO 

Ten mg of the appropriate catalyst was weighed into a 25 ml Erlenmeyer flask 
and taken into a glove box. The solid was dissolved in 3 ml of CH3CN and 10 
drops of substrate ("" 0.1 g) was added. Solid PhIO (0.200 g) was added to the 
solution which was stoppered and allowed to stir for 2 hours. The solution was 
removed from the glove box, and 10 ml of H20 was added. This solution was 
extracted 2 times with 2 ml of CH2Cl2, acidified with 5 drops of concentrated H2S04, 
and extracted 3 times with 2 ml of CH2Cl2. The extracts were combined, dried over 
MgS04, filtered, and diluted to an appropriate volume in a volumetric flask. An 
0.5 ilL sample was used for the GC injection with quantitative results being 
obtained by comparison with a standard curve. The standard curve was prepared 
by obtaining GC peak heights from a series of concentrations of the expected 
product. Product identification was made by comparison with authentic samples 
(GC) or by comparison with mass spectra of the expected products (GC-MS). 

Synthesis of lron(II) Complexes 

[Chloro (2,9,10,17,19 ,25,33,34-octamethyl-3,6,13, 16,20,24,27,31-
octaazapentacyclo[16.7.7.28,1l.23,6.213,16]-octatriaconta-l,8.10,17,19,24,26,31,33-nonaene
~N)iron(II)] Hexafluorophosphate, [Fe{VMe(3,6-durene)CI]PF6• This compound 
was synthesized by the method previously reported by Takeuchi.73 

[B rom 0) 2, 21,23 ,29-te tram ethyl-3,6, 17,20,24,28,31,35-
octaazaheptacyc1 0 [20. 7.7.6.8,152.3,6217,20.09,14.037,42] -hexa tetracon ta-
1,8 (37),9,11,13,15 (42) ,21,23 ,28,3 0,35,38 ,40-tri d e ca ene-1C4N) iron (I I) 
Hexafluorophosphate, [Fe{VMe(9,10-anthracene)}Br]PF6• To a slurry of 0.3 g (0.30 
mmo!) of [H4{VMe(9,10-anthracene)}](Br)4 and 0.1 g (0.5 mmo!) of 
[(dichloro)(diacetonitrile)iron(II)] in 15 ml of ethanol was added 15 dops of 
triethylamine. This addition causes all of the solid to dissolve and yielded a deep 
red solution. The solution was warmed for fifteen minutes and allowed to cool to 
room temperature before filtering. A solution of 0.15 g (0.92 mmo!) of ammonium 
hexafluorophosphate dissolved in 10 ml of methanol was added dropwise to induce 
the precipitation of a golden-brown microcrystalline product. Yield: 0.25 g (86%). 
Anal. Calc for Fe C42H54NsBrPF6.Hp: C, 52.02; H, 5.82; N, 11.56; Fe, 5.76. Found: 
C, 52.28; H, 6.12; N, 11.48; Fe, 5.73. 
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[(23,29- 0 im eth yl-2,21-dip henyl-3, 6, 17,20,24,28,31,25-
oct aazahept acyc1 0 [2 0.7.7.6 8,15 .23,6 .217,20.09,14.037,42] -hexa te tra con ta-
1,8 (3 7),9,11,13,15 (42) ,21,23,28,30,35,38,4 O-tri d e caene-K4N) iron (I I)] 
Hexafluorophosphate, [Fe{VPh(9,10-anthracene)}](PF6)2' To a solution of 0.55 g 
(0.44 mmol) of [H4{VPh(9,10-anthracene)}]Br(PFJ3 in 20 ml of acetonitrile was added 
0.18 g (0.9 mmol) of [(dichloro)(diacetonitrile)iron(II)] and 25 drops of triethylamine. 
The resulting deep red solution was warmed for 15 minutes and then filtered. The 
solution was then evaporated to dryness, and the residue was dissolved in 10 ml 
of ethanol. A solution of 0.3 g (1.8 mmol) of ammonium hexafluorophosphate in 
10 ml of ethanol was added. The volume of the resulting solution was slowly 
reduced to effect precipitation of an orange product. The product was 
recrystallized from an acetonitrile/ethanol mixture. Yield: 0.15 g (30%). Anal. 
*Calc. for FeC25HS8NsP2F12.CH3CN.2HzO: C, 53.26; H, 5.38; N, 10.35; Fe 4.59. Found: 
C, 53.03; H, 5.34; N, 10.17; Fe 4.23. 

[( 9,10,19,25,33,34-Hexameth y 1-2,17 -di -n-penty 1-3 ,6, 13 ,16,20,24,27 ,31-
octaazapentacyc1o[16.7.7.28,11.213,16]-octatriaconta-1,8,10,17,19,24,26,31,33-nonaene
K4N)iron(II)] Hexafluorophosphate, [Fe{V(CsH11)(3,6-durene)}](PF6)2' This reaction 
was performed as described for the preceding reaction using 0.69 g (0.55 mmol) of 
[H 4 {V(CsH ll )(3,6-durene)}]Br(PF6)3' 0.21 g 0.1 mmol) of 
[(dichloro)(diacetonitrile)iron(II)], and 35 drops of triethylamine in 20 ml of 
acetonitrile. The resulting powder was recrystallized from an acetonitrile/ethanol 
mixture yielding large red crystals. Yield 0.25 g (42%). Anal. Calc. for 
FeC46H74NsP2F12.CH3CN.H20: C, 50.40; H, 6.96; N, 11.02; Fe, 4.88. Found: C,50.30; 
H, 6.62; N, 11.30; Fe 4.52. 

[(2,12- Dimeth yl-3, 11-b is[1-(pi p eridino) benzy lidene]-1,5,9, 13-
tetraazacyc1ohexadeca-1,4,9,12-tetraene-~N)iron(II)] Hexafluorophosphate, 
[Fe{UPh(piperidine}](PF6)2' This reaction was performed as described for the 
preceding reaction using 0.43 g (0.35 mmol) of [H4{Ph(piperidine}]Cl(PF6)3, 0.14 g 
(0.73 mmol) of [(dichloro)(diacetonitrile)iron(II)]' and 20 drops of triethylamine in 
20 ml of acetonitrile. The resulting brown microcrystalline product was 
recrystallized from acetonitrile/ethanol to yield a red-brown crystalline product 
which was collected, washed with ethanol, and dried in vacuo. Yield: 0.31 g 
(86%). Anal. Calc. for FeC38HsoN6P2F12.2CH3CHzOH: C, 49.03; H, 6.07; N, 8.17; Fe, 
5.43. Found: C, 48.73; H, 6.10; N, 8.22; Fe, 5.21. 

Synthesis of s7Fe Substituted Complexes 

The synthesis of 20% to 33% 57Fe enriched iron(II) chloride was performed 
according to the published procedure.72 This latter comound was used as the iron 
source for metal insertion into the ligand salts as described below. 

Chloro(2,3,11,12,14,20-hexamethyl-3,1l,15,19,22,26-hexaazatricyc1o-[1l.7.7.1s'9]
octacosa-1,5,7 ,9(28),12,14,19 ,21,26-nonaene-K4N)iron (11)*] H exafl uorop hosp ha te, 
[Fe*{LMeMe(m-xylene)}Cl](PF6). This compound was synthesized according to the 
published procedure10 by substituting s7Fe enriched [(dichloro)(dipyridine)iron(II)] 
for [(dichloro)(diacetonitrile)-iron(II)]. No analytical data was obtained. 

[Chloro (2,9,10,17,19 ,25,33,34-octamethyl-3,6, 13, 16,20,24,27,31-
octaazapentacyc1o[16. 7. 7 .28,11.23,6 .213,16]-octatriaconta-1,8,10,17 ,19 ,24,26,31,33-nonaene
~N)iron(II)*] Hexafluorophosphate, [Fe*{VMe(3,6-durene)}Cl](PF6). To a solution 
of 0.26 g (0.23 mmol) of [H4{VMe(3,6-durene)}]Br(PF6)3 and 0.070 g (0.25 mmol) of 
33% 57Fe enriched [(dichloro)(dipyridine)iron(II)] in 15 ml of acetonitrile was added 
17 drops of triethylamine. The resulting deep red solution was warmed for 15 
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minutes, cooled to room temperature, and filtered. This solution was evaporated 
to near dryness and 15 ml of ethanol was added to induce the precipitation of a 
golden-yellow microcrystalline solid. This solid was filtered, washed with ethanol, 
and dried. Yield: 0.15 g (76%). No analytical data was obtained. 

Synthesis of Iron(III) Complex 

[(2,9,10,17,19,25,33,34- 0 ctam e thyl-3,6,13,20,24,2 7,31-
octaazapentacyc1o[16.7.7.28,1l.23,6.213,16]-octatriaconta-1,8,10,17,19,24,26,31.33-nonaene
K4NHron(III)] Hexafluorophosphate, [Fe{VMe(3,6-durene)}H+](PF6)4' To a slurry 
of 0.35 g (0.40 mmol) of [Fe{VMe(3,6-durene)}CI](PF6) in 10 ml of methanol was 
added 0.21 g (0.40 mmol) of ceric ammonium nitrate in 2 ml of methanol. The 
resulting solution immediately turned blue and a blue precipitate was formed. The 
solution was allowed to stir for 2 hours to insure the completion of the reaction. 
The blue precipitate was collected, washed with a small amount of methanol, dried, 
and removed from the glove box. The blue solid (0.25 g) was dissolved in 10 ml of 
water, and 3 drops of concentrated nitric acid were added to prevent the formation 
of Il-oxo dimer. The solution was heated (caution: too much heating will 
demetallate the complex), and a solution of 0.36 g (2.2 mmol) of ammonium 
hexafluorophosphate in 5 ml of water was added dropwise to induce the 
precipitation of a purple crystalline product. The product was collected, washed 
with water, and air dried. This complex should be stored in a glove box since it 
is somewhat moisture-sensitive. Yield: 0.17 g (35%). Anal. Calc. for 
FeC38Hs~8P4F24.4H20: C, 34.17; H, 5.06; N, 8.39; Fe, 4.18; P,9.27. Found: C,34.17; 
H, 4.89; N, 8.49; Fe, 4.09; P, 8.99. 

Synthesis of Manganese(III) Complexes 

[B romo (2,12- dimeth y 1-3,11-b is[1-(pi peridino) eth y li dene]-1,5,9, 13-
tetraazacyc1ohexadeca-1,4,9,12-tetraene-~N)manganese(III)]Hexafluorophosphate, 
[Mn{UMe(piperidine)}Br](PF6)2' A 1.0 g (1.0 mmol) sample of 
[H4{UMe(piperidine)}] Br(PFJ3 was dissolved in 50 ml of acetonitrile, and to this was 
added tris(2,4-pentanedionato)manganese(III) (0.53 g, 1.5 mmol). The solution was 
refluxed for 45 minutes and then pumped to dryness. The residue was slurried 
with toluene and then slurried with ethanol to remove any unreacted Mn(acac)3' 
The sandy brown powder which remained was recrystallized from 
acetonitrile/ethanol to yield dark red-brown crystals. Yield: 0.49 g (55%). Anal. 
Calc. for MnC28H46N6BrP2F12: C, 37.72; H, 5.20; N, 9.43; Mn, 6.16; Br, 8.96. Found: 
C, 37.88; H, 5.49; N, 9.45; Mn, 6.01; Br, 9.01. 

[Bromo(2,12-dimethy 1-3,11-b is[1-(pi p eridino) benzylidene] -1,5,9,13-
tetraazacyc1ohexadeca-1,4,9,12-tetraene-~N)manganese(III)]Hexafluorophosphate, 
[Mn{UPh(piperidine)}Br](PF6)2' This reaction was performed in the same manner 
as the preceding reaction using 0.65 g (0.59 mmol) of [H4{UPh(piperidine)}]Br(PF6)3 
and 0.33 g (0.94 mmol) of tris(2,4-pentanedionato)manganese(III) in 30 ml of 
acetonitrile. Recrystallization from acetonitrile/ethanol yielded a deep brown 
crystalline product. It should be noted that the recrystallization was done on the 
bench-top rather than in a glove box. Yield: 0.31 g (50%). Anal. Calc. for 
MnC38HsoN6P2F12Br.2H20: C, 43.40; H, 5.18; N, 7.99; Mn, 5.22; Br, 7.60. Found: C, 
43.40; H, 4.82; N, 7.97; Mn, 5.20; Br, 7.59. 

[Chloro(2,3,8,9,11,17-hexamethyl-3,8,12,16,19,23-hexaazabicyc1o-[8.7.7]-tetracosa-
1,9,11,16,18,23-hexaene-K4N)manganese(III)] Hexafluorophosphate, 
[Mn{LMeMe(CHz)4}Cl](PF6)2' A 0.85 g (0.96 mmol) sample of 
[H4{LMeMe(CH2)4}]Cl(PFJ3 was slurried in 10 ml of acetonitrile, and to this was 
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added 0.47 g (1.3 mmol) of tris(2,4-pentanedionato)manganese(III) dissolved in 5 
ml of acetonitrile. The deep red-brown solution was stirred and warmed for 45 
minutes and then pumped to dryness. The residue was slurried with toluene to 
removed any unreacted Mn(acac)3. The remaining brown solid was recrystallized 
three times from acetonitrile/ethanol. The repeated recrystallizations were 
apparently necessary in order to remove some unreacted ligand salt. A brown 
crystalline solid was obtained. Yield: 0.45 g (59%). Anal. Calc. for 
MnC24H4oN6CIP2F12: C, 36.35; H, 5.08; N, 10.60; Mn, 6.93; CI, 4.47. Found: C,36.42; 
H, 5.06; N, 10.73; Mn, 6.09; Cl, 4.47. 

Synthesis of Chromium(III) Complexes 

trans-[(Chloro) (pyridine)(2,12-dimethyl-3,l1-bis[1-(piperi dino)-ethylidene]-
1,5,9,13-tetraazacycl ohexadeca-1,4,9,12-tetr a ene-K4N)chromi urn (III)] 
Hexafluorophoshate, [Cr{UMe(piperidine)}Cl(py)](PF6)2' A 1.32 g (1.3 mmol) 
sample of [H4{UMe(piperidine}]Cl(PFJ3 was dissolved in 20 ml of acetonitrile, and 
to this was added 0.45 g (1.6 mmol) of [(dichloro)(dipyridine)chromium(II)Y6 and 
40 drops of triethylamine. The deep red solution was stirred and warmed for 20 
minutes and then reduced in volume to 5 ml. Ethanol was then added dropise to 
induce the precipitation of a yellow powder which was collected and washed with 
ethanol. Recrystallization from pyridine / ethanol yielded a yellow microcrystalline 
product. Yield: 0.50 g (42%). Anal. Calc. for CrC33HsIN7CIP2F12: C, 42.93; H, 5.57; 
N, 10.62; Cr, 5.63. Found: C, 43.30; H, 5.45; N, 10.61; Cr, 5.34. 

trans-[(Chloro) (pyridine) (2,9,10,17,19,25,33,34-octamethyl-3,6,13,16,20,24,27,31-
octaazapentacyclo[16.7.7.28,11.23,6.213,16]-octatriaconta-1,8,10,17,19,24,26,31,33-nonaene
~N)chromium(III)] Hexafluorophosphate, [Cr{VMe(3,6-durene)}Cl(py)](PF6)2' 

This reaction was performed as was the preceding reaction using 1.07 g (0.88 mmol) 
of [H4{VMe(3,6-durene)}]Br(PF6 )3' 0.4 g 0.2 mmol) of 
[(dichloro)(dipyridine)chromium(II)], 70 drops of triethylamine, and 25 ml of 
acetonitrile. Recrystallization from pyridine/ethanol yielded a greenish-yellow 
microcrystalline product. Yield: 0.37 g (39%). Anal. Calc. for CrC43H63N9CIP2F12: 
C, 47.67; N, 5.86; N, 11.64; Cr, 4.80. Found: C, 47.61; H, 5.78; N, 11.50; Cr, 4.52. 
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INTRODUCTION 

The synthesis of appropriate transition-metal complexes to model the structural, 
spectroscopic, and magnetic properties of a metalloprotein active-site provides an opportunity 
to consider the function and associated mechanism of that metalloprotein at the molecular 
level. One nice example is the dinuclear cuprous amine-bis-pyridyl complex, which effects 
arene hydroxylation (albeit of the ligand m-xylyl spacer) using molecular oxygen (02).1 This 
extraordinary reaction involves cleavage of the 0-0 bond and subsequent insertion of an 
oxygen atom into an arene C-R bond under essentially ambient conditions, to model the 
function of copper monooxygenases such as tyrosinase. Another excellent example is the 
generation of dicupric trans-f.l-l,2-peroxo complexes from cuprous precursors and 02, 
reversibly,2-4 to model the oxygen-transport property of the protein hemocyanin, which 
subsequently was discovered to bind 02 in yt2:yt2 fashion, as shown in Figure 1.4 The 
metalloprotein cytochrome c oxidase,S however, due to its combination of diverse and 
unusual active-site metal centers, has eluded a convincing model description. As for its 
function, it probably binds 02 at a dinuclear site comprising heme-iron and histidyl-copper 
coordination; it then cleaves the 0-0 bond, via reduction, (vide infra ).5 The structural 
changes associated with this dinuclear site during turnover, and the intermediates produced 
therefrom, are by no means clearly understood. In the resting state, the dinuclear site exhibits 
strong antiferromagnetic coupling (-J =200 cm-! ) suggesting the involvement of a bridging 
ligand, often postulated as f.l-sulfido, f.l-chloro, or f.l-hydroxo. Thus, we have endeavored to 
synthesize model complexes of this enigmatic dinuclear site. 

* Author to whom correspondence should be addressed. 
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deoxy-Hemocyanin colorless 

Pqnulirus interruptus (spiny lobster); 

low pH form: Cu ••. Cu = ~ 3.6 A (X-ray) 

distorted 3-coordination 

Limulus U (horsesboe crab): 

Cu. •• Cu =4.6A 
Trigonal-planar Cu(I), Cu-N ~ 2.0 A 

oxy-Hemocyanin 

Limulus U fho[sesbow crahl; 

Cu ••• Cu = 3.6 A (X-ray) 

v(o-O) ~ 750 cm-I (resonance Raman) 

Tetragonal Cu(I1) (Spectroscopy) 

blue 

A",.. = 345 (£~20,OOO), 485 (CD), 570 nm (1,000) 

Diamagnetic (-2 J > 600 cm·l ) 

Figure 1: Structural, physical and magnetic properties of oxy and deoxy- Hemocyanin. 

Dioxygen Reactivity of the Tris[2-pyridylmethyl]amine]Cu(J) Complex: 
Generation and Characterization of a Trans-Il-1,2-Peroxo Dicopper(II) 
Complex. 

We have shown in previous studies that the mononuclear Cu(I) complex 
[(TMPA)Cu(RCN)]+ (1) forms the structurally characterized trans-Il-1,2-(022-)-dicopper(II) 
complex (2) when reacted with 02 at -80 0C (Figure 2).2,3 Dioxygen binds strongly at low 
temperature in dichoromethane or propionitrile solvents to form an intense purple solution 
(Figure 3; Amax = 440 (10 = 2000 M-1cm-1), 525 (11500),590 (sh, 7600) and a dod band at 
1035 (180) nm). Although the binding of 02 is strong at low temperature, it is reversible as 
demonstrated by vacuum cycling (application of vacuum while subjecting the solution to mild 
warming, Figures 2 and 3). Dioxygen can also be displaced from 2 by reaction with CO or 
PPh3 to give the adducts [(TMPA)Cu(CO)]+ and [(TMPA)Cu(PPh3)]+, respectively. 

1 

Figure 2: Reversible binding of O2 to [(TMPA)Cu(RCN)]+ (1) to give a structurally characterized trans-I!-

1,2-peroxo dicopper(II) complex [( (TMPA)Cu}z(0z)]2+ (2). 
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X-ray data obtained for crystals of [{ (TMPA)Cuh(02)](PF6h.5Et20 at -90°C 
revealed a trans-Il-1,2-022- group bridging the two Cu(II) ions. The Cu atoms are 
pentacoordinate with distorted trigonal bipyramidal geometry and the peroxo oxygen atoms 
occupy the axial sites. The Cu-Cu' distance is 4.359 A and the 0-0' bond length is 1.432 A. 
Resonance Raman studies showed an intraperoxide stretch (832 em-I) and a Cu-O stretch 
(561 em-I)) 
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Figure 3. UV-vis spectra demonstrating the reversible ~-binding behavior of [(TMPA)Cu(RCN)]+ (1) in 
propionitrile to give the dioxygen adduct (2) (vacuum cycling). Reaction of 1 (Amax = 345 nm) with 02 at 
-80 °C produces an intensely violet solution of 2, spectrum 1', Amax = 525 nm. The inset shows the d-d 
band in the near-IR region. 

A detailed kinetic study has been carried out for the formation of 2 from 1 and 02. 
Figure 4 shows the kinetic scheme deduced from a low-temperature stopped-flow 
kinetic/spectroscopic study.6 The 1:1 intermediate [LCu(02)]+ species was detected at 

+ 

[LCul(RCNW + [LCu(02W 

L=TMPA 

k.l 

(LCu(~)l+ 

2 

[{LCuh(O:z»)2+ 

Figure 4: Kmettc scheme for the formatIon of [( (TMPA)Cu)z(02)]2+. 
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temperatures below -750 C as a transient species ("-max = 410 nm, E = 4000 M-1cm-1). The 
exact formulation of this species as a Cu(Il)-superoxide or Cu(I)-02 adduct is as yet 
undetermined. The rate of formation of this CU-02 adduct is much faster than that of most 
Co(II) ligand systems and is comparable to the dioxygen reactivity of Fe(II) porphyrin model 
complexes. 

Dioxygen Reactivity in the Cytochrome c Oxidase Enzyme: Role of Copper 

Cytochrome e oxidase (ceO) is a terminal respiratory protein complex which catalyzes 
the four-electron four-proton reduction of 02 to water. Figure 5 diagrams the arrangement of 
Fe and Cu centers thought to be involved in this process.5 The reduction of dioxygen occurs 
at a dinuclear heme-iron/copper center (vide supra). This consists of a heme a3 and CUB 
which in the oxidized resting state are strongly spin-coupled, and EPR silent, with a Cu ... Fe 
distance thought to be less than 5 A.5f 

cytc I 

outside 

02 + 4H+ + 4e c::::> 2H20 

Cytochrome c Oxidase 

membrane 

n 

his I low-spin 

-Fe-I a 

his 

-Fe-1a3 
his 

02 

Inside 

Figure 5: The cytochrome c oxidase enzyme and its metal-conlaining active sites. 

A second heme (heme a) and a second copper (Cu~ mediate the transfer of electrons from 
cytochrome e to the dinuclear center. The electron transfer process is directly linked to 
proton translocation across the cell membrane and the 02-reduction reaction. The 
electrochemical potential gradient generated by this proton-pumping process is ultimately 
used in the synthesis of A TP. 

The proposed mechanism for the 02 reduction cycle of the cytochrome e oxidase 
enzyme is outlined in Figure 6.5g A two-step 2-e- reduction process converts the inactive 
oxidized Fe3+-Cu2+ bimetallic site to an active Fe2+-Cu+ state. Recent kinetic/spectroscopic 
studies implicate CUB as the initial binding site for dioxygen,7,8 thus affirming (for the first 
time) that Cu(I)/02 interactions are important in CeO. This evidence comes from flash
photolysis of CUB-CO protein derivatives7,8a as well as from observations (stopped-flow 
kinetics/spectroscopy) regarding the direct reaction of 02 with reduced CeO.8b The 
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intermediate Fe-02 species was proposed based on optical and time resolved resonance 
Raman spectroscopic measurements.5b,c The electron transfer associated with the formation 
of the subsequent peroxo-iron(III) species is expected to be rapid in order to trap the bound 
dioxygen. After protonation and the third electron transfer, the 0-0 bond is cleaved to 
generate a ferryl FeIV-oxo species.Sb,c The resting oxidized state is regenerated after the 
fourth electron transfer and protonation. The third and fourth electron transfer are coupled to 
the proton translocation process and CUB provides the entry point for these electrons. 

Resting, oxidized 
(inactive) 

> :> 

Cytochrome c Oxidase 

02 - Reduction Chemistry 

< 

Reduced, active 

~~ 
Fe2+ Cu+ 

~ ,-'" 
~ 

,~ 

O2 

n 

Figure 6: Simplified illustration of the 02 reduction catalytic cycle for the cytochrome c oxidase enzyme. 

Inorganic modeling of this active site dinuclear complex has the potential to be very 
helpful in elucidating aspects of structure, associated spectroscopy, and mechanism of 02 
reduction. Most of the previous activity associated with such chemistry has been directed at 
the attempted synthesis and modeling of the magnetic properties of the resting state enzyme, 
via the generation of mixed-metal iron(III)-Cu(II) complexes having oxo, imidazolato, sulfur 
containing or other bridging ligands.9,10 Although the reactivity of dioxygen with both 
Fe (I!) porphyrins and Cu(I) complexes have separately been studied in detail, few attempts 
have been made to characterize the products associated with the reaction of Oz in the presence 
of both. I I Such studies would illuminate structural and mechanistic aspects of the 02 
reduction pathway of the cytochrome c oxidase enzyme. With our considerable previous 
experience with CU(I)/02 reaction chemistry,2,12,13 we recently decided to also explore 
porphyrin-Fe with Cu-ligandl02 reactivity. 

SYNTHESIS OF AN OXO·BRIDGED IRON·COPPER DINUCLEAR 
COMPLEX 

Synthesis from Iron(II) Porphyrin, [Cu(I)(TMPA)]+, and Dioxygen 

Our initial approach was to use [(TMPA)Cu(RCN)]+ (TMPA = tris[2-pyridylmethyl]
amine) (1), and the reduced iron (II) porphyrins {(Fg-TPP)Fe(II)-B2, B = pyridine, 
piperidine, Fg-TPP = tetrakis(2,6-difluorophenyl)porphyrin)} in the presence of molecular 

385 



oxygen, since ortho-halogenated iron tetraphenylporphyrins are known to be resistive to the 
formation of Il-oxo dimers. TMP A was found to be an appropriate ligand for such studies 
since a recent report indicates a four N-ligand coordination for CUB in cytochrome ba3 from 
Thermus thermophilus. 14a However, other studies on bacterial oxidases implicate three His 
ligands for CUB. 14b,c (TPP)Fe(II)-B (TPP = tetraphenylporphyrin) is known to bind 
dioxygen reversibly at low temperatures (-800 C) in methylene chloride to form an iron 
porphyrin dioxygen complex.15,16 

TMPA 

Fs-TPP 

(Fs-TPP)Fell(pip)z + [(TMPA)CuI (CH3CN)]Y 

Y = CI04, PF, 

II ~"C""C 
CHzCIZ 

[(F s-TPP)Fe-(02-)-Cu(TMPA)]Y 
(3) 

Figure 7: Synthetic route for the generation of 3 from dioxygen. 

When an equimolar mixture of (Fg-TPP)Fe(II)piP2 (pip = piperidine) and 
[(TMPA)Cu]+ (1) were allowed to react at -800 C in CH2Cl2 in the presence of dioxygen and 
warmed to DO C, a purple-red solid could be isolated by precipitation with heptane (yield> 
80%, Figure 7). A microcrystalline solid formulated as [(Fg-TPP)Fe-(02-)-Cu(TMPA)]+ (3) 
was isolated by dissolution of the crude product in acetonitrile and reprecipitation by slow 
addition of diethylether (Figure 7) in an overall isolated yield of 50 %. Low temperature UV
visible spectroscopic monitoring of this reaction did not indicate the presence of any 
intermediate species. The above reaction also occurs with (TPP)Fe(II)pip2 and 
(OEP)Fe(II)Pn (OEP = octaethylporphyrin; Py = pyridine) but the analogous products could 
not be isolated as completely pure solids, presumably due to their greater reactivity, i.e., 
instability.17 

Elemental analysis for both CI04- and PF6- salts of 3 are satisfactory. If 3 is 
decomposed by addition of NR40H(aq) and the CH2Ch extract is analyzed, a IH NMR 
spectrum shows the presence of the (Fg-TPP)Fe-OH and TMPA ligand signals in a 1: I mole 
ratio. Conductivity measurements indicate 3 is a 1:1 electrolyte in CH3CN, consistent with 
the formulation. Compound 3 is soluble in CH2Cl2 and CH3CN but is sparingly soluble in 
toluene and benzene, similar to other known cationic Cu complexes. Immediate 
decomposition is observed in the presence of pratic solvents such as methanol. 
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Synthesis from Hydroxo-Iron(III) Porphyrin, [Cu(I1)(TMPA)]2+, and Base 

Interestingly, the reaction of equimolar amounts of (FS- TPP)Fe-OH, IS 
[Cu(TMPA)(CH3CN)][CI04)z, and NEt3 in CH3CN under argon (Figure 8) generated a red 
micro-crystalline product, in 80% yield, identified as 3 on the basis of its identical UV-vis 
and IH NMR spectra. Subsequent recrystallization from CH2CI2/heptane yielded single 
crystals which gave comparable elemental analysis to 3 generated from dioxygen. 

2+ 

+ 

NEt3 (1.1 eq) 

3 

Figure 8: Generation of 3 from deprotonation of hydroxoiron(III) porphyrin. 

An X -ray structure determination of 3 established the Fe-O-Cu angle to be 172(2)° with 
Fe"·Cu = 3.56 A, Fe-O = 1.74 (2) A, and Cu-O = 1.84 (2) A (Figure 9). These short, 
virtually co-linear, metal-oxygen bonds implicate considerable double bond character.19 

Complex 3 reacts immediately in CH2Cl2 with S02. C02, and equimolar HPF6 to yield 
distinct products, which we are currently characterizing. 

+ 

Fe-01 

Cu-01 

Fe ... Cu 
o 

o 
1.74 (2) A 

o 
1.84 (2) A 

3.56 !t 
Fe 0.56 A above plane of 4N 

o 
Cu 0.37 A below plane of 3N 

6° tilt between planes 

Figure 9: Structural parameters of oxo-bridged complex 3. 
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PHYSICAL METHODS OF CHARACTERIZATION 

Mossbauer Spectroscopy and Magnetic Measurements 

The Mossbauer spectroscopic properties of solid [Fe(III)-(02-)-Cu(II)](CI04) (3-CI04) 
are particularly revealing. The 4.2 K zero-field spectrum is a very sharp quadrupole doublet, 
with fitted parameters 8 = 0.47 ± 0.01 mm/s and LlliQ = 1.26 ± 0.02 mm/s, typical for high
spin Fe(III)-heme (S = 5/2). However, the quadrupolar splitting value is unusually high 
relative to other high-spin iron (III) po~hyrins but is in the region of that observed for many 
non-heme Il-oxo bridged iron dimers. 0 With a parallel applied field of 60 mT, significant 
broadening is observed. Since mononuclear high-spin porphyrin Fe (III) complexes 
generally display magnetic hyperfine structure in their Mossbauer spectra, the observed 
Mossbauer behavior indicates that the iron in 3 is electronically coupled to another half
integer spin center (i.e. the Cu(II) ion), forming an overall non-zero integer spin system, i.e. 
S = 2 or S = 3. Further detailed analysis indicates a S = 2 ground state (to be published) It 
is interesting to note that the Mossbauer parameters observed in 3 compare rather closely to 
values observed for oxidized forms of both beef heart cytochrome c oxidase and T. 
thermophilus cytochrome Qaa3.21 

Variable temperature magnetization studies also show an excellent fit for an S = 2 
model, which indicates that the exchange coupling is large and antiferromagnetic. A J value 
of -89 cm-1 was estimated based on H = 2J S1 • S2 (to be published). 

UV -Vis Spectroscopy 

The UV-vis spectrum of 3 shows a Soret band at 434 nm and another visible band at 
554 nm. (Figure 10). Since most high-spin iron (III) porphyrin complexes possess a Soret 
band in the 400-415 nm region, the observed position at 434 nm for 3 is unusually low in 
energy. However, this compares well with that seen for the high-spin peroxo Fe (III) 
complex (with side-on 112:112-peroxo coordination), [(TPP)Fe(022-)] characterized by 
Valentine and co-workers;22 the red-shift of the Soret band (relative to typical high-s~in 
(P)Fe(III) complexes) has been attributed to the dinegative charge of the peroxo ligand. 2b 
The red shift of the Soret band for 3 is surprising since Il-oxo bridged iron porphyrin dimers 
do not exhibit this trend indicating that the copper-TMPA moiety dramatically alters the 
electronic properti,';s of the iron-oxo moiety. A similar shift of the Soret band is observed for 
the (TPP) and (OEP) analogs of 3.17 
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Figure 10: UV-vis spectrum of 3 in CH3CN at room temperature. 
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Another unusual feature in the visible spectrum of [(TPP)Fe(022-)]- was the appearance 
of shoulders in the ex, ~ bands.22b [(FS-TPP)Fe(022-)]-, generated by addition of 2 
equivalents of superoxide ion to [(FS-TPP)Fe-CI)] in dimethylsulfoxide also showed a 
shoulder in the visible band observed at 560 nm. The apparent splitting of these bands was 
attributed to the rhombic nature of the structure due to the side-on bound peroxo ligand which 
eclipses two of the pyrrole nitrogen atoms and pulls the iron above the plane of the porphyrin 
ligand. However, the visible band at 554 nm for 3 (Figure 10) and the ex, ~ bands of its 
(TPP) and (OEP) analogs are symmetric in shape, thus indicating an axially symmetric 
structure consistent with the observed linear Fe-O-Cu bond. 

NMR Spectroscopy 

The proton NMR spectrum of 3 in CD3CN and indicates a pyrrole H-resonance at 65 
ppm, a split meta-phenyl signal at 9.6 and 9.2 ppm and a para-phenyl signal at 7.8 ppm. A 
2H NMR spectrum of the pyrrole deuteriated analog of 3 confirmed the pyrrole peak 
assignment and indicated the presence of only one porphyrin species. The observed 
porphyrin chemical shifts are comparable with other high-spin iron(III) five coordinate 
complexes.23 However, the pyrrole signal is shifted upfield relative to a typical S = 5/2 
complex such as (TPP)Fe-CI, which shows a pyrrole signal at 80 ppm. The upfield shift 
may be due to the antiferromagnetic coupling between the Fe (S = 5/2) and Cu (S = 1/2) 
which would result in a S = 2 electronic ground state. High-spin Fe(II) (S = 2) porphyrin 
complexes generally exhibit pyrrole shifts over a wide range between 30 and 61 ppm.24 
Although spin-admixed (S = 3/2, S = 5/2) systems may also cause an upfield shift in the 
pyrrole proton signal25,26 the observed Mossbauer parameters and the visible spectrum do 
not support such an assignment. A plot of chemical shift vs reciprocal temperature (lIT: K-l) 
indicated a linear relationship and hence a Curie law behavior in the temperature range 298-
210 K. However, the plot does not extrapolate at infinite temperature to a chemical shift 
expected for a diamagnetic compound. This non-ideal behavior could be a result of the 
antiferromagnetic coupling between the iron and copper centers. The room temperature 
magnetic moment of 3 is 5.2 ± 0.2 B.M. (Evans Method in CD3CN), a value consistent with 
the suggestion that 3 is a coupled S = 5/2 (Le., heme) and S = 1/2 (Le., Cu(II» system. The 
complex 3 is EPR silent at 77 K. However, the close proximity of the Fe and Cu centers 
could induce rapid electronic relaxation to cause broadening of the EPR signals and hence an 
apparent EPR silent behavior at 77 K.27 

Additional signals at 4.5, -6.8, -21.5 and -100.5 ppm are also observed in the NMR 
spectrum of 3 and are tentatively assigned to the TMPA ligand. The signals at 4.5, -6.8 and 
-21.5 ppm are of approximately equal integration and roughly correspond to 3 protons (if 
integrated with respect to the para or meta-phenyl signals); the furthest upfield shifted signal 
at -100.5 ppm integrates to a higher proton count. Hence this signal could be tentatively 
assigned to the methylene (-CH2) protons of TMPA. Specific labelling of the methylene 
protons is needed to confirm this assignment. Precise integration was not possible due to the 
broad nature of the peaks. All four signals showed an upfield movement upon lowering the 
temperature. 

IR Spectroscopy 

The IR spectrum of 3 (solid, nujol) showed a new band at 856 cm- 1, which is in the 
region where the Fe-O-Fe anti symmetric stretch has been reported for most oxo-bridged iron 
complexes.20 Use of IS02 gas in the synthesis resulted in lowering of the intensity of this 
band with corresponding changes in the 780-790 cm-1 region. However a firm assignment 
cannot be made at this time, due to the overlap of strong porphyrin and TMPA ligand 
absorptions in this region. The anti symmetric vibration of [(FS-TPP)Fe-O-Fe(Fs-TPP)] 
occurs at 867 cm-1. 
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SYNTHESIS AND CHARACTERIZATION OF A HYDROXO-BRIDGED Fe
Cu COMPLEX 

Reaction of an equimolar mixture of [(FS-TPP)Fe-OH)] and 
[(TMPA)Cu(CH3CN)](CI04h in a non-polar solvent such as dichloromethane or toluene 
results in the formation of a new species which is tentatively formulated as the hydroxo 
bridged [(Fs-TPP)Fe-(OH)-Cu(TMPA)]2+ complex 4 (Figure 11). This species exhibits a 
pyrrole proton NMR signal at 68.5 ppm in CD2C12 which is shifted upfield from the parent 
[(FS-TPP)Fe-OH] complex, presumably due to a bridging interaction of the hydroxo ligand 
between the Fe and Cu centers. A bridging hydroxo group may provide a weaker ligand 
field strength at the axial position of the iron porphyrin so as to cause mixing of an 
intermediate spin (S = 3/2) state and result in an upfield shift of the pyrrole proton signal. 
Antiferromagnetic coupling between the Fe and Cu centers could also cause this behavior, 
similar to the ll-oXO bridged complex 3. 

~ C!5N'" """ N1=-b 
····cu- 'I " 

~ N ...... ' _ 

CH3CN 

+ 

2+ 

Toluene or CHlCll 

> 
Ar 

2+ 

Elemental: C; 54.01 (53.91); 3.03 (2.84); 7.33 (8.11). 

IH NMR (CD2Q:0: 68.5 ppm (pyrrole) 

f...,... = 410 (Soret), 570 nm 

Figure 11: Synthesis of the putative hydroxo-bridged complex [(F8-1PP)Fe-(OH)-Cu(TMPA)]2+ (4). 

The formulation of 4 is supported by the stoi~hiometric conversion of 4 to 3 upon 
titration with 1 equivalent of triethylamine as observed by NMR spectroscopy. A 2H NMR 
spectrum of the pyrrole deuteriated [(FS-TPP)Fe-OH] in CH2Cl2 shows a pyrrole signal at 
80 ppm as expected for axially symmetric high-spin iron (III) complexes. Upon addition of 
an equivalent of [(TMPA)CU(CH3CN)](CI04h the pyrrole signal moves to 67.5 ppm which 
is comparable to the proton NMR signal of the isolated complex 4. Addition of an equivalent 
of triethylamine converts this peak to 64 ppm which is comparable to that observed for the 
oxo-bridged complex 3. The above experiment points to an acid-base relationship between 
the oxo-bridged (3) and hydroxo (4) complexes as indicated in Figure 12. 
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> 
< 

3 4 

Figure 12: Proposed acid-base relationship of hydroxo and oxe-bridged iron-copper complexes. 

CONCLUSION 

The reaction of 02 with porphyrin-Fe(II) and Cu(I) complexes leads to the dinuclear 
oxo-bridged [Fe(III)-(02-)-Cu(II)]+ (3) species, which indicates the occurrence of 0-0 bond 
cleavage at some point. Experiments are currently underway to elucidate the exact role of 
dioxygen in the reaction scheme. The reaction of (Fg -TPP)Fe-OH and 
[Cu(TMPA)(CH3CN)][CI04h with equimolar NEt3 also generated 3 in excellent yield; the 
same reaction without NEt3, in toluene, gave the putative J.!-hydroxo complex 4. We are 
presently attempting the protonation of 3 to generate 4. 

Spectroscopically detected intermediates involving heme a3 and 02 or reduced 
derivatives (e.g., peroxo or ferryl) have been implicated in ceO action;5 bridged Fe/Cu5a,b,30 
or discrete copper-dioxygen species7,g also may be involved. Such studies could also extend 
to other Cu-dioxygen complexes characterized by our group.2,12,13 The results described 
here represent a conspicuous step towards developing systems which may aid in 
understanding 02-reduction mechanism(s), and structures and protonation steps involving 
both porphyrin iron and copper ion. 
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INTRODUCTION 

The activation of dioxygen in the coordination sphere of transition-metal centers 

is equally important for chemistry and biology and has been known for a long time for 

Fe-, Co- and Cu-containing active sites and the analogous model complexes. 1 There is 

only very limited information on nickel(II) complexes interacting with dioxygen. 

Kimura et al. and others2 described nickel(II) complexes with macrocyclic N5 ligands, 

which are capable of both 02 addition and activation. H. Kanatomi3 reported that 

specifically substituted derivatives of tetrahydrosalen 4 form nickel(II) complexes 

which, in aerated organic solution and in the presence of added hydroxide ions or 

pyridine, are subject to oxidative dehydrogenation to finally form the corresponding 

Schiff base complexes after prolonged heating. In an attempt to model the co-enzyme 

F430, Berkessel et al.5 prepared a nickel(II) complex of the Ni(ONNOS) type, in 

which the nickel is bound to a dihydrosalen ligand with a pendant thioether group. 

This complex obviously is subject to intramolecular oxidation by dioxygen and 

subsequent degradation. Very recently, we reported several 02 active nickel(II) 

complexes with the open-chain N202 ligand tetrahydrosalen,4 carrying specific 

substitution patterns on the benzene rings of the ligand.6 The activation of dioxygen 

by these latter complexes takes place under mild conditions (ambient temperature) 

and does not necessitate the addition of bases. The reaction with 02 is strongly 

solvent dependent, leads to oxidative dehydrogenation of one C-N bond under the 
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given conditions (formation of the corresponding dihydrosalen nickel(II) complex) and 

produces 0=PPh3 in the presence of PPh3.6 Darensbourg et al. 7 found that certain 

nickel thiolato chelate complexes of the Ni(SNNS) type are able to add 02 to produce 

different oxygenates in which the thiolato sulfur is oxidized to sulfinato sulfur. 

In comparison to the extensive literature on transition metal complexes with the 

tetradentate Schiff base ligand salen 4 and, in particular, on the dioxygen affinity of 

Co(salen) and its derivatives,8 rather little is known about tetrahydrosalen 

complexes.9-20 Comparing the ligand properties of salen and tetrahydrosalen, one 

expects increased N-basicity and greater flexibility as a consequence of C=N bond 

hydrogenation. Tetrahydrosalen (=H2[H41salen 4) should thus coordinate more easily 

in a folded fashion as well, which is indeed found. 

Borer et al. l5 prepared the dinuclear complex [Fe([H41salen)(OH)12·2H20.2py, 

which contains two edge-sharing octahedral iron(III) units, bridged by two hydroxyl 

ions and capped by the folded anion [H41salen2-. We reported recentli l on the 

dinuclear complex [Fe{[H4](Me)Ll}(OMe)12,4 which is another example for this 

folded mode of coordination. 

In mononuclear complexes such as Ni([H41salen) and Zn([H41salen) the ligand 

H2[H41salen was suggested9 to be coordinated in its planar, unfolded form. The 

paramagnetism of Ni([H41salen) (JLexp = 2.94 BM) was taken as evidence however for 

additional intermolecular Ni-O interaction, making the nickel six-coordinate.9 We 

presented recently the results of the first single crystal X-ray structure analysis of a 

mononuclear nickel(II) tetrahydrosalen complex.6 The nickel in the cherry-red, 

practically diamagnetic complex Ni{[H41(H)L l} 4 has indeed coordinated the 

tetradentate ligand in square-planar fashion, the NiN202-plane being slightly 

distorted though. The similarity of the corresponding vis spectra suggests6 that the 

complexes Ni{[H41(Me)Ll}4 and Ni{[H4](Cl)Ll }4 are also square-planar. 

The most remarkable property of the planar nickel(II) complexes 

Ni{[H41(X5)L l} 4 is their interaction with dioxygen.6 In organic solution, the 

complexes are subject to oxidative dehydrogenation in the sense that, in the presence 

of dioxygen, one of the two C-N bonds is dehydrogenated to form a C=N imine bond. 

Further dehydrogenation of this half-salen species to the salen complex with two C=N 

bonds is not observed under the given experimental conditions. 

The observed 02-activating properties of complexes Ni{[H41(X5)L l} led us to 

prepare a variety of tetrahydrosalen ligands (see Chart I) and study the corresponding 

nickel(II) complexes in their interaction with dioxygen. Some copper(II) and cobalt(II) 

complexes were also investigated. The permethylated ethylene bridge in complexes 

M{[H41(X5)L2} (X3=t-Bu; X5=Me,CI)4 was deliberately chosen to increase, in 

addition to the effect of the t-butyl group, steric crowding around the metal center 

and thus hinder M-O-M and/or M-O-O-M bridging. Ligands H2[H41L 3 and H2[H21L 3 

were chosen to introduce asymmetry and observe its effect on 02-induced C=N bond 

396 



formation. The methods used were UV /vis spectrophotometry, X-ray structure 

analysis, spectrophotometric titration, and kinetic control based on spectrophotometry 

and HPLC techniques. 

r\ r\;" \r\l 

~i"?, ~"? ~i"~, x If_~ /\ If_ x' 

H2(X5)Ll H2[H2J(X5)Ll H2[H.j(X5)Ll 

'/-Y-. '/-Y-.;" \'/-Y-.;" 

~i~, ~i\?" ~i\?" 
H2(X5)L' H2[H2)(X5)L' H2[H.J(X5)L' 

rf-r'{ rf-r'{l N N _ 

"'~ _ ~ I\P- H H 

_ a' '0 If_~ 

H2[H2jL3 H2[H.jP 

"' "' "Q;" \r\/ 

cfi\=;P -cfi"~ 
H2L' (+ )-trans-H2L5 

Chart 1_ Structural Formulae of the Ligands and Abbreviations. 

The present work contributes to the more general aspects of reaction (1) with the 

pattern of substitution on the ligand, the solvent, and the metal M being the 

02 

-2H 
[M([H2]salen)] --> 

-2H 
[M(salen)] (1) [M([H4]salen)] --> 

variables. The relevance of reaction (1) for the understanding of the role of metal ions 

in biological systems and for catalysis is obvious. 
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RESULTS AND DISCUSSION 

Preparative Aspects 

The symmetrical salen derivatives H2(X5)L 1 and H2(X5)L 2, yellow solids, are 

easily accessible by Schiff base condensation reactions in methanol or ethanol from the 

corresponding diamines and substituted salicylaldehydes. In glacial acetic acid solution 

they can be reduced to the corresponding colorless tetrahydrosalen compounds 

H2[H4)(X5)L1 and H2[H4)(X5)L2 by stepwise addition of Na[BH3(CN)). 

The synthesis of the asymmetrical mono Schiff base H2[H2)L 3 and of the dihydro 

analogue H2[H4)L 3 was carried out in a series of steps: 

(Hl 

The N,N'-dimethylated ligand H2L4 was obtained by reacting N,N'-dimethyl

ethylenediamine with 2-hydroxy-3-t-butyl-benzylbromide (in its O-acetylated form). 

The preparation of H2L 5 and H2[H41L 5 followed that of ligands H2(X5)L 1 and 

H2[H4)(X5)L 1 (see above) with (+ )-trans-l,2-diaminocyclohexane22 being the 

diamine. 

To obtain the complexes Ni{(X5)L} and Ni{[H4)(X5)L}, the ligands were reacted 

with nickel acetate in 02-stripped ethanol. After recrystallization the complexes were 

characterized by elemental analysis and IR spectroscopy. 

Visible Absorption of the Complexes in Acetone 

The vis absorption data of the various nickel complexes in acetone are 

summarized in Table I. The tetrahydrosalen complexes are characterized by a d-d 

band at about 510 nm (E = 970 - 1400 M-1cm-1) and by a CT band at about 360 nm 

(E = 1900 - 2700 M-1cm-1). The spectra of the corresponding salen complexes exhibit 

a strong CT band at about 420 nm (E = 6500 - 8500 M-1cm-1) and two shoulders at 

approximately 450 and 390 nm, respectively. The effect of substituent X5 (= H, Me, 

t-Bu, OMe, CI) on the absorption properties is minor, as is the effect of the solvent. 
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It follows from the data for the half-salen complexes Ni[H21L 3 and 

Ni{[H2](Me)L1} that their absorption properties are somewhere in between those of 

the tetrahydrosalen and salen analogues, with bands at 360 - 370 nm (E ~ 4600 

M-1cm-1) and 420-430 nm (E ~ 3000-4000 M-1cm-1) and a shoulder at about 460 nm. 

Table 1. Visible Absorption of the Nickel Complexes in Acetone. 

complex 
-1 -1 

Amax/nm( Emax/M cm ) 

Ni{[H41(Cl)L I} 352(2450); 512(1200) 

Ni{[H4](H)L Il 352(1950); 512(1000) 

Ni{[H4](Me)L i 362(2150); 514(1130) 

Ni{[H4](tBu)L I 360(1930); 513( 990) 

Ni{[H4]{OMe)L } 372(2300); 519(1235) 

Ni{[H2](Me)L I} 375( 4300); 424 (3240) 

Ni{(CI)L I} 420(7360) 

Ni{(H)L Il 414(6850) 

Ni{(Me)L i 422(7500) 

Ni{(tBu)L I 422(8590) 

Ni{(OMe)L } 438(7060) 

Ni{[H4]{Me)L 2} 366(2740); 514(1400) 

Ni{[H4](CI)L 2} 360(2400); 510(1050) 

Ni{(Me)L 2} 420(6500) 

Ni{(CI)L 2} 420(6900) 

Ni{[H41 L3} 356(2100); 510(980) 

Ni{[H21L 3} 364(4625); 424(3975) 

NiL4 366(1220); 526(850) 

Ni{( + )-trans-[H41L 5} 364(1890); 518(970) 

Ni{( + )-trans-L 5} 424(7830) 

X-ray Structures and Magnetic Behavior 

The single crystal X-ray structure analysis of Ni{[H41(H)L I} was the first of a 

nickel(II) tetrahydrosalen complex.6 It proved the expectation that the N202 

coordination around the nickel is practically square-planar. Figure 1 gives a view of 

the coordination geometry for the complex Ni{( + )-trans-[H4l L 5} 23 which confirms 

the square-planar type of coordination found for Ni{[H4l(H)L I}. In both complexes 

399 



Figure 1. View of the coordination geometry in the complex Ni{( + )-trans-[H41L 5}. 23 

the sterically demanding t-butyl groups seem to prevent Ni···O interactions between 

two or more complex units, as observed for the complex Ni([H41salen).9 

The coordination geometry of the dihydrosalen complex Ni{[H21L 3} 24 is shown in 

Figure 2. The arrangement of the donor atoms around the nickel is again practically 

square-planar, but the asymmetry within the tetradentate ligand is obvious. The 

Schiff base part of the ligand is flat and lies within the coordination plane, whereas 

the hydrogenated part is much more distorted. 

Figure 2. View of the coordination geometry in the complex Ni{[H21L 3}. 24 
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Table II presents a summary of Ni-O, Ni-N, and C-N distances as found for 

Ni{[H41(H)L1}, Ni{( + )-trans-[H41L 5}, Ni{[H21L 3}, and Ni(salen).25 The effect of 

stepwise hydrogenation of the C=N bonds (salen->dihydrosalen->tetrahydrosalen) 

is reflected in the corresponding bond lengths. 

As expected for four-coordinate planar dS metal centers, the nickel complexes 

listed in Table II are practically diamagnetic. The magnetic moment at ambient 

temperature ranges from 0 BM (Ni(salen))26 to 0.4 BM (Ni{[H41(Me)L1}).6 

Table ll. Bond Lengths (pm) in Tetrahydrosalen, Dihydrosalen 

and Salen Complexes of Nickel(II). 

complex Ni-O Ni-N C-N Ref. 

Ni{[H4](H)L I} 185.0 189.0 147.6 6 
186.6 193.0 139.2 

Ni{( + )-trans-[H41L 5} 184 190 143 23 
187 192 146 

Ni{[H21L3} 184.5 184.7 132.7 24 
185.2 191.8 149.0 

Ni(salen) 185.0 184.3 129.3 25 
185.5 185.3 130.1 

Adduct Formation with Pyridine 

The Lewis acidity of the nickel in complex Ni{[H4J(X5)L l} is affected by the 

substituents X5. Spectrophotometric titration of the complexes with pyridine In 

acetone according to (2) led to the equilibrium constants listed in Table III. 

Ni[H41L 1 + 2py Ni[H41L l.py + py > 
< 

Adduct formation takes place stepwise and, as expected, the formation constant 

B = Kl·K2 for the octahedral adduct is greatest for the electron-withdrawing 

substituent X5 = Cl. As typically observed for adduct formation of planar, four

coordinate nickel chelate complexes,27 it is found that Kl < K2. 

It has to be pointed out that the salen complexes Ni{(X5)Ll} and the 

dihydrosalen complex Ni{[H2](Me)L l} do not add pyridine. The Lewis acidity of the 

nickel center is thus considerably increased by hydrogenation of the two C=N bonds 

in salen ligands. 

401 



Table TIl. Equilibrium Constants for Adduct Formation of Complexes 

Ni{[H4l(X5)L l} According to (2) in Acetone at 298 K. 

X5 K1, M 
-1 

K2, M 
-1 

6 = K1·K2, M 
-2 

Me 0.4 15.7 6.0 

H 0.9 6.8 6.25 

Cl 0.85 36 30.5 

Reaction of the Nickel(TI) Tetrahydrosalen Complexes with Dioxygen in 

Organic Solution 

As reported recently,6 acetone solutions of complexes Ni{[H4](X5)L l} slowly 

change their color from cherry-red to orange upon standing. This color change is 

observed also when exposure to light is strictly avoided. It is not observed, however, 

when the acetone solutions are carefully deoxygenated. Figure 3 shows the spectral 

changes recorded for Ni{[H4l(Me)L1}. 

There is a sharp isosbestic point but the kinetics are obviously rather complex, as 

indicated by the induction period at the beginning of the reaction. The final spectrum 

is not identical with that of Ni {(Me)L l } (see Figure 4). Isolation and characterization 

, 
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Figure 3. Spectral changes for the reaction of Ni{[H41(Me)L 1} with dioxygen 

in acetone at 293 K and change of the absorbance at 425 nm with time. 
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At ambient temperature, the oxidative dehydrogenation of one of the two C-N 

bonds according to (3) is typically found for all complexes Ni{[H4l(X5)L I} and also 

for complexes Ni{[H4](X5)L 2}, which react however considerably slower. As shown in 

--1/+-1-> Ni{(Me)Ll} (3) 

Figure 5, substituents X5 affect the rate of dehydrogenation and the following" order 

of reactivity" can be derived (based on 50 % conversion data): 

r 

Me : t-Bu : OMe : H : Cl = 3.3 : 3.0 : 2.3 : 1.6 : 1 

8000 \ 
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Figure 4. Vis spectra in acetone of Ni{[H4]{Me)L I}, Ni{(Me)Ll} and Ni{[H2]{Me)L I} 

(= product of the reaction shown in Figure 3). 

600 

of the product formed after 20 hours proved surprisingly the dihydrosalen complex 

Ni{[H2l(Me)Ll} to be the product.6 

Complex Ni{[H4l(Cl)L I} is the slowest one, although it is the one with the 

highest Lewis acidity (see Table III). 

For a given substituent X5, permethylation of the ethylene bridge 

(Ni{[H4](X5)L I} -> Ni{[H4l(X5)L 2}) reduces the rate of 02-induced C=N bond 

formation by a factor of 20 - 30. 
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It is important to note that the rate of reaction (3) is very specifically solvent 

dependent: 

acetone: MeOH : toluene (CH2C12) : DMF ~ 100 : 15: 3 : 1 

The fact that acetone and also butanone and cyclohexanone are "fast" solvents 

suggests that ketones possibly participate in the reaction. One might think of 

intermediate formation of dioxiranes (which are known to be strong oxidants) or of 

hydroxylation of ketones. In pyridine reaction (3) is blocked. 

LlA420/ % 
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:: .. -

:.: .... 
:: .. -
:: .. -. :.: 

: .~ .. 
::::.:-

15 30 45 
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Figure 5. The effect of substituent X5 on the spectrophotometrically monitored rate of 

oxidative dehydrogenation of complexes Ni{(H41(X5)L I} in aerated acetone at 298 K. 

Another interesting detail comes from the study of reaction (3) in aerated 

acetone in the presence of PPh3. As shown in Figure 6, the rate of formation of 

Ni{[H2] (Me)L I} is reduced when one equivalent of PPh3 is present (Ni : PPh3 = 1 : 

1) and further reduced by an excess of PPh3 (Ni : PPh3 = 1 : 10). There are no 

spectral changes to be observed upon addition of PPh3, which means that the 

phosphine is not being coordinated. Interestingly enough, however, the HPLC analysis 

of the reaction mixture after 44 hours clearly proves the formation of O=PPh3. The 

ratio [Ni{[H2](Me)L I}] : [O=PPh3] is found to be approximately 2 : 1 for the 1 : 1 

experiment and approximately 1 : 2 for the 1 : 10 experiment. These results are 

preliminary and further studies are obviously necessary to clarify in detail as to which 

stoichiometric correlations exist. The fact of O=PPh3 being formed is nevertheless an 

interesting aspect concerning the catalytic properties of the complex Ni{[H4](Me)L I}. 
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It was not unexpected to find that the vis spectrum of the N-methylated complex 

NiL 4 in aerated acetone did not change upon standing. In the presence of PPh3 

solutions of this complex did not produce O=PPh3. 

The tetradentate ligand in the complex Ni{[H4lL 3} is asymmetrical, which raises 

therefore the question of (i) is there C=N bond formation at all and, if so, (ii) which 

of the two C-N bonds is being dehydrogenated in aerated acetone? The reaction of 

Ni{[H4lL 3} with dioxygen was monitored spectrophotometrically and the observed 

spectral changes clearly proved the formation of a half-salen nickel complex. The final 

spectrum obtained was practically identical with that of authentic Ni{[H2lL 3}. This 

means that, compared to the -HN-CH(Me) bond, the -HN-CH2 bond is the favored 

one for oxidative dehydrogenation. 
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Figure 6. Spectrophotometrically monitored rate of oxidative dehydrogenation of Ni{[H4HMe)L I} 

in aerated acetone at 298 h in the presence of PPh3 at different ratio [Nil: [PPh3l. 

Comparison of Tetrahydrosalen Complexes of Different Transition Metals 

In addition to the nickel complexes discussed above the interaction of complexes 

CuII{[H4l(X5)L1}, CuII{[H4l(X5)L2}, FeIII{[H4l(Me)Ll}y and CrIII{[H4l(Me)Ll}y 

(Y = monodentate anion) with dioxygen in aerated acetone was also studied. It was 

found that these complexes are obviously not dehydrogenated, since the vis spectra 

were stable for long periods of time. 
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The system H2[H4](Me)L 2 /C02+ /DMF turned out to be an interesting one. 

When 02 was strictly excluded, there was practically no formation of 

Co{[H4](Me)L 2} to be observed. When 02 was admitted, however, complex 

formation took place and led to the salen complex CoIl{(Me)L 2} with 02 being 

consumed at the ratio [Col: [021 = 1 : 1. The formation of two C=N bonds contrasts 

the corresponding nickel system. The resulting complex CoIl {(Me)L 2} is 02-stable 

even in solution but adds 02 at low temperatures to form an adduct with a 

C IllO - d f b d' 28 o ... 2 mo e 0 on mg. 

Mechanistic Aspects 

The results obtained so far are still too incomplete to allow a solid mechanistic 

interpretation of reaction (3). Valuable information is expected to come from 

experiments in which the time dependencies of several parameters are monitored 

simultaneously, namely, spectral changes, 02-uptake, formation of 0=PPh3 from 

added PPh3 and formation of hydroxylated derivatives of the solvent. It is also 

expected that the electrochemical investigation of the various nickel complexes will 

shed more light on the question of how important the Nill /NiIII potential is. 

Preliminary cyclovoltammetric studies in acetonitrile (0.1 M tetrapropyl

ammoniumchloridej SCE) led to a Nill /NiIII potential of +814 m V for the salen 

complex Ni{(Me)L I} (reversible process) and of +440 m V for the tetrahydrosalen 

complex Ni{[H41(Me)L1} (quasi-reversible process). This means that the 

tetrahydrosalen complex is more easily oxidized. It is finally hoped that 

stereospecificity effects will result from the study of complexes such as Ni{( + )-trans

[H41 L 5} and the corresponding cis analogue. 

At the present stage the following experimental findings are of mechanistic 

importance: (i) the formation of Ni{[H21(X5)L I} from Ni{[H4](X5)L I} has an 

induction period (autocatalysis ?), (ii) the reaction is blocked by an excess of pyridine, 

(iii) in the presence of PPh3 the oxide 0=PPh3 is formed parallel to the dihydrosalen 

species Ni{[H21(Me)L I}, (iv) the rate of oxidative dehydrogenation does not correlate 

with the Lewis acidity of the complexes, and (v) when ketones are used as solvents the 

rate is highest. On the basis of these findings two sets of reactions appear to be 

plausible (S = substrate, such as PPh3). The oxygen adduct formed in (a) is obviously 
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Ni{[H41salen} + 02 <~ Ni{[H41salen}·02 

Ni{[H41salen}.02 -> Ni{[H21salen} + [H20 21 

[H2021 + Ni{[H41salen} -> H20 + Ni{[H21salen} 

[H2021 + Ni{[H21salen} -> H20 + Ni(salen) 

[H2021 + S -> H20 + S (oxidized) 

(a) 

(b) 

(c) 

(d) 

(e) 



of very low stability. It could be of the NiIII ... 02- type but experimental evidence for 

its formation is still missing. H202 could be an intermediate the formation of which 

would explain the induction period (see Figure 3). Reaction (d) could become 

important after most of the complex Ni{[H41salen} has been converted to 

Ni{[H21salen}. Reaction (e) finally explains the oxidation of PPh3 parallel to the 

formation of Ni{[H21salen}. 

The possible participation of the solvent acetone (or other ketones) is indicated 

by reactions (f) - (i). 

Ni{[H41salen}·02 + R2CO -> Ni{[H21salen} + H20 + [R2C021 

[R2C021 + Ni{[H41salen} -> R2CO + Ni{[H21salen} + H20 

[R2C021 + S -> R2CO + S (oxidized) 

(f) 

(g) 

(h) 

The species R2C02 formed in (f) could be a dioxirane or, alternatively, a 

hydroxylated ketone according to (i). Further experimental work is necessary to gain 

more insight. 

CONCLUSIONS 

Nickel(II) complexes of tetrahydrosalen ligands carrymg t-butyl groups in 3-

position interact with dioxygen under surprisingly mild conditions to become 

oxidatively dehydrogenated. At ambient temperature the corresponding dihydrosalen 

species are formed, the dehydrogenation of the second C-N bond obviously being 

much slower. In this process reactive oxygen species are formed (H202 7) that can 

attack the tetrahydrosalen complex (more effectively than 02), added substrates 

(such as PPh3) or ketones (such as acetone). 

The nickel(II) tetrahydrosalen complexes under study can thus be classified as 

mild 02-activators. Their catalytic potential is probably small, as far as industrial 

applications are concerned. As shown very recently by C.J. Burrows et al.,29 mildly 

02-activating nickel complexes are able to cleave DNA specifically. From the 

biochemical point of view it is also noteworthy that, in aerated methanol, the nickel 

containing coenzyme F 430 is subject to slow oxidative dehydrogenation of a C-C bond 

to form 12, 13-didehydro-F 430.30 

ACKNOWLEDGMENTS 

Sponsorship of this work by the Deutsche Forschungsgemeinschaft, Verband der 

Chemischen Industrie e.V., and Otto-Rohm-Stiftung is gratefully acknowledged. A. B. 

thanks the Studienstiftung des Deutschen Volkes and the Verb and der Chemischen 

407 



Industrie e.V. for a scholarship. The authors appreciate the cooperation with Prof. 

Kniep, Dr. Eisenmann, and Dr. Rohr, Darmstadt (X-ray structures), Prof. Haase and 

Miss Huber, Darmstadt (magnetic moments), Prof. Jli.ger and Dr. Rudolph, Jena 

(cyclovoltammetry), Prof. Pelikan and Prof. Langfelderova, Bratislava (oxygen 

uptake studies), Prof. Springborg, Copenhagen (stereospecific 1,2-diaminocyclo

hexane), and the help of Miss Hilms, Darmstadt, in the synthesis of the complexes. 

REFERENCES 

1. A.E. Martell, D.T. Sawyer, Oxygen Complexes and Oxygen Activation by 

Transition Metals, Plenum Press, New York (1988). 

2. a) E. Kimura, A. Sakonaka, R. Machida, J. Am. Chern. Soc. 104:4255 (1982). 

b) E. Kimura, R. Machida, M. Kodama, ibid. 106:5497 (1984). 

c) E. Kimura, R. Machida, J. Chern. Soc. Chern. Commun. 499 (1984). 

d) Y. Kushi, R. Machida, E. Kimura, ibid. 216 (1985). e) R. Machida, E. 

Kimura, Y. Kushi, Inorg. Chern. 25:3461 (1986). f) D. Chen., J. Motekaitis, 

A.E. Martell, ibid. 30:1396 (1991). 

3. H. Kanatomi, Bull. Chern. Soc. Jpn. 56:99 (1983). 

4. Abbreviations: salen = H2salen = 1,2-diamino-N,N'-disalicylideneethane; half-salen 

= H2[H2lsalen = 1,2-diamino-N-(2-hydroxybenzyl)-N'-salicylideneethane; 

tetrahydrosalen = H2[H4lsalen = N,N'-bis(2-hydroxybenzyl)-1,2-diamino

ethane; H2[H4l(X5lL 1 N,N'-bis(3-t-butyl-2-hydroxy-X5-benzyl)-1,2-

diaminoethane; H2[H4l(X5lL 2 = N,N'-bis(3-t-butyl-2-hydroxy-X5-benzyl)-

2,3-diamino-2,3-dimethylbutane; H2[H4lL 3 = N-(3-t-butyl-2-hydroxy-5-

methylbenzyl)-N' -( a-methyl-2-hydroxy benzyl )-1 ,2-diamino-1, 1-dimethyl

ethane; H2[H2lL 3 = N-(3-t-butyl-2-hydroxy-5-methylbenzyliden)-N'-( a

methyl-2-hydroxybenzyl)-1,2-diamino-1,1-dimethylethane; H2L 4 = N ,N'

bis(3-t-butyl-2-hydroxybenzyl)-N ,N' -dimethyl-1,2-diaminoethane; H2( + )
trans-[H4lL 5 = N,N'-bis(3-t-butyl-2-hydroxy-5-methylbenzyl)-( + )-trans-1,2-

diaminocyclohexane. 

5. A. Berkessel, J.W. Bats, Ch. Schwarz, Angew. Chern. 102:81 (1990); Angew. 

Chern. Int. Ed. Engl. 29:106 (1990). 

6. A. Bottcher, H. Elias, L. Muller, H. Paulus, Angew. Chern. 104:635 (1992); Angew. 

Chern. Int. Ed. Engl. 31:623 (1992). 

7. P.J. Farmer, T. Solouki, D.K. Mills, T. Soma, D.H. Russell, J.H. Reibenspies, M.Y. 

Darensbourg, J. Am. Chern. Soc. 114:4601 (1992). 

8. (a) D. Chen, A.E. Martell, Inorg. Chem. 26:1026 (1987). (b) D. Chen, A.E.Martell, 

Y. Sun, Inorg. Chern. 28:2647 (1989). 

9. M.J. O'Connor, B.O. West, Aust. J. Chern. 20:2077 (1967). 

10. D.W. Gruenwedel, Inorg. Chern. 7:495 (1968). 

408 



11. H. Ma.cke, S. Fallab, Chimia 26:422 (1972). 

12. P.C.H. Mitchell, D.A. Parker, J. Chern. Soc. Dalton Trans. 1828 (1972). 

13. (a) P. Subramanian, J.T. Spence, R. Ortega, J.H. Enemark, Inorg. Chern. 23:2546 

(1984). (b) C.J. Hinshaw, G. Peng, R. Singh, J.T. Spence, J.H. Enemark, 

J.M. Bruck, J. Kristofzski, S.L. Merbs, R.B. Ortega, P.A. Wexler, Inorg. 

Chern. 28:4483 (1989). 

14. A.R. Amundsen, J. Whelan, B. Bosnich, J. Am. Chern. Soc. 99:6730 (1977). 

15. (a) 1. Borer, L. Thalken, C. Ceccarelli, M. Glick, J. Hua Zhang, W.M. Reiff, 

Inorg. Chern. 22:1719 (1983). (b) 1. Borer, L. Thalken, J. Hua Zhang, W.M. 

Reiff, Inorg. Chern. 22:3174 (1983). 

16. K.V. Patel, P.K. Bhattacharya, Ind. J. Chern. 23A:527 (1984). 

17. E. Solari, C. Floriani, D. Cunningham, T. Higgins, P. Mc Ardle, J. Chern. Soc. 

Dalton Trans. 3139 (1991). 

18. (a) J. Csaszar, Acta Phys. Chern. 30:61 (1984). (b) J. Csaszar, Acta Chim. 

Hungarica 128:255 (1991). 

19. V.T. Kasumov, A.A. Medzhidov, LA. Golubeva, T.L Vishnyakova, D.V. Shubina, 

R.Z. Rzaev, Coord. Khim. 17:1698 (1991). 

20. M.G. Djamali, K.H. Lieser, Angew. Makromol. Chern. 113:129 (1983). 

21. P. Baran, A. B5ttcher, H. Elias, W. Haase, M. Huber, H. Fuess, H. Paulus, 

z. Naturforsch. 47b:1681 (1992). 

22. The enantiomer (+ )-trans-1,2-diaminocyclohexane was kindly provided by Prof. 

J. Springborg, Royal Veterinary and Agricultural University, Copenhagen. 

23. The details of the X-ray structure analysis will be communicated elsewhere: 

A. B5ttcher, H. Elias, R. Kniep, C. R5hr, J. Springborgj manuscript in 

preparation. 

24. The details of the X-ray structure analysis will be communicated elsewhere: 

B. Eisenmann, H. Elias, E. Hilms, A. Huberj manuscript in preparation. 

25. A.G. Manfredotti, C. Guastini, Acta Cryst. C39:863 (1983). 

26. J.B. Willis, D.P. Mellor, J. Am. Chern. Soc. 69:1237 (1947). 

27. M. Schumann, H. Elias, Inorg. Chern. 24:3187 (1985). 

28. A. B5ttcher, H. Elias, E.-G. Ja.ger, H. Langfelderova, M. Mazur, L. Muller, H. 

Paulus, P. Pelikan, M. Rudolph, M. Valko, "A Comparative Study on the 

Coordination Chemistry of Cobalt(II), Nickel(II) and Copper(II) with 

Derivatives of "Salen" and "Tetrahydrosalen": Metal-Catalyzed Oxidative 

Dehydrogenation of the C-N Bond in Coordinated "Tetrahydrosalen""j 

submitted for publication in Inorg. Chern. 

29. C.C. Cheng, S.E. Rokita, C.J. Burrows, Angew. Chern. 105:290 (1993)j Angew. 

Chern. Int. Ed. Engl. 32:277 (1993). 

30. A. Pfaltz, D.A. Livingston, B. Jaun, G. Diekert, R.K. Thauer, A. Eschenmoser, 

Helv. Chim. Acta 68:1338 (1985). 

409 



SINGLET OXYGEN DIMOL·SENSITIZED LUMINESCENCE AND 
REACTIONS OF SINGLET OXYGEN WITH ORGANOMETALLICS 
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Selke, and William L. Karney 

Department of Chemistry and Biochemistry 
University of California, Los Angeles, California 90024-1569 

INTRODUCTION 

Singlet molecular dioxygen (hereafter referred to simply as singlet oxygen, 102) can 
be produced by photosensitization (Scheme 1) or by thermal processes (see below). Its 
luminescence is widely used for detection and investigation of 102 in systems of 
photobiological and photochemical importance. In scheme 1, S, 1 Sand 3S are 
photosensitizer in the ground and excited singlet and triplet states, respectively, and hv is 
light absorbed by the sensitizer. 

Scheme 1 

s 

This paper summarizes some striking new observations in the chemistry and physics 
of singlet oxygen. Work in two areas is reported: energy transfer from singlet oxygen 
dimols to organic molecules, and reactions of singlet oxygen with iridium and rhodium 
organometallics. 

DIMOL ENERGY TRANSFER 

Weak, highly-forbidden emission from the lAg state of oxygen ("monomols") appears 
at 1270 nm and can be detected in photosensitized and thermal systems by modem 
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detectors. 1•2 In addition, collisions between two 102 molecules in the gas phase generate 
luminescence from 102 "dimols", (102)z, formed by "energy pooling" with principal 
maxima at 634 and 703 nm, twice the energy of the fundamental. 3·5 

Luminescence of organic chromophores sensitized by energy transfer from singlet 
oxygen has also been reported for many years.2.4-15 Several mechanisms have been 
suggested for this luminescence. 

Khan and Kasha suggested a purely physical mechanism involving energy transfer 
from singlet oxygen dimols to the fluorescer (Fl), to give the singlet (IPl), which fluoresces 
(Scheme 2).5 This mechanism should permit excitation of fluorescers with energies :5; 44 
kcaVmol, twice the energy of singlet oxygen. Wilson7 and Stauff and Puhr16,17 also 
supported this idea. The problem with this scheme is that no evidence for a bound state of 
the dimol has been presented, and it is questionable whether it could have a lifetime long 
enough to transfer energy. In this scheme, kdq is the rate constant for quenching of dimols 
by the fluorescer. 

Scheme 2 

FI + hVf 

OgryzIo and Pearson suggested successive energy transfer from singlet oxygen to 
violanthrone. producing the triplet (3Pl). which then reacts with a second molecule of 102 
to give IFl.6 This reaction is shown in Scheme 3. where hvfis acceptor fluorescence and kq 
is the rate constant for quenching of singlet oxygen monomols by PI. This reaction 
corresponds to a well-known delayed fluorescence mechanism, but since few organic 
molecules have triplet energies below 22 kcaVmol. required for exothermic energy transfer. 
this mechanism cannot be general. However, the second step (using directly excited 3Fl) 
has been demonstrated in polymer matrices lO and in solution. 18,19 

Scheme 3 

.. FI + hVf 

Excitation of Fl could also occur via an unstable peroxide such as a dioxetane, 
formed by reaction of singlet oxygen with various complounds, including Fl. A systematic 
study of such luminescence has been reponed.20.21 

Krasnovsky et aI. reported the first visible luminescence derived from singlet oxygen 
produced by protoporphyrin photosensitization in solution.2,12-15,22 Along with the 
"monomol" luminescence at 1270 nm, visible luminescence with intensity proportional to 
the square of the excitation power was observed. Certain compounds such as 
naphthalocyanines and phthalocyanines give luminescence with extremely high efficiency; 
one of the most effective is tetra-tert-butyl phthalocyanine ,(Pc ).13,22 The spectrum of the 

412 



luminescence from this compound is Pc fluorescence rather than dimolluminescence. 
We now report time-resolved and steady-state measurements of phthalocyanine 

luminescence sensitized by singlet oxygen dimols, produced both by photosensitization and 
by thermal processes; the detailed kinetics strongly support Scheme 2. 

Photosensitized Dimol Formation15 

We used the fullerenes C60 and C70 excited at 355 and 532 nm as sensitizers for 
singlet oxygen production, since they have negligible fluorescence (~ 10-4), generate 102 
efficiently, are stable on strong laser excitation, and do not react with singlet oxygen at an 
appreciable rate.23,24 In agreement with previous reports, singlet oxygen production was 
efficient, as shown by emission at 1270 nm (Fig. 1). The red light emission caused by 
energy transfer to the phthalocyanine was filtered by 700 or 780 nm interference filters and 
detected with a cryogenic germanium photodetector. As reported previously, the spectrum 
of the delayed luminescence in Pc-containing C6F6 coincides with the fluorescence 
spectrum of Pc, with the main maximum at 703 nm and two additional weaker bands at 740 
and 780 nm. 13,22 

Solutions without Pc gave very weak luminescence at 700 nm, detected only when 
high fullerene concentrations and laser intensities were used. Addition of as little as 10-7 M 
Pc increased the intensity by an order of magnitude. Increasing the Pc concentration caused 
a further increase in intensity. The lifetime of the 700 nm luminescence was shorter than 
that at 1270 nm by a factor of 2; Fig. 1 shows the relationship in C6F6; similar lifetime 
relationships occur in solvents with a wide range of singlet oxygen lifetimes and in the 
presence and absence of quenchers (Fig. 2). In all cases, the intensity at 700 nm was 
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Fig. 1. Photosensitized singlet oxygen luminescence at 1270 nm (A) and 700 nm(B) after 532 nm laser pulses 
in C#'6 . Photosensitizer is C70' (1) C70 alone; (2) C70 + Pc (5 x 10-7 M), (3) Pc alone, no C70. 
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intensities). 

proportional to the square of that at 1270 nm (Fig. 3). The luminescence at 700 nm is 
linearly dependent on [Pc] over a wide range of concentrations (Fig. 4). 

Thermally Produced Singlet Oxygen 

There are many energy transfer processes possible under the above conditions which 
could complicate the proposed mechanism. We therefore tested the scheme in a simpler 
system, in which 102 is produced by thermolysis of 1,4-dimethylnaphthalene endo
peroxide, as shown below.25 

Thermolysis of the endoperoxide in C6D6 gave 102(I~g) luminescence at 1270 nm 
which decayed exponentially as the peroxide reacted by a first-order reaction. In agreement 
with the photochemical work above and that reported earlierl4,15, phthalocyanine quenched 
102 monomol emission. Weak luminescence near 700 nm was strongly enhanced by the 
addition of phthalocyanine. The 700 nm luminescence decay is also exponential, but the 
rate constant for the apparent decay is twice that observed at 1270 nm, in agreement with 
the photochemical work. At the same temperature and endoperoxide concentration, the 
decay curve of the luminescence at 700 nm is almost exactly the square of that at 1270 nm 
(Fig. 5). 
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Fig. 6 shows that at the same temperature and endoperoxide concentration, the rate 
constant of the 700 nm luminescence decay is twice that of the 102 monomol emission, in 
agreement with the photochemical results. The initial intensity of the 700 nm luminescence 
was proportional to the square of the initial concentration of the endoperoxide, while that 
of the 1270 nm luminescence was directly proportional (data not shown) . 

0.02 .. 
',!!!. 

g 0.015 
.... • .0 

o 
~ 

0.01 

0.005 

• 

• 

O~~~~~~~~~~~·~'-LI ~I~_~~~~ 

o 0.002 0.004 0.006 0.008 0.01 0.012 
k 1270 (5.1) 

obs 

Figure 6. Rate constants of luminescence decay at 700 nm vs 1270 nm (55.0 ± 0.2 to 75.0 ± 0.2°C); the slope 
is 2.05 ± 0.42. 
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The activation energies for the reaction of the endoperoxide calculated from 
Arrhenius plots of the first-order rate constants at 1270 nm and 700 nm gave AH:j; = 21.1 ± 
1.1 kcallmol, AS* = -7 ± 3 e.u. and 21.2 ± 1.1 kcallmol, AS* = -6 ± 3 e.u. in C6D6, 
respectively, in reasonable agreement with the literature (24.2 ± 0.2 kcallmol, AS* = 2 ± 1 
e.u. in dioxane}.25 In contrast, Arrhenius plots of the initial luminescence intensities gave 
AH:j; = 22.7 ± 4.3 and 50.3 ± 1.4 kcallmol for 1270 nm and 700 nm emission, respectively. 
Here, the activation enthalpy found at 700 nm is roughly twice that at 1270 nm. 

The difference in activation enthalpies from the decay rates and that from the 
intensities, while at first surprising, is in accord with expectations. The decay rate of the 
luminescence at 700 nm is just twice that at 127015; thus the Arrhenius plots have the same 
slopes, but are offset by a constant value of In2. In contrast, since the intensities at 700 nm 
are equal to the square of those at 1270, the slope of the plot at 700 nm and the resulting 
activation energy are twice that at 1270 nm. 

The data are consistent with the mechanism in scheme 2, in which the 700 nm 
luminescence is a result of energy transfer to Pc from dimol. This mechanism predicts that 
if dimol fonnation does not lead to 102 quenching and the lifetime of dimols is much less 
than of monomols, the Pc-sensitized dimol luminescence should depend quadratically on 
the singlet oxygen concentration, and the lifetime of the 700 nm luminescence should be 
half that at 1270 nm, as observed. 

Note that Pc quenches singlet oxygen monomols strongly at high concentrations; 
however, although this decreases the 102 lifetime, it should not affect the initial amount 
fonned in the time-resolved experiments. This is precisely what is observed; even where 
lifetimes are strongly shortened by quenching. the dimollifetime is always exactly half that 
of the monomol but the initial intensity at both wavelengths is independent of quencher. 

In C6F6 at Pc concentrations >5 x 10-6 M, the 102 lifetime is mostly detennined by 
102 quenching by Pc. If mechanism 2 were valid, the intensity of the 780 nm band relative 
to the 1270 nm band should not depend on the Pc concentration above 5 x 10-6 M, since 
most of the 102 is already quenched at this concentration. In fact, the dependence is linear 
within the experimental error over a wide range of concentrations, as shown in Fig. 4. This 
result argues strongly against the mechanism in Scheme 3 (intennediate fluorescer triplet). 

The dissociation of (102h to 102 must be very fast, since the singlet oxygen lifetime 
is not affected by laser power (at least at the relatively low powers used in these 
experiments). If a significant amount of singlet oxygen were tied up as dimol, this should 
lead to saturation kinetics of the Pc luminescence as power increases at high Pc 
concentrations, which is not observed. 

The data suggest that activated dimolluminescence is a universal phenomenon which 
can be observed in solvents of widely varying nature and can be surprisingly efficient. This 
type of sensitized luminescence may account for the wide distribution of red luminescence 
often attributed to singlet oxygen dimol emission in biological and other systems. 

2.0RGANOMETALLICS 

Many coordinatively unsaturated organometallic complexes are known to react with 
triplet dioxygen to fonn metal-dioxygen complexes.26•27 The oxidative addition of triplet 
oxygen to Vaska's Complex (lr(CO}Cl(PPh3h, I) to give the stable oxygen complex 2 was 
one of the first of these reactions to be discovered.28 

Singlet oxygen can both react with (kR) and be physically quenched (kQ) by 
substrates. Many organometallic complexes physically quench singlet oxygen in solution.29 
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However, to the best of our knowledge, there are no reVVl..'> c: ... temical reaction of $iI1glc~ 
oxygen with metal centers in organometallic complexes. 

.. 
A (lea) 

A. lridium30 

The oxidative addition of triplet oxygen to 1 and related derivatives has been well 
studied26-28,31,32, in part because this system is simple and the formation of the peroxide 
(Ir(CO)Cl(PPh3h.o2) (2) is reversible. However, we found that deoxygenation of 2 is 
principally photochemical. Bubbling Argon through a solution of 2 in the dark for 70 hours 
at room temperature gave only 0.7 % conversion to 1, whereas complete conversion 
occurred within a few minutes upon irradiating with a Cermax 300-W Xenon lamp under 
the same conditions. That loss of oxygen was photochemical was apparently not taken into 
account when the kinetic and equilibrium parameters for loss of 02 from the peroxide 2 
and its derivatives were determined. 32 

1 

302, (slow) or 
hv, Sens, 102 (fast) 

hv 

We measured the rate constants for both physical and chemical interaction of singlet 
oxygen (generated by photosensitization by Methylene Blue in CHCI3) with Vaska's 
Complex (Ir(CO)Cl(PPh3}z) (1). The photooxidation of 1 gave only 2, identical to that 
obtained from the reaction of 1 with triplet oxygen (characteristic absorption bands for the 
metal-peroxo group at 860 cm-1 and for the CO-group at 2000 cm-1 and identical UV-Vis 
spectra).28 No oxidation of ligands (e.g. triphenylphosphine oxide) occurred. When a filter 
solution was not used so that 2 was also excited, a photostationary state was obtained. 

The rate constant for total deactivation of singlet oxygen by Vaska's Complex (kR + 
kQ) was determined by 102 luminescence quenching33 and is listed in Table 1. In order to 
obtain the rate constant of chemical quenching (kR), competition experiments were carried 
out with 9,1O-dimethylanthracene (DMA, same conditions as above). DMA is known to 
quench 102 only chemically.29,34 Loss of 1 and DMA were monitored spectrophoto
metrically and the results fitted to the equation of Higgins et al. 35 A second independent 
determination of kR was obtained by measurements of direct disappearance of 1 compared 
with a tetramethylethylene (TME) reference, which quenches singlet oxygen only by a 
chemical mechanism.36 Values of kR' and by difference, of kQ' are listed in Table 1, 

The ratio of the rate constant obtained for the reaction of 1 with singlet oxygen and 
that with triplet oxygen obtained by Halpern et al. (2.1 x 10-2 M-1sec-1 in benzene)'> is 
approximately 109. In addition, the large amount of physical quenching of singlet oxygen 
(90 %) must be noted. These results show that the initial interaction between the 
electrophilic singlet oxygen molecule and the nucleophilic metal center can either lead to 
formation of the peroxide or to deactivation of singlet oxygen, and that deactivation 
predominates by about an order of magnitude. 
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Table 1. Rate constants (x 108 M -I s-I) for reaction (kR) and Quenching (~) of Vaska's 
Complex and Rhodium Analog with Singlet Oxygen 

Vaska's Complex (1) 2.6±0.2 

Rhodium Analog (3) 3.3±0.2 

b. Rhodium 

0.2 ± 0.08 

1.0 ± 0.4 

2.4 ± 0.3 

2.3 ± 0.6 

The rhodium analog of Vaska's complex, (Rh(CO)CI(PPh3h. 3) does not undergo 
any reaction with triplet oxygen26.37, and the corresponding rhodium-dioxygen complex is 
unknown. However 3 reacts with singlet oxygen at temperatures =:; 0 cC, (Methylene Blue 
or C60 sensitizer in CHCI3, Cermax 300-W xenon lamp, cut-off at 550 nm) to give the 
novel unstable rhodium-peroxo complex Rh(CO)CI(PPh3)z02. 4, easily identified by the 
appearance of a new carbonyl peak at 2044 cm-I (veo for 3 = 1980 cm-I) as well as a weak 
peroxo stretch at 901 cm- I . The oxygen adduct ofVaska's complex (2) has a peroxide band 
at 860 cm- I. The shift in veo between 3 and 4 is 64 cm- I; that between 1 and 2 is 50 
cm-I.26.28 The shift suggests that peroxo-complex 4 is relatively electron poor, since the 
difference between veo of the starting complex and the peroxo complex decreases with 
increasing basicity of the metal for Vaska's Complex and its derivatives.32 

Compound 4 is unstable at room temperature, with a half-life of less than a minute. It 
rapidly reforms the starting material 3, losing an oxygen molecule. However, 4 is 
moderately stable at 0 cC with a half-life of approximately 7 min. Below - 40 cC, there was 
no decomposition. 

.40 cC 

3 

The sum of the rate constants of physical (kQ) and chemical (kR) quenching of singlet 
oxygen by 3 was determined by 102 luminescence quenching as before (Fig. 7), and is 
approximately 30 % larger than that for Vaska's Complex in CDCl3 (Table 1). 

In order to obtain the rate constant of chemical quenching (kR), the direct disappear
ance of 3 was measured at different concentrations. Since the resulting peroxide 4 rapidly 
reforms 3 at room temperature, the measurements were done by very rapidly firing a fixed 
number of laser shots (6 shots within two or three seconds) at the solution of 3 and 
determining the change in decay rate of singlet oxygen. The value of kR thus obtained is 
listed in Table 1. The value for physical quenching alone is 2.3 ± 0.6 x 108 M-Is-I, 
identical within error limits to that for Vaska's complex in CDCI3' Iridium has a much 
higher atomic number than rhodium, yet the physical quenching rate of the rhodium analog 
is about the same. 
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Figure 7. Lwninescence quenching of singlet oxygen by 3 in CDCI3. kobs is the apparent rate constant of 
singlet oxygen luminescence decay; the slope of the plot is (kR + kQ). 

Decomposition of Rh( CO )CI(PPh3hOl 

The decomposition of 4 was followed at various temperatures by monitoring the 
disappearance of the carbonyl peak of the product at 2044 cm-} with the corresponding 
appearance of that of 3 at 1980 cm-} (Fig. 8). In all cases, good first-order kinetics were 
observed. 

The natural logs of the decay rates of the complex determined by IR at various 
temperatures were plotted against the reciprocal of the temperature; the resulting Arrhenius 
plot gave AH* = 23 ± 2 kcal/mol, AS* = 13 e. u. atr 0 °C for the decomposition of 4. The 
oxygen released by the decomposition is apparently in the triplet state, since when a sample 
of diphenylisobenzofuran (DPBF) was added to a 3-fold excess of 4 and warmed to room 
temperature, no change in the DPBF absorption spectrum was observed. Less than 1 % of 
the oxygen released is in the singlet state. 

The enormous increase in the rate constant for reaction of singlet oxygen with both 
the Iridium and Rhodium complexes compared to that with triplet oxygen could be due to 
removal of the spin barrier. However, since both oxygen adducts release oxygen only in the 
triplet state, spin conservation does not seem to be a problem in these high-Z complexes. It 
is more likely that the high reactivity comes from the 22.4 kcal increase in energy of singlet 
oxygen, which is sufficient to decrease or even exceed the activation energy of the reaction 
with ground state oxygen. This is the case with Vaska's Complex, where AH* is only 13.1 
kcal/mol for reaction with triplet oxygen.32 Most compounds react with singlet oxygen 
with very low enthalpies of activation. The reaction rate constant is usually decreased about 
two powers of ten by an unfavorable entropy of activation. If this is also the case with 
Vaska's complex, the reaction rate constant, which is two orders of magnitude below the 
diffusion rate constant, is limited only by the entropy of activation. This is probably also 
the case with the Rhodium complex. 
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Fig. 8. Disappearance of the carbonyl band of 4 (2044 em-I) and appearance of that of 3 at 1980 em-I. 
Measurements taken at + 6°C at 2-minute intervals. 

These results suggest that novel energetic and unstable metal-oxygen complexes 
which may have interesting reactivities may be readily prepared by reaction of singlet 
oxygen with organometallic compounds. Because of the low activation enthalpies, 
reactions with singlet oxygen often go very well at temperatures as low as -120°C, low 
enough to preserve even fairly unstable adducts. Further experiments with related 
compounds are in progress to gain a better understanding of-transition states for formation 
of metal-peroxo complexes and the bonding of dioxygen to metal centers. 
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INTRODUCTION 

The coordination chemistry of transition metal complexes containing catechol and 
semiquinone ligands has been developed over the past twenty years. l ,2 Much of the chemical 
interest in these complexes has concerned the reactivity of the coordinated quinone ligand in 
oxidation reactions that involve dioxygen}-5 Synthetic and mechanistic studies have been 
conducted on compounds containing a wide variety metal ions, but the two metals that have 
been the focus of great interest are copper and iron. Biological catechol oxidation reactions are 
carried out catalytically by the catechol dioxygenase enzymes. The active sites of 
protocatechuate-4,5-dioxygenase,6 an extradiol dioxygenase enzyme, and protocatechuate-

3,4-dioxygenase,7 an intradiol dioxygenase enzyme, contain iron centers where dioxygen and 

catechol react in a process that results in ring cleavage (1). 

Model studies and much of the developmental research on synthetic catechol oxidation 

systems has been concentrated on iron and copper catecholate complexes. 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
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~ OH 

(
C02H 

~ C02H 

intradiol cleavage 

("Y0H 

~C C02H 

H/ ~O 

extradiol cleavage 

(1) 

Brown and coworkers8 observed reactions that may parallel the biological ring 

oxidation process in early studies on copper catecholate systems (2). 

1,1O-phenanthroline 
2,2'-bipyridine 

.. o~+ 
HOOCH2~ 

copper 
complexes 

(2) 

By far the most common reactions observed involve simple metal-mediated electron transfer, 
with reduction of dioxygen to peroxide accompanied by catechol oxidation to benzoquinone, 
without ring cleavage. Research in our laboratory has concerned the mechanistic distinction 
between these two fundamental catechol oxidation processes in studies on catecholate and 
semiquinonate complexes of copper. Tautomeric equilibria that involve electron transfer 
between localized metal and quinone electronic levels are known for quinone complexes of 
cobalt9 and rnanganese,lO.ll and have been proposed to contribute to metal activation toward 
dioxygen coordination in synthetic and biological iron-containing catechol oxidation 
reactions,?·12,13 Similar electron transfer equilibria may occur for copper-catecholate species 

(3). 

(3) 

In the present paper we would like to present the results of synthetic experiments on 

semiquinone and catechol complexes of copper, with characterization that may provide insights 

on the extent to which redox activity at both the metal and the quinone ligand contributes to the 

synthetic course of oxidation reactions with dioxygen. 
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SEMIQUINONE AND CATECHOLATE COMPLEXES OF COPPER 

Metallic copper may be oxidized with 9,1O-phenanthrenequinone in pyridine solution. 

By washing the product with ether the bis(9,1O-phenanthrenesemiquinone)copper(ID complex 
(1) is obtained (4). The complex has low solubility in noncoordinating solvents probably due 

o 
2 

Ar (4) 

o 
py 

1 

to intermolecular interactions in the solid state. Structural characterization on [Cu(3,5-

DBSQ)2h14 has shown that semiquinone oxygen atoms bridge metals in the dimeric molecule, 
and 9,1O-phenanthrenesemiquinone ligands readily form stacked structures in the solid state. 

Magnetic characterization on Cu(phenSQ)2 has shown that it has a magnetic moment of 1.78 
IlB per Cu, and the X-band EPR spectrum recorded on a solid sample of the complex is shown 

in Figure 1. Resonances appear that may be associated with both Cu(II) and PhenSQ radical. 

500G 
I 

Figure 1. The solid state EPR spectrum of Cu(phenSQ)2 (1) 

o 
Ar 

o 
(5) 

o 
py o 

2 
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The complex is a complicated spin system;15 in the absence of structural characterization there 
is not an obvious explanation for these observations. If crystals of the complex are obtained by 
evaporation of the pyridine solution (5) the complex 2 shown in Figure 2 is obtained. Structural 

Figure 2. The molecular structure of Cu(PhenCat)(phenBQ)(PY)2 (2) 

characterization on the molecule has revealed that the metal is five-coordinate. with a square 
pyramidal geometry. The oxygen of a PhenBQ ligand occupies the apical coordination site. 
bound with the metal relatively weakly. with Cu-03 length of 2.297(12)A. and with C-O 
lengths of 1.23(1) and 1.25(1)A. Two pyridine ligands are coordinated at basal sites with a 
chelated PhenCat ligand. Features of the complex are typical of Cu(II) and the EPR spectrum 
recorded on a solid sample is typical of square pyramidal Cu(II). Carbon-oxygen lengths of the 
basal ligand are shorter than might be expected for PhenCat. with values of 1.21(1) and 
1.33(1)A that are midway between SQ and Cat lengths. EPR spectra recorded in pyridine 
solution show an unusual temperature dependence. Spectra recorded in solution at low 
temperature show strong copper hyperfine coupling and features that suggest that the molecule 
is in the form characterized structurally. At room temperature the spectrum shown in Figure 3 is 
obtained. Features of this spectrum suggest that spin density is concentrated on a PhenSQ 

Figure 3. The EPR spectrum of Cu(PhenCat)(phenBQ)(pY)2 (2) at room temperature 

ligand. There are two possible interpretations for this observation. First. that structural change 
occurs for the complex in solution so that interactions between the paramagnetic metal and 
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radical ligands in a CuII(pyh(PhenSQh species result in as = 1/2 radical ground state. A 
second explanation is that the complex adopts a Cu(pyh(PhenSQ) (3) ground state that results 
in dissociation ofthe PhenBQ ligand (6). 

-- (6) 

This view is supported by the structural features of the basal quinone ligand of 
Cu(pyh(PhenCat)(PhenBQ). If Cu(PhenSQ)2 obtained by the procedure described in (4) is 

redissolved in pyridine Cu(pyh(PhenCat)(PhenBQ) is obtained as shown by the characteristic 
EPR spectra. By using 2,2'-bipyridine (bpy) in place of pyridine CuII(bpy)(PhenCat) (4) is 
obtained (7). 

o 0 
~, 11/ • eu 

• / ......... .6 o 0 

1 

+bpy_ 
0, 

/Cull(bPY) + 

o I 
4 

o 
(7) 

o 

This complex displays a metal-based Cu(lI) EPR spectrum at all temperatures in solution and 

o 
+ Cuo + tmeda 

Ar 
py 

9,1O-PhenQ 

0" 
/Cull(tmeda) . 

o I 
6 

(8) 

o 

o 

in the solid state. Similarly, if the reaction between metallic copper and PhenBQ is carried out in 
a pyridine solution containing N,N,N',N'-tetramethylethylenediamine (tmeda) the product is 
CuII(tmeda)(PhenCat) (5) (8). 
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This complex may add an additional quinone ligand to give Cu(tmeda)(PhenCat)(phenBQ) (6), 
as shown in Figure 4. Structural features of this molecule are very similar to those of 

Figure 4. The molecular structure of Cu(tmeda)(phenCat)(phenBQ) (6) 

Cu(py)z(PhenCat)(PhenBQ) (2), including the unusually short C-O bond lengths (1.315(5), 
1.316(5)A) for the chelated PhenCat ligand. The EPR spectrum of Cu(tmeda)(PhenCat) in 
solution is solvent dependent (Figure 5). In acetonitrile spectra show evidence for the 

SOG 

Figure S. The EPR spectra of Cu(tmeda)(phenCat) (S) in acetonitrile 

CuII(PhenCat)/CuI(PhenSQ) equilibrium indicated in (9).Pyridine appears to displace the 
tmeda ligand reversibly. 

Studies carried out with nitrogen-donor coligands have provided evidence for the 
existence of a redox equilibrium of the type described in equation (3) for complexes in solution. 

Further preparative work has concerned complexes containing phosphine coligands as 
examples of CuI(PhenSQ) coordination. Reactions carried out with copper metal and PhenBQ 
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(9) 

in acetonitrile solution may be used to form triphenylphosphine addition products (10). 

PPh3 9'0, 

MeCN CuI -PPh3 
0""" 

2 

° + Cuo 8 (10) 

2PPh3 9'0, \\,PPh3 I .' 
MeCN Cu 

0""" ~PPh3 

9 

Figure 6. The molecular structure of Cu(PPh3)2(PhenSQ) (9) 
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Stoichiometric addition of one equivalent of PPh3 to the solution gives CuI(PPh3)(PhenSQ) 
(8), addition of two equivalents of phosphine coligand gives CuI(PPh3h(PhenSQ) (9). 
Structural features of CU(PPh3h(PhenSQ), shown in Figure 6, agree with the CuI(PhenSQ) 
charge distribution. The coordination geometry is tetrahedral, in contrast with the planar 
geometry of four-coordinate CuII(Cat) species, and ligand bond lengths are of values expected 
for PhenSQ. Solution EPR spectra (Figure 7) show a complicated PhenSQ coupling 

Figure 7. The solution EPR spectrum of Cu(PPh3)(PhenSQ) (9) 

pattern due to the interactions with Cu, P, and H nuclei. 17 In contrast, CU(PPh3)(PhenSQ) (9) 
is diamagnetic and EPR silent. The results of crystallographic characterization on the complex, 
shown in Figure 8, indicate that the molecule is dimeric in structure, with strong 

Figure 8. The molecular structure of [Cu(PPh3)(phenSQ)l2 (8) 

pairing between PhenSQ ligands. Similar features have been found for M0205(PhenSQ),18 
which is also diamagnetic and EPR silent, and Re2(CO)?(PhenoxSQ),I9 which is diamagnetic 

in the solid state but does show a radical EPR spectrum in solution. 
The results of studies carried out on a series of copper complexes prepared with 9,10-
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phenanthrenequinone and nitrogen- and phosphorus-donor coligands indicate that charge 
distribution may be directed by coligand bonding properties.20 Examples were the charge 
distribution is rigidly CuII(PhenCat) and CuI(PhenSQ) have been obtained with bpy and PPh3 
coligands, respectively. With pyridine and tmeda temperature-dependent EPR spectra have been 
interpreted to indicate the presence of a redox equilibrium between Cu(I) and Cu(II) charge 
distributions. 

REACTIONS WITH MOLECULAR OXYGEN 

It has been of interest to compare the reactivity of the three classes of complexes 
described in the previous section with dioxygen. Reaction between CU(PPh3h(PhenSQ) and 
02 occurs readily in dichloromethane to give OPPh3 and an oxidized complex product 10 (11). 

Accurate molecular weight measurements are consistent with dimeric species 10. The complex 

2 
::70" \\\PPh3 

CuI·' + O2 ---=~-==--
-'...... CH2Cl2 

0'" "PPh3 

9 

:::>,0" 
CuI(PPh3) 

0/ 

° ------i::--
10 

° 

(11) 

is formulated as having a peroxo bridge between PhenSQ ligands that links two complex units. 
Support for this formulation comes from acidification experiments that have been observed to 
produce hydrogen peroxide and PhenBQ. 

At room temperature in pyridine solution both CuI(py)z(PhenSQ) and 
Cu(py)z(PhenCat)(PhenBQ) react rapidly with dioxygen to give the diphenate product 11 (12 

and 13). 
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o 
pyor 

o MeCN+py 

11 

o 
(13) 

o 

Pyridine solutions of Cu(PhenSQ)z (1) react similarly. through Cu(py)z(PhenSQ) formed 
initially in the reaction (14). 

o 0 I 0 '7" 11/ • +02 
CO2 II 

Cu py C02Cu (pYh+ (14) 
• / ......... .& o 0 0 

1 11 

Oxidation of CuII(tmeda)(PhenCat) with dioxygen. followed by hydrolysis with aqueous acid 
is observed to be solvent dependent. When carried out in acetonitrile (15) the products are 
hydrogen peroxide and PhenBQ. 

C02H 

C02H 

(15) 

In pyridine solution diphenic acid is obtained as the ring cleavage product. The reaction 

between Cu(tmeda)(phenCat) and dioxygen has been studied at 0 °C in acetonitrile solution and 
a product has been isolated that we believe contains a peroxophenanthrenesemiquinone ligand 
(12) (16). 
In the absence of structural characterization on the complex it is assumed to have features that 
are similar to the chelated peroxophenanthrenesemiquinone ligand of [Ir(triphos)(02PhenSQ)]+ 
12.21 The infrared spectra recorded for the complexes prepared in acetonitrile at 00 C (a) and 
at reflux temperature (b) are shown in Figure 9. EPR spectra recorded for 12 in acetonitrile 
solution and for a solid sample are shown in Figure 10. Additional evidence for the existence of 

a peroxosemiquinone ligand has been obtained from its chemical reactivity. Hydrolysis with 

protic acid is observed to produce PhenBQ and hydrogen peroxide. following the reactivity of 
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a 
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::::",0, 
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0/ I 
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12 
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I I 
1500 .1 500 

em 

Figure 9. The IR spectra of 12 (a) and 13 (b) 

Figure 10. The solution and solid state EPR spectra of CuII(02PhenSQ)(tmeda) (12) 
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[Ir(triphos)(02PhenSQ)]+ observed by Bianchini and coworkers.4 A ring opened product, 
obtained in the form of the diphenate complex 13, is obtained by increasing the temperature of 
the acetonitrile solution of 12. The coordinated dip hen ate product 11 obtained in dioxygen 
reaction of Cu(pyh(PhenSQ) is obtained if 12 is dissolved in pyridine at room temperature. 
These observations point convincingly to the peroxosemiquinone formulation for 12. 

MECHANISTIC ASPECTS OF DIOXYGEN ADDITION TO Cu(I) 
SEMIQUINONE COMPLEXES 

There have been nearly as many mechanistic schemes presented for catechol oxidation 
reactions as systems studied. Oxidation reactions that lead to benzoquinone and ring-opened 
products occur in the absence of metal ion,22 and outer sphere electron transfer23 occurs as 
an important step in initiating processes that do not involve direct attack at the substrate. In 
cases where direct dioxygen attack does occur in reactions involving metal catecholate 
complexes the site of attack remains as a mechanistic consideration. Results obtained in our 
studies on the semiquinone and catechol complexes of copper point to the existence of a 
coordinated peroxosemiquinone species in the mechanistic scheme for catechol oxidation 
(Scheme). Two classes of complexes have been observed to undergo reaction with dioxygen 
giving different products. With PPh3 coligand of CUI(PPh3h(PhenSQ) the charge on the metal 
remains unchanged through the process leading to the peroxo-bridged Cu(I) dimer. This 

Scheme. The possible mechanistic pathways for the oxygenation of catecholate and semiquinone complexes 
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implies that dioxygen addition occurs at the semiquinone ligand as shown in the Scheme. 

Complexes containing pyridine and tmeda ligands show evidence for tautomeric equilibria (3) 

and contain metal centers that are redox active. Dioxygen attack may occur at either the metal or 

the semiquinone ligand of the euI(SQ) species, completing the intramolecular bridge to give the 
chelated, tridentate peroxosemiquinone species shown in the Scheme. This product may react 
further with acid to give hydrogen peroxide and benzoquinone or may undergo intramolecular 

rearrangement under conditions of higher temperature to give the coordinated ring-opened 

product. 
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CATALYTIC, AEROBIC OXYGENATIONS WITH 

METALLOPORPHYRIN CATALYSTS. NEW STRUCTURAL INSIGHTS 

INTO STEREOSELECTIVITY 

John T. Groyes 
Department of Chemistry, Princeton University 
Princeton, New Jersey 08544 

We have described the preparation and characterization of a trans-dioxo 
ruthenium(VI) porphyrin complexes which have been shown to be an efficient 
catalyst for the aerobic epoxidation of olefins. We have also shown that this 
complex will catalyze the hydroxylation of alkanes under appropriate conditions. 
It is now apparent that the dioxoruthenium(VI) complex is the species responsible 
for oxygen transfer and that an intermediate oxoruthenium(IV) complex is then 
reoxidized in air. We have shown that the oxidation of ruthenium (IV) to 
ruthenium(VI) proceeds via an oxygen atom transfer disproportionation to 
produce both dioxoruthenium(VI) and ruthenium(II) porphyrin complexes. The 
ruthenium(II) complex reacts rapidly with oxygen to regenerate the 
oxoruthenium(lV) intermediate which then continues the catalytic cycle. In this 
lecture recent results will be described which delineate the mechanism of this 
catalytic oxygenation and establish a connection between the observed selectivity 
in catalytic olefin epoxidation reactions to selectivities for the coordination of the 
product epoxide with ruthenium porphyrins. Specifically, X-ray structural 
evidence will be presented that the transition state geometry for olefin 
epoxidation is similar to the conformation of ruthenium(II) complexes of 
epoxides, thioepoxides and aziridines; the primary non-bonded interaction 
between the substrate and the catalyst occurs on the porphyrin plane in the 
immediate vicinity of the first coordination sphere of the metal; and the 
pronounced cis-selectivity for olefin epoxidation can be predicted quantitatively 
by comparing the binding constants of stereoisomeric epoxides or aziridines. 
These relationships establish the first detailed structural picture of 
metalloporphyrin catalyst interactions with substrates. 

The Activation of Dioxygen and Homogeneous Catalytic Oxidation, 
Edited by D.H.R. Barton et at., Plenum Press, New York, 1993 437 
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COBALT BROMIDE CATALYSIS OF TIlE OXIDA nON OF ORGANIC COMPOUNDS 

Victor A. Adamian.· Yurii V. Geletii. Igor V. Zakharov 

Moscow Physical and Technical Institute, Dolgoprudnyi, Moscow Region, 141700, Russia; 
Institute of Chemical Physics in Chernogolovka, Chernogolovka, Moscow Region, 142432, 
Russia. 

Metal bromide catalysis is widely used in industry for oxidation of alkylaromatic 
compounds to their corresponding acids. The mechanism for this catalytic process has been 
investigated for over 20 years but it is still not established despite numerous papers on this subject. 
This work presents results of our investigations on the kinetics and mechanisms of cobalt bromide 
catalysis. 

We have found that cobalt bromide catalysis is based on a reaction involving peroxy radical 
and Co(1I) leading to hydroperoxide formation and Co(Im in a rate detennining step (eq. 1) which 
is then followed by a rapid catalytic reduction of the generated Co(m) by bromide ions in the 
presence of hydrocarbon (eq. 2-4). The overall scheme involves two catalytic cycles and is given 
by equations (1)-(4) below. 

k4 
R02' + Co(Il) --------> ROOH + Co(lll) (1) 

H+ 1----------------------------------> 2R02' (Ia) 
Co(II), Br-, RH, D2 

Co(Ill) + Br --------> Co(ll) + Br (2) 

Br' + RH --------> H+ + Br+R' (3) 

Co(I11) + RH --------> Co(Il) + H+ + R· --------------------> R02' (4) 
Br O2 

The hydroperoxide formed in reaction (1) is catalytically decomposed by Co(I1) with formation of 
two peroxy radicals (eq. Ia). Thus, the reaction of R02' with Co(ll) in protic media containing a 
hydrocarbon and bromide ions leads to formation of three more peroxy radicals and a branching 
radical chain oxidation of the hydrocarbon which in turn leads to a very high rate of oxidation with 
the cobalt bromide catalyst. The oxidation rate, W, is determined by both k4 and the Co(II) 
concentration and is independent of hydrocarbon concentration: 

W = 2k42[Co(ll)]21k6. 

Reactions between RD2' and Co(ll) or Mn(1I) are discussed in terms of the methods of rate 
constant determination, the values of the rate constants and the effect of media on rate constants. A 
synergistic effect of Mn(II) addition is also discussed. The effect of the media is discussed in 
terms of the coordination ability of the solvent with Co(m ion as well as the proton donor property 
of the solvent. It is concluded that the presence of a proton donor in the coordination sphere of 
Co(Il) is required for hydroperoxide formation but at the same time this prevents the peroxy radical 
from reacting with the cobalt(II) ion. As a result, a bell-shaped dependence of the rate constant on 
the acetic acid and water concentration is observed. Our data explain some of the controversial 
literature data on solvent effects for the kinetics of metal bromide catalysis. 

• Present address: Department of Chemistry, University of Houston, Houston, TX, 77204-5641, 
U.S.A. 
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HOMOGENEOUS CATALYTIC OXIDATION OF ORGANIC 
SUBSTRATES BY COPPER-PYRAZOLATO COMPLEXES 

G.A.Ardizzoia(a), G.La Monica(a), N.Masciocchi(b), M.Moret(b) 

(a) Dipartimento di Chimica Inorganica e M etallorganica, Centro 

C.N.R .. Universita' di Milano, Via Venezian 21, Milano, Italy. 

(b) Istituto di Chimica Strutturistica Inorganica, Universita' di Milano, 

Via Venezian 21, Milano, Italy. 

The synthesis of di- and polynuclear complexes having ligands 
which maintain the metal centers in close proximity is an important 
objective in transition metal chemistry, owing to their potential role in 
multi-metal centered catalysis. Metal assisted reactions of dioxygen 
are very important processes and there is increasing interest in their 
products and mechanisms. 

As a part of a systematic study of the chemical and structural 
properties of new and already known copper complexes containing 
pyrazolato groups as ligands, we have extensively explored the 
reactivity of such systems with respect to dioxygen, with the aim to 
ascertain their potential catalytic properties. 

Indeed, some copper-pyrazolato complexes allowed the catalytic 
oxidation of organic substrates such as primary and secondary amines, 
isocyanides and phosphines in mild conditions,Cll 

In an attempt to gain more insight into the reactions of copper(I) 
pyrazolato complexes with dioxygen, we decided to use different 
pyrazoles, whose donor capabilities were modified by introducing 
substituents in the 3,5-positions. 

The synthesis of the tetranuclear copper(I) complex, [Cu( dppz)]4' 
(Hdppz = 3,5-diphenylpyrazole), its crystal structure and catalytic 
properties in the oxidation of settled organic molecules will be 
presented and discussed. 

An useful comparison with the catalytic behavior evidenced by 
other copper-pyrazolato systems will be drawn. 

(1) G.A.Ardizzoia. M .. -\.Angaroni. G .La Monica, F .Cariali, S.Ccnini, M.Morcl, 

N.Masciocchi. Inorg.Chcm .. 39. (1<)<)1). 4347. 
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DIOXYGEN LIGAND TRANSFER FROM PLATINUM TO MOLYBDENUM. 
ISOLATION OF A HIGHLY REACTIVE MOLYBDENUM(VI) OXOPEROXO DIMER 

H Arzoumanian. a J. Sanchez, a G. Strukul, band R Zennarob 

a Ecole Nationale Superieure de Syntheses, de Procedes et d'Ingenierie Chimiques, d'Aix

Marseille, URA du CNRS 1410 Universite d'Aix-Marseille III, 13397 Marseille, France. 

b Department of Chemistry, The University of Venice, Dorsoduro 2137, 30123 Venezia, 

Italy 

The reaction of Pt(02)(PPh3)2 with Mo(0)2(mesityl)2 (mesityl = 2,4,6-Me3C6H2) in pyridine results in the 

transfer of the dioxygen ligand from platinum to molybdenum giving, in the presence of PPh4CI, a 

molybdenum peroxo compound (1) in which all organic moieties have been lost. 

0 0 Ph3P........ /0 II N~ 

2 Pt I + 2mes-Mo=0 + 2PPh4CI .. 
Ph3P/ '0 I -35°C 

mes 

1 

Me 

m" ~M' 
Me 

Elemental analysis, IR and 170 NMR indicates that 1 is the tetraphenylphosphonium salt of an 

oxoperoxomolybdenum(Vl) dimer. This is confirmed by an X-Ray analysis although a high thermal agitation 

causing an important disorder on the peroxo moiety of the molecule is present. The presence of two 

bonding patterns for the peroxydic ligand is proposed: one classical "side-on" peroxo and one open-end 

superoxide type structure. It epoxidizes tetracyanoethylene at a rate estimated 104 greater than the known 

oxodiperoxomolybdenum ("MIMOUN's butterfly complex"). It exhibits, furthermore, a high selectivity for 

electron poor olefins (TCNE/cyclooctene = 103). This is in part rationalized by the novel bonding mode of 

the peroxo moiety but also by the presence of the closeby molybdenum trioxo portion in the dimer. 

Extended Huckel theory calculations provide some additional support for this. 
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COPPER IMIDAZOLE COMPLEXES CATALYZE THE OXIDATIVE 
POLYMERIZATION OF 2,6-DIMETHYLPHENOL WITH DIOXYGEN 

Patrick J. Baesjou", Ger Challah, Willem L. Driessen" and Jan Reedijk" 

a) Department of Chemistry, Leiden University, P.O. Box 9502, 2300 RA Leiden, The 
Netherlands 

b) Laboratory of Polymer Chemistry, University of Groningen, Nijenborgh 16, 9747 Groningen, 
the Netherlands 

The oxidative dehydrogenation polymerization of 2,6-dialkylphenoles has been known for 
many years to be catalyzed by copper amine complexes [1]; see figure for 2,6-dimethylphenol 
oxidatIOn. The mechanism of action of this industrially very important reaction has been 
studied for some time by several groups. 

The mechanistic details are of 
interest for several reasons: 
1. The amount of DPQ, the undesired 

side product, needs to be reduced 
as far as possible. 

2. The resemblance with certain 
bioinorganic dehydrogenases is of 
great interest and knowledge in 
one area is likely to benefit also 
the other area. 

1& H.C 
HJC CHJ 

~ 1·0, __ 
~ .. Cu catalyst 

CHJ 

CH. 

PPE DPQ 

3. The reoxidation step appears to 
involve a very reactIve 
copper-dioxygen intermediate, 
which recently has been studied 
spectroscopically and kinetically for 
certain biomimetic systems. 

G.E. Proces (Hoy) 
(side product) 

Our efforts in this area are focusing on: 
1. Study of the very first stages of the reaction (electron transfer). 
2. Finding out whether the catalysts are dinuclear or mononuclear. 
3. Trapping dioxygen ad ducts. 

We have selected Cu imidazole comflexes, such as Cu(Meim)n(N03)2 (n= 1-8), because of 
our earlier experiences with this type 0 ligands [2]. Some important conclusions already 
obtained are: 
* a base is needed as co-catalyst to dehydronate the phenol; 
* an optimal kinetics (fastest dioxygen uptake) is observed for n=3; 
* the reaction follows Michaelis-Menten kinetics with respect to the phenol concentration; 
* the selectivity of the reaction (expressed as DPQ vs. PPE formation) is strongly influenced 

by the size of the ortho substituent of the phenol, the amine ligand, the temperature, the 
solvent polarity, and the concentration of the starting phenol; 

* the catalytically active species seems to be a dinuclear Cu(II) species to which phenolato 
ligands bind in a bridging mode; 

* a two-electron transfer to form a coordinated phenoxonium ion seems to be rate 
determining. 
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ACTIVATION OF DIOXYGEN BY CHROMIUM AND COBALT COMPLEXES 

Andreja Bakac. Susannah L. Scott, Adam Marchaj and James H. Espenson 
Department of Chemistry and the Ames Laboratory, Iowa State University, 
Ames, IA 50011 

Complexes of chromium(ll) and cobalt(ll) react rapidly with dioxygen to 
yield metal superoxo ions as initial products, 

K (1) 

The kinetic and thermodynamic stabilities of (L)M02 vary greatly with 
the metal, the ligand system and the nature of anions present. For example, in 
the cobalt series the binding constant K decreases by three orders of magnitude 
as the macrocyc1ic ligand [14]aneN4 is replaced by the bulkier Me6[14]aneN4. 
The anion stabilization of the superoxo complexes through inductive and 
charge effects is responsible for a lOS-fold increase in the binding constant for 
Co(Me6[14]aneN4 )022+ as the pH is raised from 6 to 13. 

The (H20)SCr022+ (hereafter Cr022+) reacts in both stoichiometric and 
catalytic processes. It catalyzes the autoxidation of CrCH20H2+ in a sequence of 
reactions that yield CH20, Cr2+ and a hydroperoxochromium(III) ion, 
CrOOH2+. The capture of Cr2+ by 02 regenerates the catalyst. 

Cr022+ + CrCH20H2+ ~ Cr02H2+ + Cr2+ + CH20 
Cr2+ + 02 ~ Cr022+ 

(2) 

(3) 

The reduction of Cr022+ by Cr2+ yields the chromyl ion, Cr02+. 
Unexpectedly, Cr02+ has a lifetime of >1 min and can be prepared in solution 
in submillimolar concentrations. It reacts with alcohols and aldehydes by 
hydride abstraction, and with PPh3 by oxygen transfer, eq 4-5. Both reactions 
produce Cr2+, which is rapidly converted to Cr022+ in the reaction with 02, eq 
3. The intense UV spectrum of Cr022+ provides the means both to monitor the 
kinetics and identify Cr2+ as the initial chromium product. 

Cr02+ + R2CHOH ~ Cr2+ + CR20 + H20 
CrQ2+ + PP~ ~ Cr2+ + O=PP~ 

(4) 

(5) 

The combination of reactions 4 and 3 has proved to be a sensitive and 
unerring test for the chromyl. We have used it to confirm the formation of 
Cr02+ in the controversial reaction of chromate with alcohols. 
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FORMATION OF ISOXAZOLINES AND ISOXAZOLES VIA DIPOLAR 
CYCLOADDITION BY CATALYTIC OXIDATION OF 

ALDOXIMES WITH HYDROGEN PEROXIDE 
AND W(VI) PEROXO COMPLEXES 

Francesco Paolo Ballistreri, U go Chiacchio, Antonio Rescifina, 
Andrea Tomaselli and Rosa Maria Toscano 

Gaetano 

Dipartimento Scienze Chimiche, University of Catania, Viale A. Doria, 6-
95125 Catania, Italy 

The chemistry of oxidation of Mo(VI) and W(VI) reroxopolyoxo complexes 
is becoming of increasing interest in the field 0 oxygen transfer proces
ses. Alkenes, alkynes, alcohols, diols, sulfides, solfoxides under!j0 easy oxidation by 
these reagents both under stoichiometric and catalytic conditions. 

Recently we have focused our attention to the oxidation of nitrogen 
containing compounds by these oxidants.2 We have observed that secondary 
amines can be nicely converted into nitrones in one pot procedure whereas 
imines yield the corresponding aldehydes and nitroso derivatives. 

Hereinafter we wish to report the results relative to the oxidation of 
aldoximes by hydrogen peroxide catalyzed by W(VI) peroxopolyoxo complexes. 
In the presence of alkynes or alkenes it is possible to obtain isoxazolines 
and isoxazoles respectively in very good yie1ds. Implication of such fin
dings will be discussed at the light of nitrile oxides cycloaddition chemi
stry and on the basis of W(VI) peroxo complex reactive behavior. 

References 

(1) Ballistreri, EP.; Failla, S.; Tomaselli, G.A.J.Org.Chem. 1988, 53, 
830; Ballistreri, EP.; Failla, S.; Spina, E.; Tomaselli, G.A.J.Org.Chem. 
1989, 54, 947. 

(2) Ballistreri, EP.; Chiacchio, u.; Rescifina, A.; Tomaselli G .A.; Tosca
no, R.M. Tetrahedron 1992, 48, 8677. 
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OXIDATION OF AMINES AND IMINES BY Mo(VI) AND W(VI) 

PEROXOPOLYOXO COMPLEXES. 

Francesco Paolo Ballistreri, Gaetano Andrea Tomaselli and Rosa Maria Tosca
no 

Dipartimento Scienze Chimiche, University of Catania, Viale A. Doria, 6-
95125 Catania, Italy 

Mo(VI) and W(VI) peroxopolyoxo complexes have been shown to be versatile 
oxidant agents toward a large variety of organic compounds. They can be 
employed as stoichiometric reagents or catalitically in the presence of 
dilute hydrogen peroxide as oxygen source. The application of suitable 
phase transfer techniques has played a relevant role in the development of 
such oxidation catalytic processes. 

Various substrates, e.g. alkenes, alkynes, alcohols, diols, sulfides, 
sulfo?,-idesf amines were shown to be good candidates for such oxidation 
reactlons. 

Recent mechanistic studies from our laboratory point to peroxopolyoxo complexes 
behave as electrophilic oxidants toward nucleopnihc substrates such as thioethers and 
alkenes, whereas with sulfoxides incursion of SET processes might be a likely 
event. 2 

In this communication we present the results of a kinetic study concer
ning the oxidation of secondary amines and of imines by Mo(VI) and W(VI) 
peroxo complexes. 

References 

(1) Ballistreri, EP.; Failla, S.; Tomaselli, G.A. J.Org.Chem. 1988,53, 830; Balli
streri, EP.; Failla, S.; Spina, E.; Tomaselli, G.A. J. Org. Chem. 1989, 54, 947. 

(2) Ballistreri, EP.; Tomaselli, G.A.; Toscano, R.M. J.Mol. Cat. 1991, 68, 269; 
Ballistreri, EP.; Tomaselli, G.A.; Toscano, R.M.; Conte, Y.; Di Furia, E 
J.Am. Chem.Soc. 1991, 113, 6209; Ballistreri, EP.; Bazzo, A.; Tomaselli, G.A.; 
Toscano, R.M. J. Org. Chem. in press. 
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GIF CHEMISTRY 

D.H.R. Barton, S. Beviere, W. Chavasiri, D.R. Hill, B. Hu, T.L. Wang and C. Bardin. 

Department of Chemistry, Texas A&M University, College Station, TX 77843, USA 

The selective functionalization of saturated hydrocarbons is an important and 
challenging academic and industrial objective. Our own contributions to this area are 
based on Gif-type systems. Recent studies have shown that tert-butyl hydroperoxide 
(TBHP) is an efficient oxidizing agent in these systems. 

While TBHP induces the ketonization of saturated hydrocarbons in the 
presence of an iron(llI) catalyst, the use of copper(ll) salts as catalysts gives 
olefination. Differences between the iron-catalyzed and copper-catalyzed reactions 
support a metal dependent reaction pathway. 

In addition, during the course of recent mechanistic studies, new methodology 
for the functionalization of saturated hydrocarbons based on Gif-type protocol has 
been invented. These reactions are of interest as mechanistic probes and also from 
the point of view of synthetic utility. Thus, cycloalkanes are transformed with varying 
efficiency into mono-substituted cycloalkyl derivatives (chlorides, bromides, azides, 
cyanides, thiocyanates, dicycloalkyl sulfides, or nitroalkanes) by conducting iron or 
copper catalyzed reactions in the presence of alkali metal salts (scheme). 

Fe3+ ITBHP 

Cu2+ ITBHP 

TBHP IMX 

Scheme 

Paraffins have historically been regarded as an inert class of compounds. 
These new results coupled with our prior work prove that belief to be a myth. Indeed, 
when confronted by the appropriate chemical species, paraffins display a rich variety 
of functionalization reactions. 

Sponsors: The National Science Foundation, BP America and Quest International. 
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OXIDATION OF CYCLOHEXANE CATALYZED BY POLY HALOGENATED AND 
PERHALOGENATED IRON PORPHYRINS 

* ** ** * ** P.Battion~, J.Haber, R.IwaneJko D. Mansuyand T. Mlodnicka 

*Laboratoire de Chimie et Biochimie Pharmacologiques et 
Toxi col ogi ques , Universite Rene Descartes. Paris. France. 

** Institute of Catalysis and Surface Chemistry. Polish Academy 
of Sciences, Krakow, Poland. 

Model systems composed of metalloporphyrins and oxidizing 
agents have often been used for the liquid phase oxidation of 
hydrocarbons. The yields of the products and selectivity of the 
system appeared to be dependent on the character of the metal 
center. the oxidant used as well as on the structure of the 
porphyrin ligand. Simple metalloporphyrins are not very stable 
under t.he oxidizing conditions and undergo decomposit.ioJ) dUJ'ing 
the reaction course. In order to improve their stability 
efforts have been done t.o introduce different. substituents into 
the pOJ'phyrin macrocycle. It. appeared that the metalloporphy
rins with halogen subst.ituents in t.he phenyl and/or pyrrole 
rings are more resistant against the oxidative degradation. 

The systems composed of' iron tetraphenylporphyrins with 
halogenated phenyl and pyrrole rings in dichloromethane 
solutions were used for oxidat.ion of cyclohexane with monopero
xyphthalic acid magnesium salt at room temperature. Bu4NCl was 

used as the phase transfer agent. Cyclohexanol and cyclohexa
none were the main reaction products. The acti vi ty of the 
system appeared to be dependent on the degree of halogenation 
of the porphyrin macrocycle as well as on the presence of' N
base such as 4- tertbutyl-pyridine. The highest acti vi ty and 
selecti vi ty was found for iron tetrapentafl uoroporphyrin and 
the order of activities for other iron porphyrins is following: 

TPFPP > 
(43.5) 

where 

TPFP{3Br s P > 
(36) 

TDCP{3Br s P > 
(4) 

TDCPP > 
(3,2) 

TMP 
(0) 

TPFP{3Br g P - tetrapentafluorophenyl-{3-octabromoporphyrin, 

TDCPP tetra-ortho-dichlorophenylporphyrin, TDCP{3Br g P - tetra

ortho-dichlorophenyl-{3-octabromoporphyrin. The numbers in the 
parentheses correspond to turnovers after 20 minutes. 

The porphyrins halogenated on phenyl rings are more stable 
and active than tetra tolyl and mesityl porphyrins. 
Introduction of halogen sUbstituents to the pyrrole rings 
enhances considerably the stability of these porphyrins under 
oxidizing conditions and in some cases the catalytic activity 
and selectivity to alcohol. 

Addition of the N-base increases slightly the activity and 
selectivity of the investigated systems. However, a negative 
effect is observed for tetrapentafluoroporphyrin. 

When compared with the corresponding manganese porphyrins, 
iron porphyrins show lower activity but higher selectivit.y to 
alcohol. which sometimes is the sole r~action product. 
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NEW OXIDATIONS OF ORGANIC SUBSTRATES USING HYDROGEN 
PEROXIDE AND SUPPORTED HETEROPOLYACID CATALYSTS 

S W Brown, A Hackett, A Johnstone and W R Sanderson, Solvay 
Interox Research and Development, Widnes, England 

Oxidation processes employing aqueous hydrogen peroxide in the presence 
of heterogeneous catalysts offer significant advantages over traditional liquid
phase processes in terms of cost, safety and environmental impact. We have 
previously shown1 that catalysts prepared by depositing phosphotungstic acid on 
gamma-alumina, followed by calcination, are active for the selective epoxidation of 
olefins using 35% HP2' These catalysts have been demonstrated conclusively to 
operate heterogeneously, with essentially no observable leaching of tungsten into 
the reaction solvent (aqueous t-butanol). They may also be recycled many times 
without significant loss of activity. Best results are obtained with cyclic alkenes, 
there being no detectable steric limitations on the substrates which can react. 

We have now investigated other uses of these catalysts for hydrogen 
peroxide oxidation reactions, and present results with a wide range of organic 
substrates. It is often possible to obtain high selectivity to specific products in both 
carbon and sulphur oxidations. The importance of choosing the right reaction 
conditions, and in particular the appropriate solvent, will be highlighted. In all 
cases, the use of chlorinated solvents, which are now widely regarded as 
environmentally unacceptable, is avoided. 

1. International Patent Application PCTIGB 92101154 
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POLYMER BOUND MANGANESE PORPHYRIN CATALYSTS FOR OLEFIN EPOXIDATIONS 

WITH HYDROGEN PEROXIDE1) 

J. W. Buchler<J), G. Goorb), A. von Kienlea), U. Mayer<J), G. F. Thieleb) 

a) Institut fUr Anorganische Chemie, Technische Hochschule Darmstadt, 

D6100 Darmstadt, Germany 

b) Degussa AG, Abt. IC-FE-A, Rodenbacher Chaussee 4, D6450 Hanau 1 

The sterically demanding manganese porphyrin Mn(TDCIPP)CI (1) is one of the most effective 

homogeneous catalysts for the direct epoxidation of olefins with hydrogen peroxide.2) 

(1) 

( 1) 

We have developed heterogeneous catalysts by anchoring this manganese porphyrin to a 

polymeric support in order to facilitate the recovery and improve the stability of the catalyst. 

Simple and high yield procedures for bonding the porphyrin to a polymeric support are presented. 

which give materials with minimum catalyst leaching. The heterogeneous catalysts are compared with 

the homogeneous catalyst 1 in terms of catalytic activity, selectivity with respect to olefin and 

hydrogen peroxide and catalyst lifetime. The influence of the catalyst support on hydrogen peroxide 

utilization and the mechanisms of catalyst deactivation will be discussed. 

1) This work was supported by BMFT grants 03C264A and 03C264B. 

2) S. Banfi, A. Maiocchi, F. Montanari, S. Quici, Chim. Ind. (Milan) 72 (1990) 304 and references 

cited therein. G. Legemaat, dissertation, Univ. Utrecht 1990. 
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OLEFIN EPOXIDATION BY Ph4PHSOS CATALYZED BY 

Mn(III)-PORPHYRINS UNDER HOMOGENEOUS CONDITIONS 

S. Campestrini 

Centro CNR di Studio sui Meccanismi delle Reazioni Organiche, Dipartimento di 

Chimica Organica, Universita' di Padova, via Marzolo 1, 35131 Padova, Italy. 

F. Novello 

Department of Chemistry, Brown University, Providence, R.I., 02912 USA 

The oxidation of organic substrates catalyzed by Mn(III)-porphyrins with a large 

variety of oxygen donors has been extensively studied, mainly in biphasic systems. 

The complexity of such systems is, presumably, the reason why a widely accepted 

detailed mechanistic description of the oxidation processes is not yet available. 

Therefore, we decided to investigate a model system as simple as possible, i.e. the 
epoxidation of olefins by Ph4PHSOs, a peroxide soluble in organic solvents, which 

can be obtained with a high degree of purity, in the presence of a series of Mn(III)

porphyrins in the solvent dichloroethane. 

We found that, in the absence of the catalyst, no epoxidation reaction takes 

place; moreover, also in the absence of a species that can act as an axial ligand for 

the porphyrin, e.g. 4-tert-butylpyridine or imidazole, the oxidation does not occur. 

Stopped-flow experiments indicate that the presence of the axial ligand is a 

necessary requisite for the formation of the "oxo" species of the porphyrin derived 
from an oxygen transfer from Ph4PHSOs to the catalyst. 

On the basis of a detailed investigation on the effect of various additives on this 

process, a mechanistic scheme for the "oxo" forming reaction may be suggested. 

Also the subsequent oxygen transfer from the "oxo" species to the olefin has been 

studied by kinetic experiments. This allows to establish the role played by the 

various species in the two consecutive oxygen transfer reactions. A comparison of 

the results thus obtained with those provided by the study of the overall epoxidation 

reaction, carried out by measuring the rates of epoxide formation, will be made. 

452 



SYNTHESIS AND ELECTROCHEMISTRY OF DIAQUARUTHENIUM(II) AND 
DIAQUAlRON(II) COMPLEXES OF QUATERPYRIDINES AND X-RAY CRYSTAl 
STRUCTURES OF [Ru(pQP)PPh3l2](CI04l2, [Fe(pQP)(H20)](C104)2, and 
[Fe(QP)(H20](C104)2 (pQP = 3' ,5,5' 5'" -TETRAMETHYL-2-2' :6' 2":6" ,2"'
QUATERPYRINE; QP = 2,2' :6' ,2' :6",2' "-QUATERPYRIDINE) 

Chin-Win~ Chan. Ting-Fong Lai and Chi-Ming Che 

Department of Chemistry, The University of Hong Kong, Hong Kong 

Perchlorate salts of [Ru](QP)(H20)212+, I, and [Ru(PQP(H20)212+, 2, (PQP = 3' ,5,5' 5' "-tetra
methyl-2-2' :6' 2":6",2' "-quaterpyrldlne; QP = 2,2' :6' ,2' :6",2' "-quaterpyridine), have been isolated. 
Oioxo derivatives of 1 and 2 can be generated by electrochemical oxidation In degassed pH 1 buffer at 
1.12 and 1.05 B (vs SCE) respectively. The E1/2-pH relation has been determined for both diaqua 
complexes. They are quite stable In acidic media aild exhibit reversible Ru(VI/IV), Ru(III/II) couples, though 
the Ru(IV /111) couples are only quais-reversible. 

The X-ray crystal structure of [Ru(pQP)(PPh3)2](CI04)2 has been determined: The quaterpyridine 
unit was puckered around ruthenium atom. [Ru(QP)(H20)212+ Is an active catalyst for the electrochemical 
oxidation of alcohol. Electrode surface adsorption of[Ru(QP)(H20)212+ has been observed which proves it 
to be a promising candidate for fabrication of chemically-modified electrodes. 

Analogous complexes of iron(II), namely [Fe(QP)(H20)212+ , 6, and [Fe(pQP)(H20)212+, 7, have 
been isolated as perchlorate salts and characterized with X-ray crystallography. The quaterpyridine unit in 
compound 7 Is twisted about the two central pyrldyl rings while those in 6 are almost coplanar. This feature 
may partly explain the smaller stability of 7 in aqueous solutions. 

CyClic voltametric studies have been performed on 6. Only one quasi-reversible couple was 
observed in pH 1 to pH 11 aqueous buffers and it was assigned Fe(lII) /11 one electron one proton couple. 
The absence of high-valent Iron(lV)/(III) couple In 6 provides evidence against the generation of ferry! 
(Fe = 0) species under pyridine environment. The activity of olefin epoxidations effected with 6 in 
H20/CH3CN mixture indicates a radical rather than high valent iron species as working oxidation 
intermediate. 

6 7 

Acknowledgement: We acknowledge support from the Hong Kong Research Grants Council and the 
University of Hong Kong 
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Oxidation Of H2S To S By Air With Fe(llI)-NTA As A Catalyst: 

Catalyst Degradation 

DIAN CHEN, RAMUNAS J. MOTEKAmS AND AR'TIIUR E. MARTELL *, Department of Chemistry, 

Texas A&M University, Texas 77843-3255 USA. 

DEREK McMANus, ARI Technologies, Palatine, Illinois 60067 USA 

The oxidation of H25 to 5 by air is represented by the overall reaction: 

The process is used with a catalyst for the removal of H25 from natural gas. A typical catalyst would be an 

iron(ll, III) chelate system such as iron-NTA. The catalyst reactions are: 

2FeNTA- + 1/8581 + 2H+ 

2FeNT A + 20H-

The main difficulty with the process is the degradation of the metal chelate catalyst. Thus the Fe(II,III)-NTA 

system degrades through the formation of a number of weaker chelating agents and eventually to carbon 

dioxide, water, and ammonia. A possible scheme for ligand degradation would be: 

NTA ----I.~ IDA .. glycine 

~~ 
OCH-COO- - -OOC -COO-

All of these degradation products except glyoxylic acid were detected quantitatively by HPLC, and the rate 

of degradation scheme is presented for the catalytic process. The fact that thiosulfate greatly decreases the 

degradation rate, and the fact that the degradation products were observed only in the stoichiometric 

reactions in which the ferrous NTA was oxidized by air, led to the interpretation that the hydroxyl radical or 

the superoxide radical ion is the reactive species that attacks the NTA and the intermediate degradation 

products and is responsible for the degradation of the organic ligands present. A comparison of the rates 

of degradation of the three ligands NTA, EDTA, and HEDTA shows the sequence HEDTA > EDTA> NTA, 

indicating that of these three ligands, NTA is least subject to degradation, and that its Fe(lIl) chelate is the 

best catalyst for the oxidation of hydrogen sulf;de to sulfur by air. 
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CrAPO-5-CATALYZED LIQUID PHASE OXIDATION 
OF SECONDARY ALCOHOLS WITH O2 

J. D. Chen, J. Dakka and R. A. Sheldon 

Laboratory of Organic Chemistry and Catalysis 
Delft University of Technology, Julianalaan 136 

2628 BL Delft, The Netherlands 

Liquid phase oxidations 
catalysts, usually a metal salt. 
catalysts in the liquid phase offers 
to their homogeneous counterparts, 
recycling and stability. 

generally employ soluble 
The use of heterogeneous 
several advantages compared 
e. g. ease of recovery and 

One approach to creating heterogeneous oxidation catalysts 
with novel activities and selectivities is to incorporate redox 
metals, by isomorphous substitution, into the lattice framework 
of zeolites and related molecular sieves. site-isolation of redox 
metals in inorganic lattices prevents the dimerization or 
oligomerization of active oxometal species which is 
characteristic of many homogeneous oxometal complexes and leads 
to their deactivation in solution. We coined the term 'redox 
molecular sieves' to describe such catalysts l - 3 . The first and 
most well-known example is titanium silicalite (TS-1) which has 
been shown to catalyze a variety of systhetically useful 
oxidations with H20 24 . 

As part of an ongoing programme on redox molecular sieves 
we are investigating the use of metal substituted alumino
phosphates (MeAPOs) in liquid phase oxidations. We have found 
that CrAPO-5 is an active and selective catalyst for the liquid 
phase oxidation of secondary alcohols with TBHP or O2 , 

Oxidations were carried out at 85 ·C in chlorobenzene as 
solvent and substrate:catalyst molar ratios of ca. 100:1. 
Cyclohexanol, and a-methylbenzyl alcohol were converted to the 
corresponding ketones in high selectivities using TBHP under a 
N2 atmosphere. The selectivity on TBHP was also > 90%. Good 
results were also obtained for the selective oxidations of 
Cyclohexanol, a-methylbenzyl alcohol, tetralol and indanol using 
O2 as the oxidant and 10 mol% TBHP as initiator. The catalyst 
could be recycled several times without any loss of activity. A 
mechanism is proposed for the CrAPO-5 catalyzed oxidation of 
alcohols. 

References 

1. R. A. Sheldon, in "Heterogeneous Catalysis and Fine Chemicals 
II", (M. Guisnet et al., Eds.), Elsevier, Amsterdam, 1991, pp. 
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3. R. A. Sheldon, in Topics in Current Chemistry, in press. 
4. U. Romano, A. Esposito, F. Maspero, C. Neri and M. Clerici, 
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SOLVENT EFFECTS ON THE OXYGENATION OF NI·BoUND TmOLATES, Patrick J Farmer, 
Marcetta Darensbourg, Takako Soma, Department of Chemistry, Texas A&M 
University, College Station, TX 77843 

The air-oxidation of N,N'-bis(mercaptoethyl)-l,5-diazocyclooctanenickel(II), (.1), yielding 

sulfur-oxygenated products, displays a pronounced solvent effect with the rate decreasing in the 

order DMF > CHaCN > H20 » ROH. Square wave voltammetry has been used to monitor the 

reaction in various solvents. The reactions in nonprotic organic solvents result in mixtures of 

mono- (1) and bis-sulfinato (a) complexes and a trinuclear species resulting from free Ni2+. 

Mechanistic considerations are complicated by the fact that isolated monosulfinate 2. does not 

H.p [I] 

1 

react with 02 to form the bis-sulfinate, 3.. In water the reaction of 1 with 02 yields a different 

oxygenate, I, as the sole product which, when isolated and redissolved in nonprotic solvents, is 

prone to further oxygenation to form the 3. or decomposition to form 2. and 1. The nature of I and a 

comparison of the solvent effect to those seen in organic systems will be discussed. 
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MONOOXYGENATATION OF ALKANES AND AROMATICS CATALYZED 
BY NONHEME-IRON COMPLEXlHYDROQUINONE/02 SYSTEMS 

Takuzo Funabiki, Takehiro Toyoda, Koji Kashiba, 
Jun Yorita, and Satohiro Yoshida 

Division of Molecular Engineering, Graduated School of Engineering 
Kyoto University, Kyoto 606-01, Japan 

Monooxygenation of aromatics, alicyclic and linear alkanes with 
molecular oxygen is catalyzed by nonheme iron complexes in the anhydrous 
organic solvents in the presence of hydroquinones as electron and proton 
donors. Iron complexes are prepared in situ by stirring FeCIs, pyrocatechol, 
and pyridine (mole ratio is 1: 1:2) in acetonitrile or in pyridine. Isolated 
catecholatoiron complex is also used. Catalytic activity is greatly dependent on 
the kinds of hydroquinone and increases in the order of 2,5-di-t-butyl- "" t-butyl
>methyl->H-hydroquinone. Non-substituted hydroquinone hardly exhibits 
activity, and the activity is controlled by the oxidation potential and steric effect 
of hydroquinones. 

The reactivity is also very much dependent on the pyridine concentration. 
At the low concentration of pyridine in acetonitrile, hydroxylation to form 
alcohol or phenol proceeds selectively, but at the high pyridine concentration, 
e.g. in pyridine, carbonylation to form ketones and aldehydes becomes 
dominant. This suggests the formation of the different species depending on 
the pyridine concentration. 

The effect of hydroquinones on the selectivity is also characteristic. The 
C2/CS ratio (the relative reactivity of the secondary C-H bond to the tertiary) is 
dependent on hydroquinones in the reactions of adamantane and isopentane. 
The reactivity is also affected by the substituent on pyrocatechol. 

The reaction mechanism is studied by estimation of the NIH shift of 
toluene-4-D and Me-NIH shifts ofxylenes, and also by the kinetic isotope effects. 
These results clearly indicate that the results can be explained by assuming 
the presence of the iron-oxygen active species. The C-H bond may be cloven 
homolytic ally in the solvent cage, but the reaction may proceed in the non-free 
radical process. 

T.Funabiki et al., Chem.Lett., 1267 (1989); J.Mol.Catal" 61, 235 (1990); Chem.Lett., 
1819 (1991); ibid., 2143 (1991); ibid., 1279 (1992); ibid., 2303. 
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EFFECTS OF SENSITIZER AND SOLVENT ON SINGLET 
OXYGENATION OF !3-METHYLSTYRENES 

Shigeru Futamura 
Research Center for Advanced Science and Technology, The University of Tokyo 

It has been reported that benzaldehydes (6) and allylic hydroperoxides (13) 
are obtained in photosensitized oxygenation of !3-methylstyrenes (1) and that 
dioxetanes (1 2) and 1,2-dioxenes (2) are the possible intermediates of (6). 
Thorough reinvestigation on singlet oxygenation of (1), however, has clearly shown 
that 1,4-cycloaddition predominates over 1,2-cycloaddition and the ene-reaction. 

Tetraphenylporphine-sensitized photooxygenation of trans-anethole (1 b) in 
CCI4 afforded a 1,2-dioxene (2 b) and an a-diketo epoxide (4 b) along with a 
dihydropyranol (3 b), 2-hydroxy-4-methoxybenzaldehyde (5 b), 4-methoxyhenz
aldehyde (6b), 4-m ethoxyphenyl vinyl ketone (7b) and trans-anethole 1. 

Different product distributions were obtained for !3-methylstyrene and isosafrol. 

Quenching of this reaction by 1,4-diazabicyclooctane supports that singlet 
oxygen is the active oxygen species. The product distribution for (1 b) indicates the 
intermediacy of a 4-hydroperoxy-1,2-dioxene derivative (1 0 b). 

This paper will present the effects of sensitizer and solvent on singlet 
oxygenation of (1) and the substituent effect on the chemical behavior of (2). 
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HEfEROPOLYPEROXO COMPLEXES AS CATALYSTS FOR ORGANIC OXlDA TIONS 

W. P. GnffIth, B. C. Parkm. M. SPiro and K. M. Thompson 

Impenal College of SCience, Technology and Medlcme, London SW7 2A Y, Uruted Kmgdom. 

A recent area of developmg mterest IS that of low nucleanty polyperoxometallates, 
especially the "heteropolyperoxo" species, [P04{WO(02h}413-, which was Isolated and 
found to have a highly symmetncal structure by Venturello and co-workers1. ThiS IS an active 
catalyst for the epoXidatlOn of unactlvated alkenes, by H20 2 under phase transfer conditions, 
notably as salts contaIrung large hpophIhc quaternary ammoruum catlons2,3. 

A vanety of compounds of the type [Qn+14 n[X04{MO(02h}41, where Q = 
(nC6Hn)4N+, PPN+ and [Co(en~13+; X = P or As and M = Mo or W, has been synthesised 
and charactenzed by IR, Raman and 31 P NMR spectroscopy where apphcable. Structural 
charactenzatlOn of these species and their analogues IS underway. A companson of the 
oXldlZlng ablhtJes of [(nC6H13)4Nh[X04{MO(02hhl; X = P or As; M = Mo or W towards 
the epoXldatJon of both termmal and cyclIc alkenes has been mvestlgated, as well as the ablhty 
of [(nC6H 13).+Nh[P04{WO(02h}41 to transform pnmary and secondary alcohols to 
aldehydes and ketones respectively. 

EpoxldatlOn of cycloalkenes by WC6H13)4Nh[X04{MO(02h}41 was markedly more 
successful than for their hnear analogues. Furthermore, the larger the cycloalkene nng, the 
greater the degree of conversIOn to the epoXide. In all cases, the order of mcreasmg actlvI~ was 
- [P04{MoO(02h}413 < [As04{MoO(02h}413- « [P04{WO(02h}41 - < 
IAs04{WO(02)2}413-. OxidatIOn of pnmary alcohols to aldehydes IS m general faster than the 
com erslOn of secondary alcohols to ketones. OXidatIOn of benzylamme by 
WC6H n ).+Nh[P04{WO(02hhl leads to a mIxture of benzaldehyde and benzyl oXime The 
latter presumabl) IS the pnmaf) oXidatIOn product, which IS further transformed to the 
aldeh)de 

Permude oXidations of natural colounng matenals by such species have also been 
m\ estlgated Studies have been earned out on the oXidation of malvldm chlonde by water 
soluble salts of [X04{MO(02h}413- with H20 2 at pH 5. 

1 C. Venturello, R. D'AloISIO, J. C. J. Bart and M. RICCI, J. Mol. Catal., 1985,32,107. 
:2 C Venturello and R. D'AloISIO, J. Org. Chern., 1988,53, 1553 and later references. 
3. C. Aubry, G Chottard, N. Platzer, J-M. Bregeault, R. Thouvenot, F. Chauveau, C. Huet and 

H. Ledon, lnorg. Chern., 1991,30,4409. 
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IRON COMPLEXES OF CYCLAM AND CYCLAM-LIKE LIGANDS AS MODELS 
FOR NON-HEME IRON ENZYMES 

Raymond Ho and Joan Selverstone Valentine, Department of Chemistry and 
Biochemistry, University of California, Los Angeles, Los Angeles, California, USA 

Metal-containing mono oxygenase enzymes catalyze the oxygenation of a variety of 
suhstrates. In our models for non-heme iron enzymes we have concentrated on mimicking 
the reactivity of these metalloenzymes. We began our study by looking for non-heme iron 
complexes that catalyze the epoxidation of olefins, a reaction that is rarely seen with non
heme iron complexes. Our initial studies using the iron complex of cyclam and the oxygen 
donors: hydrogen peroxide, iodosylbenzene (PhIO), and meta-chloroperoxybenzoic acid 
(MCPBA) demonstrated that this iron complex is an efficient catalyst for the epoxidation 
of olefins. Although the reactions of all three of these oxygen donors with iron cyclam 
leads to epoxidation, further studies using a variety of substrates including cis-stilbene, 
styrene and para-substituted styrene, and norborene suggest that different intermediates 
are formed from the different oxygen donors. The nature of these intermediates is 
currently being explored. 

Because of the success with iron cyclam, our search for other non-heme iron 
complexes involved a survey of cyclam like ligands including HMCD (5,7,7,12,14,14-
hexamethyl-l ,4,8,II-tetraazocyclodec-4,11-diene), TIM ( 2,4,9,1O-tetramethyl-l,4,8,11-
tetraazocyclodec-l ,3,8,II-tetraene), IDO (l,4,8, II-tetraazocyclodecane-5,7-dione), etc. 
Under the same reaction conditions as for iron cyclam, the iron complexes of these other 
ligands also proved to be efficient catalysts for olefin epoxidation with PhIO and MCPBA, 
hut not for H20 2. These results further support the notion that the three oxidants behave 
differently in their reactions with these non-heme iron complexes. 

Other studies of the iron complexes of cyclam and cyclam like ligands with H20 2 have 
mcluded changing the reaction conditions; addition of radical traps, axial ligands, acids, 
and bases to the reaction mixture; and studying the hydroxylation of aromatic compounds 
and alkanes. Preliminary results indicated that addition of axial ligands such as imidazole, 
acids, or bases inhibits the iron cyclam-catalyzed epoxidation of olefins by H20 2 and that 
the addition of the radical trap 2,4,6-tri-t-butylphenol does not inhibit the reaction. Also, 
preliminary experiments using napthalene and toluene as substrates gave napthoquinone 
and cresol. 

Further study of the iron complexes of cyclam and cyclam like ligands may provide 
new insight into the mechanism of non-heme iron enzymes. 

This research was supported by the NSF 
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OXYGEN ACTIVATION BY 3d METAL COMPLEXES OF OPEN CHAIN AND 
MACROCYCUC SCHIFF BASE UGANDS 

E.-G. Jiiger, M. Rost, A. Schneider 

University of Jena, Germany 

A big number of metal complexes of the types 1 - 41) (M = Cu, Ni, Co, Fe, Mn; R1 
= Me, Ph, OEt; R2 = H, COMe, COOEt, CN) have been compared with respect to 
i) the uptake of dioxygen (measured by precision gas volumetry), and ii) their 
catalytic activity for the oxidation of hydroquinones and olefines in different 
solvents (toluene, pyridine). The time dependent oxygen uptake can be described 
by the following general characteristics (x = ndioxygen / nmetal): 

i) no significant oxygen uptake (x < 0.05 after 10 hours); observed with the most 
complexes of Cu(II) and Ni(II) but also with the Co(II)-, Fe(II)-, and Mn(II)
complexes of 1, R1 = ~Et, R2 = CN, in pyridine; 

ii) irreversible oxygen uptake with a definite and time stable limiting value of x 
= 0.25, indicating the formation of a ll-OXO derivative; observed with the Fe(II)
complexes 2, R1 = Me, R2 = COOEt, COMe, and 3, R2 = COOEt, as well as 
with some Cu(l)-complexes; 

iii) irreversible oxygenation with a definite and time stable limit of x = 0.5, 
indicating the formation of a oxo- or ll-peroxo derivative respectively; observed 
with the Fe(II)- and Mn(lI)-complexes 1, R1 = Me, R2 = COOEt, COMe in pyridine, 
and 1, R 1 = OEt, R2 = CN in toluene; 

iv) irreversible oxygenation with a definite limit of x = 1, indicating the formation 
of a superoxo derivative (detectable by EPR spectroscopy); observed with the most 
electrochemically formed Ni(I) complexes 1 and 2; 

v) reversible oxygenation with a definite and time stable limit between 0 ~ x ~ 
1, depending on the special complex and the strength and concentration of 
additional bases, often characterized by a sharp maximum in the time dependent 
oxygenation curve; observed with the most Co(II) complexes 1, 2 (R2 ¢ H), and 3 
(R2 ¢ H); 

vi) slow continuous oxygen uptake without a definite and time stable limiting 
value (x > 1), indicating an irreversible oxidation of the ligand or the solvent; 
observed with the Co(II)-complexes 2 (R2 = H) and 4 and the Fe(II)-complexes 4 
with special axial bases (e.g. imidazole). 

The best catalytic activity is observed with complexes showing oxygenations of 
type ii) (for hydroquinones) or type iii) (for olefines). 

1) The formulas will be given at the poster. The authors thank the Deutsche For
schungsgemeinschaft and the Fonds der Chemischen Indnstrie for financial support. 
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SELECTIVE MONOEPOXIDATION OF l,3-DIENES CATALYZED BY 
TRANSITION-METAL COMPLEXES 

Karl Anker J0rgensen 
Department of Chemistry 
Aarhus University, DK-8000 Aarhus C 
Denmark. 

The chemistry of the selective monoepoxidation of l,3-dienes is presented. By 

using transition-metal complexes and a terminal oxidant as e. g. hypochlorite 

it is possible to perform both regioselective and enantioselective expoxidation 

of a selected double-bond of the l,3-diene. This procedure allows e. g. one to 
perforn regioselective epoxidation of the less-substituted double bond of the 

l,3-diene, and, furthemore, to avoid the polymerization of the l,3-diene which 

is in contrast to conventional oxidation reagents. The scope of this reaction 

will be discussed and attempts to understand the oxygen-transfer from an 

oxo-transition-metal complex intermediate to only one of the double bonds of 

the l,3-diene will also be discussed. 

The transition-metal catalyzed oxidation of l,3-dienes gIvmg the 

corresponding vinyl epoxide, in principle an l,2-addition of the oxygen atom 

to the l,3-diene, will also be compared to the oxidation of l,3-dienes taking 

place on early, as well as, late transition-metal surfaces, as the vanadyl 

pyrophosphate- and Ag(110) surfaces, where an l,4-addition of the oxygen 

atom to the l,3-butadiene takes place. The difference of oxygen-transfer 
taking place in the sphere of a discrete metal complex and the oxygen-transfer 

taking place on the metal surface will also be discussed. 

The oxidation of l,3-dienes catalyzed by transition-metal complexes will also 
in more general terms be discussed in realtion to the above-menlhioned 

work. 
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HYDROCARBON OXIDA nON BY A POLYNUCLEAR IRON SANDWICH 
POL YOXOTUNGSTATE - HYDROGEN PEROXIDE SYSTEM 

Alexander M. Khenkin and Craig L. Hill 

Department of Chemistry, Emory University, Atlanta, GA 30322 U.S.A. 

The synthesis and characterization of isolated, isomerically pure 
tetranuclear iron sartdwich polyoxotungstates [(FelI)4(B-PW90 34)2] 10-
and [(FeII)4(B-P2W1S0S6)2]l6- as organic-soluble tetra-fl
butylammonium salts are reported. These complexes have been 
characterized by 31 P NMR, elemental analysis, magnetic 
susceptibility, UV-visible, infrared and EPR. 

These complexes catalyze the epoxidation of alkenes by hydrogen 
peroxide in acetonitrile. They afford much better yields and 
selectivities than related mononuclear iron polyoxotungstates 
[FePW] 1039]S- and [FeP2W17061]7-. cis-Stilbene was epoxidized 
nonstereoselectively. Under high turnover conditions the 
tetranuclear iron sandwich complexes, unlike PW120403- and most 
polytungstophosphates are quite stable with respect of solvolytic 
degradation by H202. 

[(FeII)4(B-PW9034hPO- also catalyzes the oxidation of cyclohexane, 
methylcyclohexane and hexane with formation of the corresponding 
alcohols and ketones. The mechanism of hydrocarbon oxidation in the 
tetranuclear iron sandwich polyoxotungstate - hydrogen peroxide 
system will be discussed. 
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THIANTHRENE OXIDE AS A MECHANISTIC PROBE FOR BLEACH 
INGREDIENTS 

J.H. Koek, E.W.J.M. Kohlen, L. vd Wolf, K. Hissink 
Unilever Research Laboratorium, P.O. Box 114, 3130 AC Vlaardingen, The 
Netherlands 

Introduction 

Thianthrene oxide, described in lit. [W.Adam, J.Am.Chem.Soc ill, 6202-6208 
(1991)] as a mechanistic probe for oxidation processes, was applied under aqueous 
conditions to investigate the behaviour of several bleach active materials of detergent 
formulations. 

An HPLC method was developed for characterisation of the oxidation products. 
Peracids were found to be more reactive at 40 °C than hydrogen peroxide. The 
peracids were found to give nucleophilic oxidation at high pH and electrophilic 
oxidation at low pH. Under wash conditions (PH = 10) mainly nucleophilic 
oxidation was observed. For full implications to the bleach process at wash 
conditions the heterogenic nature of the last process should also be taken into 
account 

Conclusions 

Thianthrene oxide can be applied as oxidation probe also under aqueous conditions. 
The higher reactivity of the peracids compared with hydrogen peroxide at 40C 
correlate with the better bleach these peracids give at wash conditions. 
Peracid bleach under wash conditions involves a nucleophilic oxidation mechanism. 

',,--
11I1anthrene oxide ... 

nucleophilic ox. 



THE SELECTIVE HYDROXYLATION OF CYCLOHEXANE BY ALKYL HYDROPEROXIDES 
A CHALLENGE THAT CAN BE SOLVED? 

Abstract 

U.F. Kragten 1, C.B. Hansen 1, J. Nene.-2 
'OSM Research, CP-Chemicals/CP-Intermediates, PO Box 186160 MO Geleen, The Netherlands 
'Present address, University of York, Dep. of Chemistry, Heslington, York YOI 500, England 

The development of efficient routes towards cyclohexanone and cyclohexanol is one of the 
challenges for industrial researchers. Both chemicals are important feedstocks for the production of 
caprolactam and adipic acid. The latter two are precursors for Nylon-6 and Nylon-6,6 

In our lab the hydroxylation of cyclohexane by cyclohexyl hydroperoxide (CHHP) and cumyl 
hydroperoxide (CumOOH) was studied. As catalysts sterically hindered metalloporphyrines (Metals = 
Co, Mn, Cr, Porphyrines = TPP, TDCIPP, TPyp1) were used. A comparison is made with data from 
literature and the possible impact on industrial scale production of cyclohexanone is discussed 
briefly. To distinguish between formation of cyclohexanone via the decomposition of the CHHP and 
the oxidation of the formed alcohol experiments were performed with both 3,3,5,5,
tetramethylcyclohexanol and cyclohexanol-d12. The results indicated that the added alcohols were 
not oxidized to the corresponding ketone. Based on both epoxidation experiments with styrene and 
cis-stilbene and the hydroxylation experiments it was concluded that for both MnTDCIPP and 
CrTDCIPP the reaction mainly goes via a heterolytic mechanism. A third indication for a non radical 
pathway with Mn porphyrines was found by using a radical trapping agont, galvinoxyl (2,6-di-tert
butyl-~-(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxyl, free radical). The addition of 
galvinoxyl did not influence the rate of reaction which is a strong indication of the absence of free 
radicals in the solution for the tested Mn porphyrin. With Co porphyrines the reaction is believed to 
proceed via a homolytic mechanism in which non sterically hindered porphyrines are readily 
converted to non-porphyrin species. 

A comparison of the results for CumOOH and CHHP clearly indicated that CumOOH is a 
better hydroxylating agent than cyclohexylhydroperoxide. It is believed that this is due to the 
absence of an ~-hydrogen in cumyl alcohol which makes it a less reactive molecule than 
cyclohexane. With a sterically hindered Mn porphyrin it was possible to hydroxylate with a high 
selectively cyclohexane (yield> 40 %). The formed cyclohexanol was almost not oxidized which 
resulted in very high alcohol: ketone ratios (> 10). Despite these high selectivities there is still a 
strong competition between hydroxylation and normal decomposition of the peroxide. 

Acknowledgements 

We would like to thank DSM for their financial support and DSM Chemicals North America for 
providing us with the CHHP. We would also like to thank Prof. W. Drenth (University of Utrecht, NL) 
and Dr. J.R. Lindsay Smith (University of York, UK) for the fruitful discussions . 

1. TDCIPP 
TPP 
TPyP 

.!D.W-tetra(2,6-dichloro phenyl) porphyrin 

.!D.W-tetraphenylporphyrin 

.!D.W-tetrapyridylporphyrin 
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DIOXYGEN OXIDATION BY TIlE METAL-IMMOBILIZED CATALYST DERIVED 
FROM SILICA AND MONTMORll.LONITE MODIFIED BY SILANE COUPLING 

REAGENT 

Yasuhiko Kurusu (Department of Chemistry, Sophia U ni versity, 7-1 
Kioicho,Chiyoda-ku, Tokyo Japan 102) 

The silica and montmorillonite modified with silane coupling reagents(SCR) were 
treated by metal ions(Fe,Cu,Co) in order to obtain effective dioxygen oxidation catalyst. 
The immobilized catalyst derived from silica was useful for the dioxygen oxidation of 
cyclohexanes. Also, the immobilized catalyst from montmorillonite was effective for 
oxidation of ethylbenzene. 
1. Functionalization of silica and montmorillonite: These inorganic polymers are not 
suitable for organic reaction in solution because of its hydrophilicity. To remove this 
defect, it has been tried to construct inorganic-organic hybrid type compound by the 
treatment with SCR. By this process, the functional group in SCR becomes an effective 
ligand for metal complex formation. The functionalized silica or montmorillonite was 
treated with metal ion in order to obtain immobilized catalyst. N,N-dimethyl-3-
aminopropyltrimethoxysilane and N-2-aminoethyl-3-aminopropyltrimethoxysilane were 
used as SCR. From the silica with higher surface area immobilized catalyst FS-l (Fe) and 
FS-l(Cu) were obtained. From montmorillonite cobalt immobilized catalyst([I] and [II]) 
was derived. 
2. Oxidation of hydrocarbon: Cyclohexane and methyl cyclohexane were oxidized in the 
presence of FS-l(Fe) and FS-l(Cu).1) In this case zinc and acetic acid were indispensable 
for this oxidation. Ethylbenzene was oxidized with cobalt immobilized catalyst[I] and 
[II]. This oxidation started after the addition of a little content of hvdogen peroxide. 

Table 1. Oxidation of ethylbenzene in the presence of various immobilized catalysts 

No Catalyst 
Reacuon 

Conversion / % 
Selecavlty / % 

ume/h PhCOMe PhCH(OH)Me PhCH2CHO 

la) I 24 150 65 35 0 

2a) II 24 0 0 0 0 

3b) c) 20 0 0 0 0 

4b) CoBr2 1 05 100 0 0 

3 38 50 50 0 

44 413 57 24 19 

5b) I 1 28 61 39 0 

3 83 60 40 0 

20 385 63 19 18 

I(NaBr)d) 1 70 55 45 0 

3 202 55 33 19 

20 521 54 18 28 

I(LIBr)d) 1 54 38 52 10 

20 74 23 33 44 

6b) II 20 400 70 12 18 

ReacuoncondlUon Temp90'C. 0,( 1atm), Catalyst (Co, 017 mmol), Aceucacld (40 mmol), 
Ethylbenzene ( 32 mmol ), Hydrogen peroXide (2 mmol ) 

a) reacuon with no addluon ofH20z b) reacuon With adellaon of H20z c) Without Co catalyst(blank) 
d) salt content (1 mmol) 

REFERENCES 

1) Y.Kurusu, Makromol.Chem. Makromol.Symp. 59,313-318(1992) and the 

references cited therein. 
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BIOMIMETIC OXIDATION OF CYCLOHEXANE USING THE GIF-KRICT SYSTEM 

Kyu-Wan Lee, Seong-Bo Kim and Ki-Won Jun 
Catalysis Research Division, Korea Research Institute of Chemical 
Technology, P.O. Box 9 Daedeog-Danji, Taejon 305-606 (Korea) 

Gif systems were originally designed to IIllIl11C non-heme enzymatic 
oxidation of alkanes. All of them involve a pyridine-acetic acid (or other 
carboxylic acid) solution of the hydrocarbon being oxidized, an iron-based 
catalyst, and an electron source. However, Gif systems have a ploblem in 
the separation of catalyst because the homogeneous catalytic systems are 
employed. Thus, we have modified the GifN system by using heterogeneous 
catalysts, iron oxide supported on silica, and then the results are reported in 
this paper. 

Fe/silica catalyst was prepared by the impregnation of FeCh"6HzO onto 
silica geI(Kiesel gel 60). The catalyst was subsequently dried at 150"C for 2h 
and calcined at 400 "C for 3h in an air stream. The prepared catalyst was 
analyzed by the spectroscopic methods of X -ray fluorescence, X -ray 
diffraction, X -ray photoelectron and Mossbauer. For the reaction, cycloheaxne, 
pyridine, acetic acid, zinc and the corresponding heterogeneous iron catalyst 
were placed in a 125 ml Erlenmeyer flask. The reaction mixture was stirred 
vigorously under air (1 atm) at room temperature for 16 hr. Quantitative 
analysis of reaction mixture was performed on a gas chromatograph. 

The experimental results indicated that Fe/silica gives good yields in spite 
of being insoluble. The characterization data of the Fe/silica catalyst showed 
that the iron species of the Fe/silica catalyst exists mainly as Fez03 type. 
The pure iron oxides FeO and Fei)3 can also catalyze GifN oxidation and 
the oxidation state of iron gives the large effects on the activity and 
selectivity. The oxidic iron has better activity than metallic iron and favors 
production of cyclohexanone. We also investigated the effect of amount of 
supported iron catalyst on the reaction. The ratio of cyclohexanone/ 
cyclohexanol shows a marked dependence on the amount of catalyst. As the 
amount of catalyst increasing, the formation of alcohol decreases and the 
formation of ketone increases. 
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NON-SYMMETRIC DINUCLEATING LIGANDS FOR OXIDATION CATALYSTS 
TEMPLATES FOR REALISTIC DINUCLEAR METALLOENZYME MIMICS 

M. Lubben, Auke Meetsma and Ben L. Feringa 
Department of Organic and Molecular Inorganic Chemistry, University of Groningen, 
Nijenborgh 4, 9747 AG Groningen, The Netherlands 

Abstract. One of the most striking features in many dinuc1ear metalloenzymes 
is the different coordination environments for the two metal centers. Nevertheless 
most of the reported enzyme mimics which are small molecule analogues for the 
active sites of these complicated enzymes, are based on symmetric dinuc1eating 
ligands. These ligands generally result in the formation of dinuc1ear coordination 
complexes with identical coordination environments for the metal centers. However, a 
limited number of non-symmetric dinuc1ear complexes is known to be formed by 
spontaneous self-assembly in solution. 

We present here a new entry into the synthesis of non-symmetric dinuc1ear 
transition metal complexes by making use of non-symmetric dinuc1eating ligands. The 
use of a non-symmetric dinuc1eating ligand will force the two metal ions in the 
resulting complex into different chemical or coordination environments. This will 
result in the formation of a more realistic enzyme mimic. 

The synthesis of the non-symmetric ligands is based on the Bimolecular 
Aromatic Mannich reaction. Non-symmetric ligands can be obtained via two different 
routes. The first route comprises a sequential Mannich reaction on a phenol using two 
different secondary amines. An alternative route is a Mannich reaction using a 
secondary amine and a substituted salicylaldehyde followed by either condensation of 
the aldehyde functionality with a primary amine and subsequent reduction or 
reductive amination with a secondary amine. 

The excellent ligating ability of these non-symmetric ligand systems is illustrated 
by the presentation of the crystal and molecular structure of a non-symmetric 
dicopper(II) complex. 

Preliminary results on the use of non-symmetric dinuc1ear complexes in 
catalytic oxidations will be presented. 

Acknowledgement. This research is sponsored by Unilever Research. 
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BINUCLEAR COBALT(II) COMPLEXES OF MACRO CYCLIC AND 
MACROBICYCLIC LIGANDS AS OXYGEN CARRIERS 

Arthur E. Martell, Ramunas 1. Motekaitis and Dian Chen 

Department of Chemistry, Texas A&M University, College Station, Texas 77843-3255 

The macrocyclic and macrobicyclic ligands, O-BISOIEN, and O-BISTREN, form thermo
dynamically stable hydroxo-bridged binuclear cobalt(lI) complexes. Both of these complexes react 
with dioxygen to form kinetically stable peroxo-bridged complexes that do not undergo (metal
centered) degradation at appreciable rates. The loss of dioxygen from the J.I-peroxo-J.l-hydroxo
dlcobalt(llI) O-BISOIEN complex is estimated to have the first order rate of about 2 x 10-8 sec-1. The 
ligand is not attacked in this reaction but is converted to the binuclear hydroxo-bridged cobalt(lII) 
complex. The rate of degradation of the dioxygen complex formed from O-BISTREN is kinetically even 
more stable, with no measurable rate of degradation in water solution from -0 °c to 75°C. Even if 
the degradation were to take place (a reaction which is very slow for the O-BISOIEN complex and even 
slower for that formed from O-BISTREN) the ligands are not attacked during the degradation reactions, 
and the active Co(lI) complexes can be regenerated by electrolytic reduction of the corresponding 
Co(lll) complexes. In any case, the very slow rates of degradation of and the lack of ligand attack, 
make these binuclear cobalt(lI) complexes the most effective and efficient oxygen carriers ever 
reported, and are highly recommended for the separation of dioxygen from air. 

The dioxygen complex formed from O-BISOIEN, has a much higher thermodynamic stability 
than that of O-BISTREN, in spite of the fact that each metal center in the O-BISTREN complex is 
coordinated by four basic amino groups while the metal centers of O-BISOIEN are coordinated by only 
three such groups. This reversal of the usual correlation between basicity of the donor and 
thermodynamic stability of the dioxygen complex formed is ascribed to the flexibility of the macrocyclic 
O-BISOIEN ring compared to the relative inflexibility (pre-organization) of the O-BISTREN ligand, and 
the fact that considerable bending and distortion of the macrocyclic or macrobicyclic ligand is 
necessary in order to form the dioxygen complex. 

Because the two ligands O-BISOIEN and O-BISTREN are difficult to synthesize, an attempt has 
been made to form dioxygen complexes of dinuclear cobalt(lI) complexes that are readily prepared. A 
number of macrocyclic and macrobicyclic ligands are formed in good yield by a two-step process: 
(2 + 2 or 3 + 2) condensation of a dialdehyde with a bis- or tris-primary amine to give a macrocyclic or 
macrobicyclic tetra- or hexa Schiff Base, respectively, followed by hydrogenation to give the 
macrocyclic hexamine or the macrobicyclic octamine. The macrocyclic hexamines whose binuclear 
Co(lI) complexes form dioxygen adducts were obtained by the initial condensation of OlEN 
(diethylenetriamine) with the four following aldehydes: pyrrole-2,5-dicarboxaldehyde, benzene-1,4-di
carboxaldehyde, pyridine-2,6-dicarboxaldehyde, and furan-2,5-dlcarboxaldehyde. The macrobicyclic 
octamines whose binuclear Co(lI) complexes form dioxygen adducts were obtained by the initial 
condensation of TREN (2,2' ,2" -triaminotriethylamine) with pyridine-2,6-dicarboxaldehyde and pyrrole-
2,5-dicarboxaldehyde. Of these six dioxygen complexes, all were found to undergo metal-centered 
degradation reactions (with the release of hydrogen peroxide) at appreciable rates; in fact none have a 
half-life longer than one day. These findings indicate that the binuclear cobalt(lI) complexes of 0-
BISDIEN and O-BISTREN remain as the best oxygen carriers thus far reported. 

Sponsors: The Robert A. Welch Foundation (Grant No. A-259) and L'Air Liquide. 
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REACTIONS OF KMn04 WITH VARIOUS SCHIFF BASE LIGANDS IN APROTIC 

SOLVENTS 

Takayuki Matsushita 

Department of Materials Chemistry, Faculty of Science and 
Technology, Ryukoku University, Seta, Otsu 520-21, Japan 

Recently, high-valent manganese complexes have been investigated in connection with 

biological functions of manganese redox enzymes such as the manganese superoxide dismutase 

and the oxygen-evolving complex of photosystem II. We have studied on the reactions of a 

series of manganese(III) and (IV) Schiff base complexes with superoxide ion (0;) and water, 

respectively, in order to clarify the functions of these manganese co-factors. In the consecutive 

study, we have attempted to prepare novel high-valent manganese complexes. 

In this paper, we describe the reactions of KMn04 with various Schiff base ligands in 

organic solvents, mainly CH3CN. KMn04 is soluble in it about 5xlO-3 M in concentration and 

its solution is relatively stable for ca. 24 h at room temperature. A cyclic voltammogram of the 

solution exhibits a redox wave at a potential of -1.0 V(vs.SCE), which may be assigned to a 

redox couple of Mn04-/Mn0}-. This means that KMn04 in CH3CN is not so a strong oxidant 

than in HzO. The reactions ofKMn04 with the Schiff base ligands in C~CN were monitored 

by measuring the visible absorption spectra. For example, with N,N'-propylenebis

(salicylideneimine) (salpn~), the absorption bands characteristic to Mn04- in the visible region 

disappeared gradually and a broad absorption band appeared around 500 nm with a moderate 

intensity. This spectral changes suggested that a high-valent manganese complex having Mn-O 

bonds is formed, because the absorption band can be assigned to the charge transfer transition 

between manganese and oxygen atoms. By the reactions of KMnO 4 with Schiff base ligands, 

several manganese complexes were isolated and characterized by the elemental analyses and 

physicochemical properties such as IR, magnetic susceptabilities, and redox potentials. All data 

are consistent with that these complexes have a di- f1 -oxo structure of manganese(IV). 

These high-valent manganese complexes having Mn-O bonds are considered to be useful for 

the oxidation of organic substances. 
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CIIROMIUM(VI) OXIDE CATALYZED OXIDA TIONS 
BY TERT-BUTYLHYDROPEROXIDE: 

BENZYLIC OXIDATION VERSUS TERT-BUTYLHYDROPEROXIDE 
DECOMPOSITION 

Jacques Muzart and Abdelaziz N' Ait Ajjou 

Unite "Rearrangements Thermiques et Photochimiques" Associee au CNRS 
Universite de Reims Champagne-Ardenne, B.P. 347,51062 Reims Cedex, France 

For the last few years, we have been involved in hydrocarbon oxidation using 
ten-butylhydroperoxide and catalytic quantities of chromium(VI).1,2 We have 
precedently observed that an excess of oxygen source is required to reach high or full 
conversion of the organic substrate owing to the concomittant unproductive 
decomposition of t-BuOOH by chromium.3 

It would seem interesting to know if an efficient transfer of oxygen from t
BuOOH to the substrate could be obtained under suitable conditions. The simpler 
conditions are to use an excess of substrate vis a vis the oxygen source as often done in 
many papers where the high yields claimed for catalytic procedures were based on the 
amount of the oxidant. Such a procedure is generally less valuable for the bench organic 
chemist but can become worth-while on industrial scales if the starting material is 
easily separable from the oxidized compounds. In this poster, we will report the 
benzylic oxidations of diphenylmethane, indane, tetraline and fluorene pursued under 
these selected conditions. 

Although the expected ketones have been usually obtained with good 
selectivities, we have nevertheless observed the peroxidation of the benzylic carbon to 
give t-butylperoxy and hydroperoxy derivatives in low amounts. The presence of the air 
atmosphere could a priori explain the formation of the latter compound but the 
hYdroperoxytetraline was again produced when working under an argon atmosphere. 
Furthermore, the reaction carried out under an oxygen atmosphere did not give this 
hydroperoxyde. We have however observed that the peroxytetralines were decomposed 
under the reaction conditions. The formation of the hydroperoxytetraline seems to 
result, at least under anerobic conditions, from a reaction with the oxygen produced by 
decomposition of t-BuOOH. Otherwise, experiments using 1,3-diphenylisobenzofuran 
as substrate suggest the in-situ formation of singlet oxygen from t-BuOOH. 

Acknowledgment: We thank the "Comite National de la Chimie" for travel facilities. 

REFERENCES 

1 Muzart J. Tetrahedron Lett. 1986,27,3139; 1987,28,2131. 
2 Muzart J. Chem. Rev. 1992,92, 113. 
3 Muzart J., N'ait Ajjou A. J. Mol. Catal. 1991,66, 155. 
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CYTOCHROME P-450 LIKE SUBSTRATE OXIDATION CATALYZED BY 
HEME-UNDECAPEPTIDE, MICRO PEROXIDASE-II 

Shigeo Nakamura, Tadahiko Mashino, Masaaki Hirobe 
Faculty of Pharmaceutical Sciences, University of Tokyo, 

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 

Microperoxidase-ll, MP-ll, heme-undecapeptide, prepared by pepsin 
digestion of cytochrome c, retains the proximal His ligand and two thioether 
bonds between iron-protoporphyrin IX and two Cys residues. The peroxidase 
activities of MPs have been demonstrated in the oxidation of so-called 
peroxidase's substrates, phenolic compounds, in the presence of H202. MPs 
are unique and simple hemoprotein which are not restricted by consideration 
of the apoprotein structure. In this study, cytochrome P-450-like reactivities of 
MP-ll, sulfide oxidation, N-dealkylation, and olefin epoxidation, were 
investigated 1,2). 

Methyl phenyl sulfide was stoichiometrically converted to the 
corresponding sulfoxide by MP-ll based on H202 in 50% methanol-aqueous 
solution 1). The relative reactivities of p-substituted methyl phenyl sulfide 
correlated well with the Hammett crp+ values. The sufi de oxidation with H21802 
gave completely l80-labeled methyl phenyl sulfoxide, which indicated that the 
oxygen atom had originated from iron-oxenoid active species, as it does with 
peroxidases and cytochrome P-4502). 

Demethylation of N,N-dimethylaniline was also effectively catalyzed by 
MP-ll. Contrary to the case of sulfide oxidation, horseradish peroxidase (HRP) 
and cytochrome P-450 catalyze N -demethylation reaction in the different 
mechanisms. The source of the oxygen atom incorporated into the 
carbinolamine intermediate in the cytochrome P-450-catalyzed reaction is 
molecular oxygen (this is origin of iron-oxenoid active species of cytochrome P-
450), however, that in the HRP-catalyzed reaction is not oxidant but solvent 
hydroxide or molecular oxygen. N-Methylcarbazole was used for studying the 
N-demethylation mechanism because its carbinolamine intermediate was 
stable. We found that 180 incorporation into N-hydroxymethylcarbazole from 
H21802 in the MP-l1 reaction was 80%. This indicates that the MP-l1-catalyzed 
N-demethylation mechanism is similar to the cytochrome P-450-catalyzed 
reaction rather than the HRP-catalyzed one2). These results suggest that MP-
11 has a characteristically high ability to rebind the oxygen atom on the heme 
iron and the one-electron-oxidized intermediate. 

An olefin oxidation is also of interest because olefin is not oxidized by HRP 
directly, whereas cytochrome P-450 catalyzes the epoxidation with retention of 
stereochemistry of the substrate. cis-Stilbene was converted stereospecifically 
to cis-epoxide and to the rearrangement product, diphenylacetaldehyde, by MP-
11 and H202l). 

In conclusion, MP-l1 catalyzed N-demethylation, sulfide oxidation and 
olefin epoxidation in the cytochrome P-450-like manner. 

References: 1) T. Mashino, S. Nakamura, and M. Hirobe, Tetrahedron 
Lett., 31, 3163 (1990). 2) S. Nakamura, T. Mashino, and M. Hirobe, 
Tetrahedron Lett., 33, 5409 (1992). 
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OXIDATION OF ORGANIC COMPOUNDS WITH MOLECULAR OXYGEN 

CATALYZED BY HETEROPOLYOXOMETALLATES 

Yutaka Nishiyama, Kouichi Nakayama, and Yasutaka Ishii 

Department of Applied Chemistry, Faculty of Engineering, Kansai University 

Suita, Osaka 5S4, Japan 

It is increasing interested in the utilization of heteropoly compounds as 

catalysts for the oxidation of various organic compounds. Recently, we have 

found that the mixed addenda heteropolyoxometallates such as 

(NH4)5H4PV SMoS0 40'SH20 (PVSMoS) was efficient catalysts for the aerobic 

oxidation of olefinic compounds in the presence of isobutyraldehyde. We now 

present here the direct oxidation of amines and hydrocarbons with molecular 

oxygen by PV SMoS catalyst. 

When a toluene solution of benzylamine was stirred at 100°C for 20 h under 

an atmospheric pressure of molecular oxygen, the oxidative dehydrogenation 

was performed to give the corresponding Schiff base imine (PhCH=NCH2Ph) 

(eq. 1). In this reaction system, the similar oxidative dehydrogenation of various 

benzylic amines was performed to give the corresponding imines in moderate 

yields. In the case of cyclic amine such as 1,2,3,4-tetrahydroisoquinoline, 3,4-

dihydroisoquinoline was formed in good yield (eq. 2). The application of the 

PV SMoS-02 oxidation system to tetraline provided the mixture of tetralone and 

1 ,2,3,4-tetrahydro-1-naphthol (eq. 3). 

~NH2 + O2 __ P_V"'-6M----'06<..,;('-1_m_o_I~-'o)'--__ .. V'Y I ~NIO-: 
V toluene,lOOoe .... , ,"" 

1 atm 
(eq. 1) 

OCJH+ O2 

1 atm 

~N .. 0v (eq.2) toluene, lOOoe 

~I PV6Mo6 (lmol%) 060 060H 

VV + O2 --"'-l-'OO'-'o-e----'---. ... ~ I + ..... I (eq.3) 
1 atm .... , 

We will discuss about the scope and limitation of the PVSMoS-02 oxidation 

system. 
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"lHERMODYNAMIC AND KINETIC STUDIES TO ELUCIDATE mE AMOCO 

ColMnlBr AUTOXIDATION ('MC') Catalyst" 

Walt Partenheimer 
Amoco Chemical Corporation 
Naperville, IL 60563 

An efficient, general,and high yield method to prepare aromatic acids is to pass dioxygen 
through an acetic acid solution of Co/Mn/Br salts containing alkyl aromatic compounds. 
This method has been licensed world-wide to prepare terephthalic acid from p-xylene. We 
have used the reaction of m-chloroperbenzoic acid (MCPBA) with mixtures of Co (II) acetate! 
Mn(II) acetate/bromide in acetic acid/water solutions to understand the functions of each 
catalyst component. The sequence of redox reactions that occurs is first the reaction of 
MCPBA with Co(II) to give Co(III); Co (III) then oxidizes Mn(II) to Mn(lII) and finally, 
Mn(III) oxidizes bromide to bromine. Some of the functions of each component are 1) the 
cobalt rapidly reacts (very selectively) with the MCPBA (Mn and Br react slowly), 2) Mn 
lowers the steady state of Co(IU) which significantly reduces solvent decomposition and also 
avoids Co (III) re-arranging into a less reactive form, and 3) bromine reacts rapidly with the 
methylaromatic compound to generate methylaromatic radicals (Co(IIJ) and Mn(I1I) react 
slowly). The dimeric structure of Co(II) in acetic acid is partly responsible for the highly 
selective nature of the MCPBA oxidation of Co(II). The order of the redox reactions is the 
opposit to that expected from thermodynamics. 
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IRON(III) AND MANGANESE(III) TETRA-ARYLPORPHYRINS 
CATALYZE THE OXIDATION OF PRIMARY AROMATIC AMINES TO 
THE CORRESPONDING NITRO DERIVATIVES 

Francesca Porta and Stefano Tollari 

Dip. Chimica Inorganica, Metallorganica e Analitica, and CNR Center 
University of Milano, Via Venezian 21, 20133, Milano, Italy. 

The catalytic reaction of the metallo (III) porphyrins, M(P)CI (1-4), in the 
presence of an appropriate amount of an axial ligand L and a 3 M isooctane 
solution of t-BuOOH give, after 15 minutes, the total conversion of the amines 
5-12, to the the corresponding nitro derivatives (5a-12a), whose yields range 
between 93% and 15% (molar ratios: cat./oxidant/amine = 1/300/100) (eq.l): 

M(P)CI 
RC6H 4NH 2 ) RC6H 4NOz (1) 

t-BuOOH, L 
M(P) = FeIlI(TPP) (1); MnIJI(TPP) (2); FeIII (T2,6C12PP) (3); MnlIl (T2,6ClzPP) 
(4); ; R = H (5), p-Me (6), p-Br (7), p-CI (8), p-N02 (9), p-F (10), rn-Me (11), 
p-OMe (12), L = imidazole, I-methylimidazole, 2-methylimidazole, 4-
tbu tylpyridine. 

The appropriate amount of the added ligand changes with the nature of the 
amine used, but the best results were obtained, as a rule, when the ligand/amine 
molar ratios were in the 0.3-0.5 range, which correspond~ to an initial 30-50 
ligand/ metallo-porphyrin molar ratio. The effect of various ligands wa~ ~tudied. 
Indeed, the best results were obtained by using the most strongly coordinating 
ligand, I-Meimidazole, whose effect is analogous to that reported in the 
literature on olefin epoxidation by Fe 3 + or Mn3 + porphyrins in the presence of 
hydrogen peroxide or hypochlorite l . The difference in the coordination 
capability of the ligand Land amines is evidenced by the spectral changes of the 
Fe(TPP)CI Soret band at 416 nm, in the presence of the imidazole ligand or the 
amine. 

The catalytic system still proved to be efficient when 1{)4 molar equivalents 
of amine with respect to the catalyst were used. Very high turnovers! hour 
(18900) were observed. 

The same reactions carried out with the manganese(llI) porphyrins 2 and 4 
with amines 6, 8 and 12 gave good yields of the nitroderivatives 6a and 8a , but 
longer reaction times were requested (2 and 5 h, respectively). Comparison 
with the ferric system yields shows that both manganese(lll) complexes 2 and 4 
are less efficient in the oxidation of the aromatic amines to the corresponding 
nitroderivatives . 

References 

1) P.Battioni, J.P.Renard, J.F.Bartoli, M.Reina-Artiles, M.Fert, D.Mamuy, 
i.Amer. Chern. Soc., 1988, 110, 8462. 
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STOICHIOMETRIC AND CATALYTIC OXIDATION BY A BINUCLEAR Cu(I) 

DIOXYGEN MACROCYCLIC COMPLEX DERIVED FROM PYRIDINE-2,6-

DICARBOXALDEHYDE AND BISDIEN 

DAVID A. ROCKCLIFFE AND ARTHUR E. MARTELL 

Department of Chemistry, Texas A&M UniversityCollege Station, Texas 77843-3255 

The 2+2 condensation of pyridine-2,6-dicarboxaldehyde with SISDIEN produces a macrocyclic tetra Schiff 

base with a 24-membered ring in good yield. The macrocycle reacted with two equivalents of 

Cu(CH3CN)4PFS to form a binuclear Cu(l) complex. The latter complex reacted with one equivalent of 

dioxygen to produce a complex which is believed to contain a IL-peroxo group bridging the metal centers. 

The half-life of this dioxygen complex was found to be about 100 minutes at 25°C. The dioxygen complex 

was found to oxidize the substrates 2,S-dimethoxyphenol, 2,S-ditertiarybutylphenol, hydroquinone, tertiary

butylhydroquinone, 3,5-ditertiarybutylcatechol, 4-tertiarybutylcatechol, 4-methylcatechol, and 3,4-dlmethyl

aniline. All of the redox reactions are catalytic, except for those of the last three substrates, with from three 

to five turnovers. The cycling of these catalytic reactions require that the binuclear Cu(lI) complex formed 

in the initial (two-electron) substrate oxidation also be an active oxidant of the same substrate. The 

binuclear Cu(lI) complex of the tetra Schiff base ligand was also synthesized and used as an oxidant for the 

substrates listed above. Only the substrates that were catalytically oxidized were also oxidized by the 

binuclear Cu(lI) macrocyclic complexes. The substrates that were not catalytically oxidized were not 

oxidized at measurable rates by the Cu(lI) complex. Comparison of the initial rate constants for oxidations 

by the binuclear Cu(l) dioxygen complex and for the binuclear Cu(lI) macrocyclic tetra Schiff base complex 

show that for the substrates examined, the Cu(l) dioxygen complex exhibits a significantly higher rate than 

does the Cu(lI) complex. 

Acknowledgement: This work was support by the Office of Naval Research 
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Fenton Reagents (1:1 FeIILx/HOOH) React Via [LxFeIIOOH(BH+), 1] as 

Hydroxylases (RH --+ ROH); NOT as Generators of Free Hydroxyl Radicals (HO·)a 

Donald T. Sawyer, Chan Kang, Antoni Llobet, and Chad Redman 

Department of Chemistry, Texas A&M University, 
College Station, Texas 77843, USA 

Abstract: The one-to-one combination of hydrogen peroxide and FeII(PA)2 

[PAH = picolinic acid (2-carboxyl-pyridine)], a Fenton reagent, forms an adduct 

{FeII(p A}z + HOOH 

the primary reactant with (a) excess FeII(p A}z to give two (P AhFeIIlOH, 

(b) excess HOOH to give 02 plus two H20, and (c) excess cyclohexane (c-C6lf12) 

to give (C-C6Hll)PY (or C-C6HllOH in the absence of pyridine). The presence of a 

carbon-radical trap (PhSeSePh) with the organic substrate yields C-C6H11SePh 

with an efficiency of >90% (relative to HOOH). This Fenton reagent has 

reactivity ratios (kA/kB) [in comparison with free HO·] with C-C6H12/ C-C6D12 

(KIE) of 1.7 [versus 1.0], with 1°/2°/3° carbon centers (per C-H, normalized) of 

0.07/0.44/1.0 [0.41/0.50/1.0], and with C-C6H12/PhCH2CH3 of 2.0 [0.6]. In the 

presence of 02 (1 atm, 3.4 mM) 1 forms an adduct [1(02),5], which reacts with 

C-C6H12 to give C-C6HlO(0) (KIE, 2.1), cyclohexene (C-C6HlO) to give 

C-C6H8(0), and PhCH2CH3 to give PhC(0)CH3 (reactivity ratio for 

C-C6H12/PhCH2CH3,0.6). Similar chemistry results for HOOH/Oz with 

FeII(bpy}z2+ [reactivity ratio for C-C6H12/PhCH2CH3 (0.4)], FeIl(OPPh3)42+ (1.0), 

and CuI(bpy}z+ (1.0)]. All of this is compelling evidence that Fenton reagents 

do not produce (a) free hydroxyl radicals (HO·) or (b) free carbon radicals (R), but 

(c) can exhibit catalytic turnovers with respect to HOOH and 02. 

aSawyer, D. T.; Kang, c.; Llobet, A.; Redman, C.]. Am. Chem. Soc. 1993, 115, 0000 
(June, 1993). 
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IRON(II)-INDUCED GENERATION OF HYDROGEN PEROXIDE FROM 

DIOXYGENi INDUCTION OF FENTON CHEMISTRY AND THE ACTIVATION 

OF 02 FOR THE KETONIZATION OF HYDROCARBONS; 

FeII(PAh/(t-BuOOH)-INDUCED ACTIVATION OF Ol 

Donald T. Sawyer, Chan Kang, Andrzej Sobkowiak, and Chad Redman 

Department of Chemistry 

Texas A&M University, College Station, Texas 77843 

Abstract: The combination of FeII(DP AHh (DP AH2 = 2,6-dicarboxyl pyridine) and 02 

in a 2:1 pyridine/acetic acid solution results in a rapid autoxidation to produce HOOH 

and FeIII(DPA)(DP AH) (kl, 1.8±0.5 M-Is-I). The resultant HOOH reacts with excess 

FeII(DP AHh via a nucleophilic addition to give a Fenton reagent [(DPAHh-FeIl()OH + 
pyH+] (1) that reacts with (a) excess FeII(DPAHh to give FeIII(DPA)(DPAH) 

[k2, (2±1) x 103 M-Is-I], (b) excess c-Qi12 and PhSeSePh (a carbon radical trap) to give 
c-C6HnSePh [kinetic-isotope-effect (kc-C6H12/kc-c6D12)' 1.7], and (c) excess 02 to form 

an adduct [(DPAHh-FeIIIOOH(02) + pyH+](5), which reacts with excess c-C6H12 via an 

intermediate [(DPAHhFeIV(OH)(OOC6Hn)] (6) and FeII(DPAHh to give C-C6HIO(0) 

[KIE, 2.6] and FeIII(DPA)(DPAH) [32 mM FeII(DPAH)2, 02 (1 atm, 3.4 mM), and 1 M 

C-C6HI2 yield 6 mM C-C6HlO(0)]. The related FeII(PAh complex in combination with 

t-BuOOH (or HOOH) catalytically activates 02 to oxygenate hydrocarbons (e.g., 
C-C6H12 • C-C6HlO(0) [902 turnovers per FeII(PAh]; PhCH2CH3 ---

PhC(0)CH3 (25 02 turnovers); C-C6HIO • c-C6lfg(O) (502 turnovers); and 

PhCH(Meh • PhC(O)Me, Ph(MehCOH, and Ph(Me)C=CH2 (5 02 turnovers). 

With large t-BuOOH (or HOOH)/FeII(PAh ratios spontaneous decomposition occurs to 

give free 02 that is incorporated into the substrates. The first-formed intermediate is a 

one-to-one t-BuOOH/FeLx adduct {[(PAh-FeIl()OBu-t + pyH+] (I)}, which reacts with 

(a) excess t-BuOOH to give 02 and t-BuOH, (b) excess FeII(PAh to give 

(PAhFeIIIOH(Bu-t), (c) excess C-C6H12 to give (C-C6H11)PY [KIE, 4.6 with t-BuOOH and 

1.7 with HOOH], and (d) 02 to form an adduct, [(PAh-FeIII(02)(00Bu-t) + pyH+] (5), 

that reacts with C-C6HI2 to form C-C~lO(O) [KIE, 8.7 (2.5 with HOOH)]. When 

PhCH2Me or C-C6HlO are the substrates (RH), 5 reacts to form [(PAhFeIV(OH)(OOR)] 

(6), which in turn reacts with RH and 02 in a catalytic cycle to give PhC(O)Me or 

C-C6HS(0) [2-302 turnovers per FeII(PAh]. The FeII(bpyh2+, FeII(OPPh3)42+, 

(C1sTPP)FeII(pyh, FeIIIC13, and CuI(bpyh+ complexes in MeCN are similar effective 

catalysts. 

aKang, c.; Redman, c.; Cepak, V.; Sawyer, D. T. Bioorg. Med. Chern. 1993, 1, 000 
(June, 1993). 
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THE UNIQUE ROLE OF IRON CATIONS IN THE ACTIVATION OF MOLECULAR 

OXYGEN IN THE GAS PHASE 

D. SchrOder, H. Schwarz 

Institut ffir Organische Chemie der Technischen Universitiit Berlin, 1000 Berlin 12 (Germany) 

The activation of molecular oxygen by transition metal complexes is of fundamental interest for 

chemistry, biology, and medicine. As it is well known from biochemistry, iron is crucial in the 

transportation, storage, and activation of oxygen, and with respect to these processes only copper 

is of comparable relevance. 

The origin of the exceptional role of the element iron with respect to oxygen-activation is not 

well understood yet. It can be either due to the intrinsic properties of this metal or be dominated 

by other effects, ego ligand sphere, solvation etc. 

In the gas phase the intrinsic properties of an individual transition metal ion M+ can be studied 

in the absence of additional ligands and similar effects. These studies may provide information 

about the elementary steps of oxidation reactions related to biological processes. 

To this end, we have studied the gas phase reactions of ethylene complexes M(C2H4) + of the 

I st row transition metal cations (M = Sc - Zn) with molecular oxygen by means of Fourier 

Transform Ion Cyclotron Resonance (FTICR) Mass Spectrometry. This model reaction migth 

serve as a test for the capability of the individual metal cations with respect to oxygen and C-H

activation as well. For comparison the reactions of the radical cation C2H4 + 0 with oxygen as 

well as those of M(C2H~ + with M = H, Na, and Mg have also been included in this 

comprehensive gas phase study. 

Most of the olefin complexes examined in this study exhibit an unspectacular reactivity towards 

molecular oxygen, i. e. either ligand exchange reactions, O-O-bond activation by highly 

oxophilic metals Sc, Ti, and V, or even complete absence of any reaction are observed (eg. even 

Cu(C2H~+ is unreactive). However, in the case of the iron complexes extensive oxidation 

reactions are observed. Indeed, not only olefins attached to an iron cation react effectively with 

molecular oxygen, even stable molecules like benzene and acetone are rapidly oxidized in the 

presence of Fe + . 

In comparison, Fe+ is the only cation of the [sf row transition metal cations, which mediates 

both, the activation of molecular oxygen as well as that of the olefin. Thus the experimental 

findings indicate that the extraordinary role of iron with respect to the activation of molecular 

oxygen is - at least partially - due to an intrinsic property of this element. 

The results of these oxidation processes are presented and discussed on the basis of 

mechanistical and energetical arguments. 
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LOW TEMPERATURE OXIDATION OF p-XYLENE TO TEREPHTHALIC ACIP 

U1f Schuchardt, Carol H. Collins and Regiane L. Ambrosio 

Instituto de Quimica, UniversidaGe Estadua1 de Campinas 
Caixa Postal 61S4, 13081-970 Campinas, SP (Brazil) 

The oxidation of p-xylene by air to give terephthalic 
acid is almost universally carried out with cobalt and 
mangan8se salts as catalysts. In the An10CO process, 9S% 
acetic acid is used as a solvent and bromide ion as a 
promotor. The conditions are drastic (19S-20SoC, lS-30 bar 
of air) in order to oxidize the intermediates p-toluic acid 
and terephthalic aldehyde, giving a selectivity for 
terephthalic acid better than 90%. We reinvestigated this 
reaction at low temperature with an oxygen flow (1 bar) in 
an attempt to achieve a similar selectivity for terephthalic 
acid. The reactions were carried out in SO ml of acetic 
acid using S6 romol of p-xylene and S romol of cobalt and 
manganese acetate (9:1) under an oxygen flow (60 ml/min) for 
12 h. Preliminary experiments showed that it was necessary 
to injtially add acetic anhydride (120 ~nol), which eliminates 
the reaction water formed, and a promotor to maintain the 
radical chain process. Hydrobromic acid was found to be the 
best prolnotor. A quantity of 2.S romol optimized the 
selectivity without producing brominated products. A co
oxidant (such as ~araldehyde) was not necessary under these 
conditions. Varying the reaction temperature, we found that 
the conversion of p-xylene was complete at 9SoC. At 1000 C we 
obtained terephthalic acid with a selectivity of 90% which was 
maintained up to 10aoC. At higher temperatures the 
selectivity was reduced due to decarboxylation reactions. We 
conclude that p-xylene can be effectively oxidized to 
terephthalic acid under an oxygen flow at 1000 C with a 
hydrobromic acid promotor, if the acetic acid used as a 
solvent is maintained water-free. A reaction mechanism which 
is in agreement with these results is discussed. 

This work was supported by FAPESP and CNPq. 
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COPPER(I)/(t-BuOOH)-INDUCED ACTIVATION OF DIOXYGEN 

FOR THE KETONIZATION OF METHYLENIC CARBONSa 

Andrzej Sobkowiak, Aimin Qiu, Xiu Liu, Antoni Llobet, and Donald T. Sawyer 

Department of Chemistry 

Texas A&M University, College Station, Texas 77843 

In acetonitrile/pyridine bis(bipyridine)copper(I) [CuI(bpy)!] activates HOOH 

and t-BuOOH for the selective ketonization of methylenic carbons. With 5 mM 

CuI(bPY)2/100 mM HOOH(Bu) the conversion efficiencies [product per 2 HOOH(Bu)] 

for c-C6H12 are 31% (HOOH) and 59% (t-BuOOH, argon atmosphere), and for 

PhCH2CH3 are 24% (HOOH) and 64% (t-BuOOH, argon). With 5 mM CuI(bpY)2 and 

10 mM t-BuOOH under argon the conversion efficiency for c-C6H12 is 10% and for 

PhCH2CH3 is 140%. However, in the presence of O2 (1 atm, 7 mM) the conversion 

efficiency for c-C6H 12 increases to 67%, and for PhCH2CH3 to 440% [all PhC(O)Me 

(22 mM)], respectively. The latter result represents a CuI(bpy)21 

t-BuOOH-induced auto-oxygenation with at least 2.2 02/catalyst turnovers. The 

first-formed intermediate is a one-to-one adduct [(bpyhCuIOOBu-t + pyH+, I], which 

reacts with (a) excess CuI(bpyh+ to give 2 (bpyh+CuIIOH, (b) excess t-BuOOH to give 

02 and t-BuOH, (c) excess C-C6H12 to give C-C6HnOH, (d) excess C-C6H12 and excess 

t-BuOOH to give C-C6H1100Bu-t, and (e) 02 to form an adduct, 

[(bpyhCUIII(02)(00Bu-t) + pyH+, 5], that reacts with (i) C-C6H12 to give C-C6HlO(0) 

and C-C6HnOH and (ii) PhCH2CH3 to give PhC(0)CH3. 

aSobkowiak, A; Qiu, A; Liu, X.; Llobet, A; Sawyer, D. T. ]. Am. Chern. Soc .. 1993, 

115,609-614. 
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ENANTIOSELECITVE LACTONIZA TION OF CYCLIC KETONES WIlli H202 

CATALYZED BY COMPLEXES OF PLA TINUM(ll) 

G. Strukul. A. Gusso and F. Pinna 

Department of Chemistry, University of Venice, 30123 Venice, Italy. 

The Baeyer-Villiger oxidation of ketones to give esters is an oxygen transfer 

reaction typical of organic peroxy acids. We have recently reported th1t this reaction can 

be easily accomplished with hydrogen peroxide as the oxygen source and a series of 

[(P-P)Pt(CF3)(solv)]+ complexes as catalysts (P-P = several diphosphines). This allows 

the easy catalytic conversion of a variety of cyclic ketones (like e.g. cyclohexanone, 

cyclopentanone, cyclobutanone, etc.) into the corrsponding lactones via a concerted 

mechanism involving the activation of the substrate at the metal center. 

In this communication we report a study of the stereochemical features of this 

catalytic process and the use of chiral diphosphine modified catalysts for the 

enantioselective synthesis of certain naturally ocurring lactones through kinetic resolution 

of a racemic mixture of the starting ketones. 
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AEROBIC OXYGENATION OF OLEFINS 
CATALYZED BY TRANSITION-METAL COMPLEXES 

- PREPARATION OF EPOXIDES AND a-HYDROXY KETONES -

T. Takai, T. Yamada, S. Inoki, E. Hata, and T. Mukaiyamat 

Basic Research Laboratories for Organic Synthesis, Mitsui Petrochemical Industries, Ltd., 
Nagaura, Sodegaura-shi, Chiba-ken 299-02 Japan. 

tDepartment of Applied Chemistry, Faculty of Science, Science University of Tokyo, 
Kagurazaka, Shinjuku-ku. Tokyo 162 Japan. 

By combined use of molecular oxygen and aldehyde, various olefrns are smoothly 
oxygenated into the corresponding epoxides catalyzed by bis(1,3-diketonato)nickel(II) 
complexes under an atmospheric pressure of oxygen at room temperature.[Ia, b] 
Transition-metal complex catalyst is quite influential over the reaction system of the 
present oxygenation, therefore, in order to develop the useful procedures, suitable 
selection of the catalyst is crucial. 

When tris(1,3-diketonato)iron(III) complex was employed as a catalyst, styrene and 
its analogues which are highly reactive toward oxygenation, were converted into the 
corresponding epoxides in high yield without accompanying undesirable C=C bond 
cleavage.[3] a,13-Unsaturated carboxamides, electron deficient olefins, were oxygenated 
into the corresponding epoxides in good yields when bis(1,3-diketonato)oxovanadium(IV) 
complex catalyst was used.[4] 

1 atm02, 1 mOI%Fe(III)L3 ~o 
----------------~.- I ~ 

Et2CHCHO, r.t. ,& 89% yield 

1 atm02, 2 mOI%V(IV)OL2 I)? 
(CH3hCHCH2CHO, r.t 'YN(CH3)Ph 

87% yield 
By using the catalyst system of Os04 and bis(1 ,3-diketonato)nickel(II) complex, 

various olefinic compounds were directly converted into the corresponding a-hydroxy 
ketones in good yields.[5] This procedure provides a convenient method for the 
preparation of a-hydroxy ketones just starting from olefinic compounds. 

~ 1 atm02, 3 mOI%Ni(II)L2, 1 mOI%OS04 HOJ _ 
"'=: OCOPh (CH3hCHCHO, r.t. ~ ~OCOPh 

° 82%yield 
References 

[1] a) T. Yamada, T. Takai, O. Rhode, and T. Mukaiyama, Chern. Lett., 1991,1. b) idem., 
Bull. Chern Soc. lpn., 64, 2109 (1991). [2] T. Takai, E. Hata, T. Yamada, and T. 
Mukaiyama, Bull. Chern. Soc. lpn., 64, 2513 (1991). [3] S. Inoki, T. Takai, T. Yamada, 
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OXIDATION OF PHENOLIC ARYLALKENES IN THE PRESENCE OF 
MOLECULAR OXYGEN 

Yasuomi Takizawa, Tadanori Sasaki, Kazuaki Nakamura and 
Nobutoshi Yoshihara 

Department of Chemistry, Tokyo Gakugei University, 
4-1-1, Nukuikita-machi, Koganei-s~i, Tokyo 184 , Japan 

From the view point of finding the oxidation mechanism 
and biomimetic synthesis of naturally occuring phenolic 
compounds in vivo, it is important to study on the oxidation 
of the phenolic compounds related to melanin, lignin, and 
vitamin- E. The authors have studied on the oxidation of mono
phenols with copper(II) compounds in various systems. 
Various phenolic arylalkens and the related compounds were 
oxidized with (BPA)Cu(II)Clz:bis(I,3-Propandiaminato)Copper 
(II)dichloride, Cu(OAc)-Pyridine, and DDQ(2,3-dichloro-5,6-
dicyanobenzoquinone) in the presence of molecular oxygen 
using with the various solvents: ethanol, acetic acid and 
acetic acid-water. 
Substituted phenols(3.0 mmol) were dissolved in the above 
solvents and (BPA)Cu(II)Clz(0.35 mmol) was added into the 
solution. Oxygen was bubbled through the solution. 
Oxidation of isoeugenol with (BPA)Cu(II)Clzin ethanol gave 
the ortho-ortho coupling dimer and the aldehyde derivatives. 
On the other hands, oxidation of isoeugenol in acetic acid 

Hz 0 gave the adduct of two molar isoeugenol and one 
molar acetic acid. When 2,6-dibutyl-4-methylphenol was oxi
dized in the system of copper(II) acetate-pyridine 
quinone methide derivatives were produced. 
However, 2-t-butyl-4-methoxyphenol was oxidized in the same 
system to give dibenzofuran derivatives concomitantly with 
dimer. It was useful to use copper(II)compounds in order 
to get these phenols by one step synthesis. 
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17 OMe 
1 (BPA)CuCI~O. 7 ::::,... .. 

60"C, R-COOH 

(I )R=CH. 

(.) R=CH.-CH. 
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(4)R=H 

~
OH OMe 

::::,...1 0 

" O-C-R 
H H 

..o~ 
R=CH. 
R=CH.-CH3 

R =CH.-CH.-CH. 
R=H 

1) Y. Takizawa, A. Tateishi, J. Sugiyama, H. Yoshida, and 
N. Yoshihara, J. Chern. Soc. ,Chern. Commun., 104(1991). 
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OXIDATION OF HYDROCARBONS BY OXYGEN AND HYDRO
GEN OVER Pd-CONTAINING TITANIUM SILICALITES 

T. Tatsumi. K. Yuasa and K. Asano 

Department of Synthetic Chemistry, Faculty of Engineering, The University of 
Tokyo, Hongo, Tokyo 113, 

The direct introduction of hydroxyl groups into an aromatic ring and unreactive 
alkanes has been attracting much interest. Titanium silicalite is a recently developed 
new type molecular sieve which incorporates Ti in the framework. It has been found 
to be effective in the hydroxylation of aromatic compounds such as benzene and 
phenol and also of alkanesl by H ° as an oxidant under mild conditions. Since using 
molecular oxygen in place of il202 should have significant advantages, we have 
sought to establish procedures through which molecular oxygen could be used. We 
have now designed a system containing Pd metal particles in the titanium silicalite 
which, in an oxygen/hydrogen atmosphere, should generate H20 2 at the palladium site 
and then use that H20 2 to oxidize various organic substrate present in the pore system. 

Catalyst (50-100 mg), substrate (10 ml), and 3-30 mM hydrochloric acid (5 ml) was 
placed in the flask and stirred with a magnetic stirrer. The reactant gas mixture (0/H2 
= 14/3) was bubbled into the liquid at a flow rate of 17 ml min-l at 25 to 40 0c. 

Hydroxylation of benzene to phenol took place over the ATS(alumino-titanium 
silicalite)-1 and TS-l catalysts containing Pd in the presence of hydrochloric acid. Al
though Pd/HZSM-5 was found to be slightly active in the phenol formation, it is clear
ly seen that Pd-Ti dual functionality resulted in much better catalytic performance. 
Pd/TS-l(B) prepared by impregnation with [Pd(NH3)4]CI2 exhibited improved catalyt
ic performance in terms of turnover number, which amounted to 13.5 per Ti at 35 °C in 
3 h. Sulfuric acid was able to substitute for hydrochloric acid. They are known to be 
required additives to form H20 2 from 02 and H2 on Pd catalysts. Physical mixture of 
Pd/C and TS-I turned out to be active when a cosolvent such as t-BuOH was added. 
Without a cosolvent hydrophobic Pd/C was present in the organic phase, resulting in 
difficult contact with the aqueous phase, where ~02 formation should take place. 

These Pd-Ti systems were active in the oxidation of other substrates such as al
kanes, alkenes and alcohols. Hexane was hydroxylated into 2- and 3-hexanols, which 
were further oxidized in part to the corresponding ketones. In this case the product 
turnover was sensitive to the concentration of HC!. The addition of MeOH was effec
tive as in the case of oxidation by H,O over TS-l.l Finally we note that shape selec
tivity was found in the oxidation ot alkanes and alkenes similarly to what was ob
served for the oxidation where H20 2 was used as oxidantl.2; the rates for oxidation of 
cyclic alkanes and alkenes were much lower than those of linear alkanes and alkenes. 
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PREPARATION, CHARACTERIZATION, AND REACTION 
OF AN OXO-FE(V)-PORPHYRIN COMPLEX 

Yoshihito Watanabe, Kazuya Yamaguchi, and Isao Morishima 

Division of Molecular Engineering, Graduate School of Engineering, Kyoto 
University, Kyoto 606-01, Japan 

Oxidation of FeIlITDCPP (m-chlorobenzoate) (1-mCB, 2.2 x 10-5 M, 
TDCPP: 5,1O,15,20-tetrakis-2,6-dichlorophenylporphyrin) with 1.8 equiv 
amount of p-nitroperoxybenzoic acid in dry methylene chloride at -90°C 
produced an oxo-ferryl porphyrin cation radical (2). The addition of 4 equiv 
of methanol to the solution afforded a red species (3) with the loss of the 
characteristic broad band (600-750 nm) for porphyrin cation radicals. The 
spectrum of 3 is rather similar to that of oxo-ferryl (O=FeIV) porphyrin 
species (4) but very different from those of ferric porphyrin dications and 
ferric porphyrin N-oxides. Whereas 4 is stable at -5°C, the absorption 
spectrum of 3 changed to that of ferric high-spin porphyrin (1) even at -70°C 
in several hours. The addition of norbomylene to a methylene chloride 
solution of 3 caused the absorption spectrum change of 3 to that of 1 at -
90°C, while 4 does not react with the olefin under similar condition. 
Titration of 3 with iodide ion indicates the oxidation state of 3 to be two
electron oxidized from the ferric state. That 2H-NMR spectra of 3 gave 
pyrrole deuterium and meta-phenyl deuterium signals at -35.1 and 8 ppm at-
95°C, respectively, is consistent with the oxo-perferryl (O=Fe(V)) porphyrin 
formulation. ESR spectrum (g = 4.33, 3.69, and 1.99 at 4.2K) and solution 
magnetic susceptibility (J.l.eff = 4.0 ± 0.2 IlB) of 3 indicate that 3 is in a high
spin state (S = 3/2). While 3 catalyzes the epoxidation of ole fins at -90°C, 3 
is about 10 times less reactive than 2. 
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NON-CHLORINE BLEACHING OF WOOD PULPS MEDIATED BY 
HETEROPOLYOXOMETALATES 

Ira A. Weinstock, James L. Minor and Rajai H. Atalla; U.S. Dept. of Agriculture, Forest 
Products Laboratory, One Gifford Pinchot Drive, Madison, WI 53705-2398. 

Wood consists primarily of carbohydrates (cellulose and some hemicelluloses) and lignin. 
In the production of chemical pulps, used in the manufacture of high quality paper, most of the 
lignin is removed by reaction with alkaline sulfide. At the elevated temperatures used in 
pulping, chemical reactions of lignin give rise to highly colored conjugated aromatic structures 
that remain within the wood cell (fiber) walls. The purpose of bleaching is to degrade or 
remove these chromophores along with remaining lignin. 

Chemical pulps are currently bleached with elemental chlorine. Reaction of elemental 
chlorine with chromophores and residual lignin generates chlorinated aromatics and dioxins, 
which pose a threat to the environment. Despite world-wide consumer and regulatory pressures 
to eliminate the use of elemental chlorine in bleaching, no effective alternatives are currently 
available. The reactions of obvious alternatives such as dioxygen and peroxides are difficult to 
control under the extreme conditions required to achieve significant bleaching. Cellulose 
degradation occurs, resulting in unacceptably weak fibers. One solution to this problem might 
be to use water soluble catalysts to enhance the selectivity and effectiveness of dioxygen or 
peroxides. 

Since the discovery of heme-containing lignin peroxidases, excreted by wood-rotting fungi, 
a variety of biomimetic lignin degrading systems have been prepared using halogenated, water 
soluble porphyrin complexes. However, these synthetic materials are expensive and, while more 
robust than simple porphyrin complexes, are inherently susceptible to oxidative degradation. 
For large scale commercial bleaching, there is a need for catalysts that are water soluble, 
oxidatively robust, and easily prepared from inexpensive, non-toxic materials. As a class, the 
polyoxometalates include a variety of materials that meet these criteria. Vanadium-containing 
mixed addenda heteropolyoxometalates, such as the phosphomolybdovanadates, may be used as 
direct oxidants. Transition metal substituted heteropolyoxometalates, some of which may be 
viewed as inorganic analogues of metalloporphyrins, may be used as catalysts in the presence of 
peroxide compounds or other oxygen donors. 

The vanadium-substituted polyoxometalates are applied to chemical pulps as stoichiometric 
oxidants, much as elemental chlorine is currently used. The reduced polyoxometalate bleaching 
solutions are regenerated in a second step by treatment with chlorine-free terminal oxidants, 
preferably air or dioxygen. By exclusion of dioxygen during the bleaching step, exposure of 
the pulp to non-selective species such as hydroxyl radicals is avoided entirely. 

Near Infrared (NIR) Fourier Transform (FT) Raman spectroscopy was used to observe 
changes in residual lignin in kraft pulp upon exposure to Nas-xHx[PV2MolO040]. The extent 
of reduction of this material during bleaching was determined titrametrically, and its reoxidation 
by air was monitored by UV -vis spectroscopy. The integrity of the reoxidized polyoxometalate 
was then checked by :llp NMR spectroscopy. FT Raman and UV-vis spectra of bleached 
pulps, combined with lignin-model studies and industry standards such as kappa numbers and 
brightness measurements, were used to develop hypotheses regarding the structural 
transformations that occur in residual lignin during stages of a complete bleaching sequence. 
These studies suggest that during the polyoxometalate treatment benzylic alcohols are oxidized 
to a-carbonyls, and phenols to quinones. These are easily degraded by subsequent treatment 
with alkali or alkaline hydrogen peroxide. 
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Abbreviated nomenclature, 360 
Acetals, 145 
Acetylacetone complex 

bis( acetylacetonato )cobalt(II), 133 
Acetylpiperidine, 370 
Acid-base, 390 

behavior, 148 
character of XOH/XO-, 6 

Acrylonitrile, 32, 33 
Activated carbon, 35, 39 
Activated species, 370 
Activation 

energies, 417 
of 302 by flavin-dependent oxygenases, 9 
of the respiratory chains, 269 

Active oxidizing intermediates, 191 
Adamantane, 326 
Adduct formation, 401 
Advanced oxidation processes, 57 
Aerobic epoxidation, 144 

of olefins, 139, 437 
Aerobic oxidations, 74 
Air separation devices, non-cryogenic, 123 
Aldehyde, 115, 139 
Algae, blue-green, 1 
Alkane 

functionalization, 321 
halogenation, 326 
hydroxylation, 321 

Alkanes, 347 
oxygenation of, 3 
functionalization of, 330 
hydroxylation of, 27 

Alkene epoxidation, 147 
Alkyl radical, 325 
Alkylhydroperoxide, 210, 230, 321, 465 
Allylic 

exchange, 117 
oxidation, 229 

Ambident nucleophilics, 19 
4-Aminodiphenylamine, 39 
Ammonolysis, 34 
Ammoxidation, 33 
Amoco Co/Mn/Br Autoxidation, 474 
Aniline, 41, 65 
Anthraquinone, 36 

Antiferromagnetic coupling, 381 
Antioxidant, 39 
Aqueous solution, 147 
Ascorbic acid, 366, 
ATP hydrolysis, 277 
Autocatalysis, 406 
Autoxidation, 143,364,366,370,372 
Axial 

ligand, 361, 363 
spectrum, 365 

Azeotropic, 136 
2, 2' -Azinobis(3-ethylbenzthiazoline-6-sulfonic 

acid), ABTS, 149 
Azoxybenzene,42 

Bacteria toxicity, 279 
Bacterial toxicity of H202, 282 
Bactericidal 

mechanism, 276, 280, 281 
properties of HOCI, 277 

Baeyer-ViIIiger reaction, 142 
BASP process, 11 
1, 2-Benzo-1, 3-cycloheptadiene, 144 
Benzoic acid, 65 
Benzylic oxidation, 471 
Binuclear 

cobalt(II) complexes, 469 
Cu(I) dioxygen macrocyclic complex, 476 

Biodegradation, 59 
Bioinspired catalysis, 199, 207 
Biological systems, 397 
Biomimetic 

catalysis, 201, 207 
oxidants, 287 
oxygenation, 13 

Biomimetism, 347 
4,4' -Biphenyldicarboxylic acid, 38 
Bipyridyl complexes 

Co(terpy)(bipy)]2+ ,124 
2, 2' -bipyridyl, bipy, 124 

Bis(2-alkyl-l, 3-diketonato )oxovanadium(IV), 139 
Bis(9, 10-phenanthrenesemiquinone )copper(II) 

complexes, 425 
Bis( acetylacetonato )cobalt(II), 133 
Bis( dipivaloylmethanato )manganese(II), 137 
Bis( dipivaloylmcthanato )oxovanadium(IV), 142 
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Bis( trifluoroacetylacetonato )cobalt(I1), 135 
1, 2-Bis(trans-2, trans-3-diphenylcyclo

propyl)ethene, 160 
Bis-2-pyridylamine BPA, 324 
Bis[l, 3-di(p-methoxyphenyl)-I, 3-propanedion-

ato]nickel(I1), 139 
Bissulffinate, 216, 217, 220 
Bleach ingredients, 464 
Bleaching of wood pulp, 71, 487 
Bond cleavage reaction, 365 
Bond energies, 4 
Bond formation free energies, 4 
Bond lengths, 401 
Boric acid, 35 
Borohydride, 366 
Bound dioxygen reactions, 364 
Bridged diiron(I1) complexes, 307 
Bridging interaction, 390 
Bronsted ct, 163 
Bronsted (3, 154 
Butane tomaleic anhydride, 32 
I-Butanol,139 
tert-Butanol, 115, 245, 252 
2-Butanone,65 
t-Butyl nitrite, 116 
t-Butylhydroperoxide, 137, 300, 326, 471 

oxidation, 323 
Butyl hydroperoxide, 323 
Butylperoxocyclohexane, 323 

C-H activation (hydrogen activation), 199 
C-H bond cleavage, 325 
Carbocation, 161 

kinetics of, 161 
Carboxamide, ct, (3-unsaturated, 142 
Catalase, 287 

activity, 202 
Catalysis, 31, 85, 397 

by cobalt Schiff base complexes, 17 
Catalyst 

degradation, 370 
dioxygenating, 218 

Catalytic 
epoxidation, 71 
functionalization, 322 
mechanism of hydrocarbon oxidation, 304 
oxidation, 43 
oxidation of aldoximes, 446 
oxidation processes with 02, 12 
oxygenation in the presence of cobalt and man

ganese Schiff base complexes, 19 
oxygenation of protic substrates, 18 
reactions of MPO, 274 

Catechol, 49, 423 
oxidation reactions, 424 

Ceramic,86 
Ceric ammonium nitrate, 362 
Cerium phosphates, 55 
Chemical 

nuclease, 333 
oxidations, 59 
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Chemical (cont'd) 
quenching, 419 
reactors, 85 

Chi orin, 273 
Chlorinated phenol, 290 
Chlorine, 31 
m-Chloroperbenzoic acid, 185 
Cholesteryl benzoate, 143 
Chromium, 359 

complexes, 445 
vaulted cyclidene complexes, 362 

Chromium(III) complexes synthesis of, 377 
Cleavage of aromatic ring, 294 
Co(I1) 

polyamine complexes, 124 
Salen-catalyzed oxygenation of phenols, 18, 19 

Co-oxidation, 262 
C02,387 
C03-radical, 280 
Cobalt 

bromide catalysis, 441 
complex, 445 

Bis( acetylacetonato )cobalt(I1), 133 
Bis(trifluoroacetylacetonato )cobalt(I1), 135 
[Co(terpy)(bipy)]2+, 124 
[Co(terpy)(phen)]2+, 124 

hydride intermediate, 18 
Cobalt(I1), 359 

polypyridine complexes, 130 
Schiff base complexes catalyze the co-oxidation 

of olefins, 17 
Coenzyme F418, 407 
Colloidal particles of iron hydroxide, 249 
Commerical uv/H20 2, 69 
Concerted mechanism, 164 
Conjugate base, 370 
Coordinated 

peroxide, 365 
triflate, 127 

Copper, 282 
catecholate systems, 424 
complexes, 444 

Bis(9, lO-phenanthrene
semiquinone )copper(I1), 425 

imidazole, 444 
peroxo complexes, 119 

Copper (I) complex, 476 
Copper-dependent mono- and dioxygenases, 20 
Copper-pyrazolato complexes, 442 
Coupling protein B, 304 
Cr(Py)zCI2' 362 
p-Cresol, 65 
CT complex, 165 
Cu(II) superoxide, 384 
Cu(II)(bpy)(PhenCat), 427 
Cu(II)(tmeda)(PhenCat), 427, 432 
Cu(PhenCat)(PhenBQ)(py)2, 426 
Cu(PhenSQ)2, 432 
Cu(PPh3)(PhenSQ),430 
Cu(PPh3)z(PhenSQ), 429, 430, 431 
CuCl,116 



CuCI2,116 
Cumene,202 

(Ph3P)4Pd-catalyzed autoxidation, 15 
hydroperoxide,202,205 

Cumyl hydroperoxide, 326 
Cupric ion, 277, 281 
3-Cyanophenol,174 
Cyclic ketones, 145 
Cyclicvoltammetric studies, 406 
Cyclidene 

complexes unbridged, 363 
ligand, 359 
supervaulted, 360 
vaulted, 359, 360,361 

Cyclo addition reaction with electrophilic olefins, 
16 

1, 4-Cyclohexadione, 246 
Cyclohexane, 35, 243, 322, 323,367 

oxidation, 322 
Cydohexanol, 32, 35, 244, 323 
Cyclohexanone, 244, 323 
Cyclohexene,4,5,189,367,367 

oxidations, 185 
oxide, 367 

Cyclohexyl 
chloride, 370 

hydroperoxide, 35, 244 
Cydohexyloxy radicals, 244 
Cyclohexylpyridines, 246 
Cyclopentanol, 134 
Cytochrome b588 (b-245), 271 
Cytochrome c 

oxidase, 381 
peroxidase, 258 

CytochromeP-450, 2,321,257, 258,287,347,364, 
366,372,472 

monooxygenase, 22, 258,359 

Deactivation of GIF catalyst, 251 
Decarboxylation, 35 
Definition of oxygen activation, 13 
Degradation mechanisms, 123, 124 
Dehydrogenation, 407 
Dehydrovanillin, 294 
Delayed fluorescence, 412 
Deuterium solvent kinetic isotope effects, 152 
4,4' -Di-t-butylbiphenyl, 32, 38 
Dialkyl peroxide formation, 325 
Diaquairon(II) complexes, 453 
Diaquaruthenium(II) complexes, 453 
4,4' -Dicarboxybiphenyl, 32 
1, 2-Dihydronaphthalene, 144 
Dihydrosalen, 395 
Diiron 

carboxylate proteins, 307 
model complexes, 310 

Diiron(I1) complexes, reactions with dioxygen, 310 
1, 4-Dimethylnaphthalene endoperoxide, 415 
2, 6-Dimethylphenol, polymerization of, 444 
Dimols, 411, 417 
Dinuclear site, 381 

1, 4-Dioxane, 65 
Dioxetane,412 
Dioxins, 290 
Dioxiranes, 215, 404 
Dioxoruthenium(VI) complex, 437 
Dioxygen,1,97,347,359,385 

activation, 2, 364 
adduct, 218,360,363, 366 
affinity, 363 
binding constant, 129 
carriers, 359 
complex, 220, 476 
complexes of low-valent group VIII, 16 
reactions with metal complexes, 15 
reactivity, 381 
structure reactivity, 9 
transfer, 443 

Dioxygenating catalyst, 218 
Diphenate complex, 434 
Diphenic acid, 432 
Dissociative bond energies, 4 
Dithiadioxirane, 219 
Dithiolate, 217 
Dithionite, 366 
Dityrosine cross-links, 261 
DNA cleavage, 333 
Dopamine monooxygenase, 20, 21 
Double laser shot desorption, 220 
Dry cave complexes, 123 

Effluent decolorization, 299 
Electrocatalytst, 85 
Electrochemical, 85 

analysis, 214 
data, 361, 373 
measurements, 363 
monitoring, 128 
studies, 148 

Electron transfer, 178,259 
agents, 36 
chain, 267, 269 

Electron transport pathway, 270 
Electronic spectra, 365 
Electrophilic 

addition of metallo-oxo species, 161 
radical, 180 

Elemental analysis, 361, 372 
Enantioselective epoxidation, 24,144 
Energy 

pooling, 411 
transduction, 277 

Enolates,142 
Environmental, 31, 43 
Environmentally benign oxidants, 71 
Enzymatic 

oxygenations of hydrocarbons, 22 
oxygenations of protic substrates, 20 

Epoxidation, 4, 157, 258, 288, 296 
of cyclohexene, 186 
of ole tins, 24, 183 
Ru-catalyzed, 26 
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Epoxides, 138 
optically active, 143 

EPR studies, 176, 271, 272, 373, 384 
Equilibrium constants, 401 
ESR spectroscopy, 363 
ESR spectrum, 363, 365 
Ester, a, ,B-unsaturated, 137 
Ethylene oxidation, 11 
Epoxy alcohol, 142 

FABS-MS, 219 
Fe horseradish peroxidase, 329 
Fe(III)-NTA,454 
Fe(TPA) complexes, 330 
Fe(TPPF20)-catalyzed hydroxylation of alkanes by 

oxygen, 27 
Fe-O-Fe antisymmetric stretch, 389 
Fenton reagents, 3, 60, 477 
Ferric,277 

chloride, 370 
peroxide, 321 

Ferryl 
oxygen,263 
species, 172 
like intermediates, 4 

Fe(V) oxenoid species, 237 
Formation of 02-,271 
Formylporphyrin, 273 
Fourier transform ion cyclotron resonance mass 

spectra (FT-ICR), 216 
Free hydroxyl radicals, 477 
Free radical 

autoxidation, 13 
scavengers, 279 

FT-ICR mass spectra, 219 
Fuel cells, solid oxide, 85 
Fullerenes, 413 
Functionalization of saturated hydrocarbons, 225 

Gas mixture, 373 
Gas phase, 12 

oxidation of ethylene to ethylene oxide, 11 
GCMS, 370, 374 
General-acid or general-base catalysis, 151 
Gif 

chemistry, 3, 225, 243, 245, 321, 448 
nomenclature, 227 

GoAgg Systems, 25,245,247,250 
Groundwaters, 57 
Group IV Phosphates, 45 
Guaiacol, 259 
Guest-host complexes, 360 

H-atom abstraction, 178 
Half-wave potentials, 290 
Haloalkane, 326 
HALS-type, 272 
Hammett correlations, 177, 187 
Heats of combustion, 58 
Heme, 384 
Heme-undecapeptide,472 
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Hemeproteins, 257, 287 
Hemocyanin, 381 
Heterogeneous, 54 
Heterolytic cleavage, 153 
Heteropolyacid catalysts, supported, 450 
Heteropolyperoxo complexes, 459, 473, 487 
Hexacyanoiron(III), 245 
Hexafluoroacetylacetone, 135 
1-Hexene,189 
High spin 

ferric complexes, 366 
iron(III) prophyrins, 388 

High-valent metal ions, 280 
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ERRATUM 

The figure on page 47 of this volume is oriented improperly. The figure 
should be turned 180 degrees. The labels to the figure and the figure 
caption are correct. 
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