ACTIVATION AND CATALYTIC
REACTIONS OF SATURATED
HYDROCARBONS IN THE PRESENCE
OF METAL COMPLEXES

by

ALEXANDER E. SHILOV

Institute of Biochemical Physics,
Moscow, Russia
and
Semenov Institute of Chemical Physics,
Russian Academy of Sciences,
Moscow, Russia

and

Georgiy B. Shul’pin
Semenov Institute of Chemical Physics,

Russian Academy of Sciences,
Moscow, Russia

KLUWER ACADEMIC PUBLISHERS
NEW YORK, BOSTON, DORDRECHT, LONDON, MOSCOW



eBook ISBN: 0-306-46945-6
Print ISBN: 0-7923-6101-6

©2002 Kluwer Academic Publishers
New York, Boston, Dordrecht, London, Moscow

Print ©2000 Kluwer Academic Publishers
Dordrecht

All rights reserved

No part of this eBook may be reproduced or transmitted in any form or by any means, electronic,
mechanical, recording, or otherwise, without written consent from the Publisher

Created in the United States of America

Visit Kluwer Online at: http://kluweronline.com
and Kluwer's eBookstore at: http://ebooks.kluweronline.com



PREFACE

hemistry is the science about breaking and forming of bonds between

atoms. One of the most important processes for organic chemistry is
breaking bonds C-H, as well as C—C in various compounds, and primarily, in
hydrocarbons. Among hydrocarbons, saturated hydrocarbons, alkanes (methane,
ethane, propane, hexane etc.), are especially attractive as substrates for chemical
transformations. This is because, on the one hand, alkanes are the main
constituents of oil and natural gas, and consequently are the principal feedstocks
for chemical industry. On the other hand, these substances are known to be the
less reactive organic compounds. Saturated hydrocarbons may be called the
“noble gases of organic chemistry” and, if so, the first representative of their
family — methane — may be compared with extremely inert helium. As in all
comparisons, this parallel between noble gases and alkanes is not fully accurate.
Indeed the transformations of alkanes, including methane, have been known for a
long time. These reactions involve the interaction with molecular oxygen from air
(burning — the main source of energy!), as well as some mutual interconversions
of saturated and unsaturated hydrocarbons. However, all these transformations
occur at elevated temperatures (higher than 300-500 °C) and are usually
characterized by a lack of selectivity. The conversion of alkanes into carbon
dioxide and water during burning is an extremely valuable process — but not from
a chemist viewpoint.

The chemical inertness of alkanes can be overcome if the transformations
are carried out at high temperatures. However, the low selectivity of such
processes motivates chemists into searching principally for new routes of alkane
conversion which could transform them into very valuable products (hydro-
peroxides, alcohols, aldehydes, ketones, carboxylic acids, olefins, aromatic
compounds etc.) under mild conditions and selectively. This is also connected
with the necessity for the development of intensive technologies and for solving
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the problems of ecology. Finally, one more very important problem is the
complete and efficient chemical processing of oil and gas components, which
becomes pertinent because of gradual depletion of hydrocarbon natural
resources.

In the last decades, new reactions of saturated hydrocarbons under mild
conditions have been discovered. For example, new reactions include alkane
transformations in superacid media, interactions with metal atoms and ions, and
reactions with some radicals and carbenes. In the same period, the development
of coordination metal-complex catalysis led to the discovery of the ability of
various types of molecules, including molecular hydrogen, carbon monoxide,
oxygen, nitrogen, olefins, acetylenes, aromatic compounds, to take part in
catalytic reactions in homogeneous solutions. In such processes, a molecule or its
fragment entering the coordination sphere of the metal complex, as a ligand, is
chemically activated. It means that a molecule or its fragment attains the ability
to enter into reactions that either do not proceed in the absence of a metal
complex or occur at very slow rates. At last, the list of compounds capable of
being activated by metal complexes has been enriched with alkanes.

This monograph is devoted to the activation and various transformations of
saturated hydrocarbons, i.e., reactions accompanied by the C-H and C-C bond
cleavage. A special attention is paid to the recently found reactions with the
alkane activation in the presence of metal complexes being described in more
detail. In addition to the reactions of saturated hydrocarbons which are the main
topic of this book, the activation of C—H bonds in arenes and even olefins and
acetylenes is considered. In some cases, this activation exhibits similarities for all
types of compounds, and sometimes they proceed by different mechanistic
pathways.

Chapter I discusses some general questions relevant to the chemistry of
alkanes and especially their reactions with metal compounds. Transformations of
saturated hydrocarbons in the absence of metal derivatives and in the presence of
solid metal and metal oxide surfaces are described in Chapters II and III (Figure
1). Since these reactions are not the main topic of the monograph their
consideration here is far from comprehensiveness but the knowledge of such
processes is very important for understanding the peculiarities and mechanisms
of the reactions with metal complexes. Chapters IV-X are the main chapters of
this book because they describe the activation of hydrocarbons in the presence of
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metal complexes. Finally, Chapter XI is devoted to a brief description of the
hydrocarbon reactions with enzymes, which mainly contain metal ions and are
true metal complexes.

We clearly understand that this monograph does not cover all references
that have appeared on the reactions of alkanes and other hydrocarbons with metal
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complexes (and especially with various reagents that are not metal complexes).
Moreover, we suspect that not all interesting works on alkane activation will be
described here in proper detail and some important findings will not be referenced
in this edition. We wish to apologize in advance to all scientists who decide that
their works are covered too briefly. The subjective factor here is very great. In
searching and selecting the references for various chapters, we gave the
preferences to recent publications assuming that the reader will be able to find
many publications on a certain topic having only one very recent paper. In some
cases, we restricted our citation by a review and a few recent original
publications (this is especially necessary for citation of works on heterogeneous
activation on solid catalysts where the total number of papers is enormous). We
tried also to give more detailed descriptions of some hard to obtain works (e.g.,
published in Russian.). The material of our previous reviews and books
published either in Russian or English have been partially used in this
monograph.

The authors hope that this book will be useful not only for those who are
interested in activation of alkanes and other hydrocarbons by metal complexes,
but also for the specialists in homogeneous and heterogeneous catalysis,
petrochemistry, and organometallic chemistry. Some parts of the monograph will
be interesting for the specialists in inorganic and organic chemistry, theoretical
chemistry, biochemistry and even biology, and also for those who work in
petrochemical industry and industrial organic synthesis. This book covers studies
which appeared up to early 1999.

We are grateful to the scientists who have helped to create this book, who
discussed with us certain problems of alkane activation, and also provided us
with reprints and manuscripts: D. M. Camaioni, B. Chaudret, E. G. Derouane,
R. H. Fish, Y. Fujiwara, A. S. Goldman, T. Higuchi, C. L. Hill, Y. Ishii, B. R.
James, G. V. Nizova, A. Kitaygorodskiy, the late R. S. Drago, D. R. Ketchum, J.
A. Labinger, J. R. Lindsay Smith, J. M. Mayer, J. Muzart, L. Nice, R. A.
Periana, E. S. Rudakov, S. Sakaguchi, U. Schuchardt, H. Schwarz, A. Sen, A.
A. Shteinman, G. Siiss-Fink and many others.

Aleksandr Evgenievich SHILOV

Georgiy Borisovich SHUL’PIN
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INTRODUCTION

ydrocarbons occurring in oil and natural gas are of great significance for

the contemporary civilization, due to their being the most commonly used
fuel, on the one hand, and the source of row materials for chemical industry, on
the other hand [1]. Oil contains (see examples in Figure 2) a considerable amount
of alkanes, as well as, aromatic and other hydrocarbons. Methane is usually a
major component of natural gas (Figure 3) [2]. The distribution of total natural
gas reserves (4,933 trillion cubic feet or 1.4 x 10" m’)is the following: Eastern
Europe (40.1%), Africa/Middle East (39.2%), Asia-Pacific (6.6%), North
America (6.1%), Latin America (4.1%), and Western Europe (3.9%) [1c].

M Branched
BLinear

West Siberia East Siberia Dagestan Orenburg

Figure 2. Alkane content (%) in petroleum fraction 28-200 °C from certain
Russian oil deposits.

Oil cracking gives additional amounts of lower alkanes and olefins, the
latter being even more valuable products. Methane and other alkanes are also
contained in gases evolved in coal mines; saturated hydrocarbons are obtained by
hydrogenation and dry distillation of coal and peat [3a—c]. Paraffins may be
produced synthetically, i.e., an alkane mixture is formed of carbon monoxide and

1
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hydrogen (Fischer-Tropsch synthesis); multiring aromatics can be converted to
isoparaffins and cycloparaffins [3d]. Polymeric materials including natural
products are also the source of alkanes [4]. Finally, alkanes are involved during
some biochemical processes [5].

19 4%

53 6%
C3Hg
CHy

98.5%

CoHg

Catio Other
szne[)rounds CsHyg H III / compounds
N 7

Urengoy Maykop Krasnokamsk

Figure 3. Composition of natural gas (volume %) from different Russian
deposits.

The major field of hydrocarbon consumption is power supply. Energy
evolved from alkane combustion is used in gas, diesel and jet engines. Nowadays,
chemical processing of hydrocarbon raw materials, in particular alkanes, requires
usually participation of heterogeneous catalysts and elevated temperatures (above
200-300 °C) [6]. Natural gas is used mainly in the production of synthesis gas or
hydrogen [6e]. Liquefiable components of natural gas find more extensive
application. In the USA, the gas condensate and other liquefied components
account for 18% of the overall production of liquid hydrocarbons and 70% of the
raw material for the production of ethene and other valuable products.

It should be noted that some processes that proceed at relatively low
temperatures are well known — chain radical and microbiological oxidation.
Biological transformations of alkanes and other hydrocarbons are extremely
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important because they give convenient routes to valuable chemical products [7].
For example, the bacterial enzyme methane monooxygenase converts about 10°
tons per year of methane to methanol. Besides, they are the basis for the
microbiological remediation of soil and waters of seas, rivers and lakes polluted
with oil and products of petrochemical industry [8].

The interest in new reactions of alkanes is prompted mainly by the need for
selective and efficient industrial transformations of hydrocarbons from oil, gas
and coal. Development of this area is necessary because fundamentally new
routes from hydrocarbons to valuable products, for example, alcohols, ketones,
acids and peroxides, may be discovered. In addition, important environmental
problems might be solved using such types of transformations, for instance, the
removal of petroleum pollution. However, well-known chemical inertness of
alkanes causes great difficulties in their activation especially under mild
conditions. Thus, efficient reactions of saturated hydrocarbons with various
reagents and particularly with metal complexes make it an extremely difficult,
but also excitedly interesting and important problem both for industry and
academic theoretical science. Only in the past decades, the vigorous development
of metal-complex catalysis allowed the beginning of an essentially new chemistry
of alkanes and enriched the knowledge about transformations of unsaturated
hydrocarbons. Transformations of hydrocarbons (both saturated and unsa-
turated) under the action of metal complexes, particularly when these complexes
play a role of catalysts, seems to be a very promising field. Indeed, in contrast to
almost all presently employed processes, reactions with metal complexes occur at
low temperatures and can be selective.

Several monographs [9] and many reviews [10], wholly or partly devoted to
the metal complex activation of C-H and C-C bonds in hydrocarbons, appeared
in recent decades. Reviews and books devoted to some more narrow topics will
be cited later throughout this book.
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CHAPTER I

PROCESSES OF C-H BOND ACTIVATION

his chapter is devoted to some general problems which should be discussed

before consideration of the reactions of alkanes and other hydrocarbons
with non-metal and metal-containing substances. First of all we will consider ge-
neral chemical properties of hydrocarbons and principle mechanisms of reactions
with participation of these compounds.

[.1. CHEMICAL REACTIVITY OF HYDROCARBONS

Chemical inertness of alkanes is reflected in one of their old names, “paraffins”,
from the Latin parum affinis (without affinity). However, saturated hydro-
carbons can be involved very easily in a total oxidation with air (simply
speaking, burning) to produce thermodynamically very stable products: water
and carbon dioxide. It should be emphasized that at room temperature alkanes
are absolutely inert toward air, if a catalyst is absent. At the same time, some
active reagents, e.g., atoms, free radicals, and carbenes, can react with saturated
hydrocarbons at room and lower temperatures. These compounds are easily
transformed into various products under elevated (above 1000 °C) temperatures,
in the absence of other reagents.

Some important reactions of alkanes have been developed, e.g., autoxi-
dation by molecular oxygen at elevated temperatures, which proceeds via a
radical chain mechanism. The main feature of this and many other reactions is a
lack of selectivity. Reactions with radicals give rise to the formation of many
products; all possible isomers may be obtained. As far as burning is concerned,
this process can be very selective, producing solely carbon dioxide, but apart
from being an important source of energy, is useless from the viewpoint of the
synthesis of valuable organic products. Chemical inertness of alkanes is due to
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very high values of C-H bond energies and ionization potentials. Proton affinities
are far lower than for unsaturated hydrocarbons (see Table 1.1). Alkane acidities
are much smaller than those of other molecules listed in Table I.1.

Table L1. Characteristics of some hydrocarbons.

D(R-H)® LP* EA° PA? pKS

RH - Re kcal mol™ eV eV eV
CHy4 CHse 104 12.7 5.3 40
CzHg C2H5' 98 1 1.5 5.6 42
CsHg n-C3Hy 97 11.1 6.1

iso-C3H7* 94 44
C4Hio tert-C4Ho* 10.6
cyclo-CsHa cyclo-CéHy» 94 9.9 45
CeHo CsHse 109 9.2 -1.1 7.5 37
CH;=CH; CH,=CH- 106 10.5 -1.8 6.9 36
CH=CH CH=(C- 120 11.4 25
CeHsCHs CsHsCHy» 85 8.8 -1.3 73 35
CH;CN NCCH,* 79 12.1 8.1 24
H; He 104 154 -3.6 4.4 25
H,0 HO- 118 12.6 1.8 7.1 16

“ Energy of C—H bond.
® Jonization potential.
¢ Electron affinity.

4 Proton affinity.

¢ Acidity.

Thus, we should conclude, that alkanes are extremely inert toward “normal”
(i.e., not very reactive) reagents in reactions that proceed more or less selectively.
In many respects, alkanes, especially lower ones (methane, ethane) are similar to
molecular hydrogen. Indeed, like alkanes, dihydrogen while being inert towards
dioxygen at ambient temperatures can be burned in air to produce thermo-
dynamically stable water. The values of the C-H and H-H dissociation energy
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for methane and dihydrogen molecules are almost exactly equal (104 kcal mol™).
Like methane, dihydrogen is relatively unreactive with respect to many reagents.
Ethylene, acetylene and benzene, compounds with stronger C-H bonds (106, 120
and 109 kcal mol™') in contrast to methane, are known to exhibit much higher
reactivity. This is due to the fact that both methane and dihydrogen are comple-
tely saturated compounds, i.e., contain neither m nor n-electrons. Therefore, it is
not surprising that most reactions with unsaturated hydrocarbons proceed as
addition, followed in some cases by elimination. In the last decades, the reactions
involving metal complex activation of C-H bonds in unsaturated hydrocarbons
were described that do not involve the addition to a double or triple bond. These
reactions proceed via oxidative addition of C-H bonds to metal centers. Using
the term “the activation” of a molecule, we mean that the reactivity of this
molecule increases due to some action. In contrast to saturated compounds (and
saturated bonds), the activation of the unsaturated species (or their fragments)
may be induced by coordination of a particle followed by the addition to this
bond or by the rupture of the unsaturated bond. For example, for olefins and
arenes such activation can be caused by m-complexation. It is known that rt-
coordination of the olefinic double bond with some metal ion gives rise to the
enhanced reactivity of the organic fragment in its interaction with nucleophiles
[1a,b]. Carbonyl group, CO, when coordinated to a metal, becomes reactive with
nucleophilic reagent [1a, cA].

However, what is “the activation of ordinary o-bond”? It is reasonable to
propose that the activation of, for example, the C—H bond, is the increasing of
the reactivity of this bond toward a reagent. As a consequence, such a bond is
capable of splitting, thus producing two particles instead of one initial species. In
many cases such a rupture of a saturated bond is implied when the term
“activation” is used. However, strictly speaking, the splitting of the bond is in
fact a consequence of its activation. It seems that in some respects the term
“splitting of C—H bond” would be more correct. It is noteworthy that in the last
years examples of coordination between some particles (and metal complexes
also) and saturated hydrocarbons or their fragments were demonstrated [2]. In
the present monograph, we will consider all processes of splitting C—H bonds in
hydrocarbons by metal complexes as well as the problem of coordination of
alkanes or alkyl groups (from various organic compounds) with metal
complexes. To concern this problem is important when we discuss the possible
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mechanisms of the C-H bond splitting, because such adducts of alkanes with
metal complexes can lie on the reaction coordinate. It should be noted that the
term “the activation of C—H bond” is noticeably more narrow than that of “the
activation of hydrocarbons”. Indeed, the activation of alkanes may also involve
the splitting of C—C bonds. As for unsaturated hydrocarbons, their activation is
outside the content of this book. Nevertheless, some reactions of formal
substitution at aromatic C—-H bond which proceed as addition followed by elimi-
nation (e.g., electrophilic metalation) will be surveyed. Metal complex activation
of C-H bond in unsaturated hydrocarbons which does not involve the addition to
double or triple bond (proceeding usually as oxidative addition) will also be a
topic of this monograph.

[.2. CLEAVAGE OF THE C-H BOND PROMOTED BY METAL COMPLEXES

Bearing in mind a mechanistic consideration, we propose to divide all the C-H
bond splitting reactions promoted by metal complexes into three groups. This
formal classification is based on the reaction mechanisms.

[.2.A. THREE TYPES OF PROCESSES

In the previous section, we discussed the term “activation” when applied to
saturated compounds and concluded that the cleavage of an ordinary bond (e.g.,
C-H) can be a result of such activation, and in many cases, we might consider
the activation and splitting as synonymous. We wish to describe here the
classification that is based on types of interaction between the alkane and metal
complex.

First Type: “True” (Organometallic) Activation

Processes where organometallic derivatives, i.e., compounds containing an
M-C o-bond (M = metal), are formed as an intermediate or as the final product,
can be conveniently assigned to the first type. The o-ligand in the resulting
compound is an organyl group, i.e., alkyl, aryl, vinyl, acyl, etc. (all these groups
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are bound to M via a carbon atom). Subsequently, the M-C o-bond can be
cleaved; naturally, in catalytic processes the dissociation of this bond is
inevitable. The cleavage of the C-H bond with direct participation of a transition
metal ion proceeds via the oxidative addition mechanism:

RH + M —> R-M"?"-H (1)
or an electrophilic substitution:
RH + M" —> R-M" + H' (12)

Conventionally speaking, metals in low and high oxidation state respectively
take part in these reactions. In the case of electrophilic metalation of the aromatic
nucleus, the reaction proceeds in two stages, the electrophilic species adding to
the arene in the first step with the formation of a Wheland intermediate [3]. An
analogous intermediate, which might be formed in the interaction of a saturated
hydrocarbon with an electrophilic metal-containing species, should be much less
stable. Much more probable is that this structure is a transition state
corresponding to a maximum on the energy diagram (Figure I.1).

It is therefore not surprising that the reactivities of arenes and alkanes in
electrophilic substitution reactions are very different, with the former being much
more active. At the same time, the mechanism of the interaction (oxidative
addition) of both saturated and aromatic hydrocarbons with complexes of metals
in a low oxidation state is in principle the same. The reactivities of arenes and
alkanes in oxidative addition reactions with respect to low-valent metal
complexes therefore usually differ insignificantly. Furthermore, a metal complex
via the oxidative addition mechanism can easily cleave the C-H bond in olefin or
acetylene.

Thus according to our classification, the first group includes reactions
involving “true”, “organometallic” metal complex activation of the C—H bonds.
We call this type of activation “true”, because only in this case, the closest
contact between metal ion and the C-H bond (i.e., normal obond between M
and C) is realized. A molecule of C-H compound enters in the form of an

organyl o&-ligand into the coordination sphere of the metal complex.
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Alkanes:
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Figure 1.1. Schematic representation of routes for the interactions of arenes
and alkanes with electrophilic transition metal complex, M.
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Very weak adducts of metal complexes with alkanes (or alkyl groups), in
which the C-H bond is directly coordinated to the metal (I-1, I-2) or its ligands
(I-3), do not necessarily lead to subsequent cleavage of the C-H bond. However,
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in some cases, compounds like I-1, I-2 or I-3 can be intermediate species lying
on the reaction coordinate, which leads to oorganyl products. These
intermediates are analogous in some respects to much more stable m-complexes,
(e.g., I-4 and I-5) which are known to be formed by unsaturated hydrocarbons.
This coordination of the metal complex to the C-H bond may be referred to as
preactivation of the compound’s C-H bond.

Second Type: Interaction of the Complex and the C-H Bond only
via the Ligand

In the second group, we include reactions in which the contact between the
complex and the C-H bond is only via a complex’ ligand during the process of
the C-H bond cleavage and the o-C-M bond is not generated directly at any
stage. The function of the metal complex usually consists under these conditions
in abstracting an electron or a hydrogen atom from the hydrocarbon, RH. The
radical-ions RH"s or radicals Re which are formed, then interact with other
species present in solution, for example, with molecular oxygen. One of the
ligands of the metal complex can also serve as a species of this sort. An example
is provided by the hydroxylation of an alkane by an oxo complex of a high-valent
metal:

RH + 0=M" — Re + HO-M™"" —= ROH + M™?" (15)

In this reaction, the oxo complex is an oxidant of the type CrOs* or MnO," and
also, for example, one of the states of the cytochrome P450 enzyme — an
oxoferryl species containing the Porph"Fe'=0 species.

It is noteworthy that the reaction with the intermediate participation of
radicals can result in the formation of alkyl o-complexes, for example via the
following mechanism

RH + M* — Re + M""" + H' — o-R-M™ + H" (1.6)

and the reaction should then be assigned to the first type. Since the alkyl o-
derivative is usually unstable, it is difficult to demonstrate its intermediate
formation. The mediated (i.e., without contact with metal center of the metal
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complex) splitting of the C—H bond in the hydrocarbon, RH, by a complex can
be apparently effected also via a molecular mechanism, where RH is in direct
contact only with a ligand of the complex. In some cases, the metal complex is
capable of activating not only as a hydrocarbon but also as another reactant.
Thus, for example, the active center of cytochrome P450 initially causes the
transition of the oxygen molecule to a reactive state (one or the two atoms of
dioxygen is coordinated to the iron ion, forming an oxo ligand). After this, the
same active center activates the hydrocarbon molecule (with the participation of
the oxo ligand).

Third Type: Metal Complex Generates an Independent Reactive Species
Which Then Attacks the C-H Bond

Whereas the reactions included in the second group require direct contact
between a molecule of the C—H compound and the metal complex (albeit via the
ligand). In the processes belonging to the third type, the complex activates
initially not the hydrocarbon but the other reactant (e.g., H,O, or O,). The
reactive species formed (a carbene or radical, e.g., hydroxyl radical) attacks then
the hydrocarbon molecule without any participation in the latter process of the
metal complex which has generated this species. Oxidation of alkanes by
Fenton’s reagent [4a—c] is an example of a such type process:

H,0, + F¢¥ —— HO+ + HO + Fe"
HO» + RH — H,0 + Re

R+ + 0O, — ROO-

ROO+ + F¢© — ROO + F¢*
ROO + HY — ROOH

It should be mentioned that this is only a simplified scheme. Actual mechanism of
this reaction is much more complex.

The Ishii oxidation reaction uses a combination of N-hydroxyphthalimide

(NHPI, I-7) and cobalt derivative, e.g., Co(acac)2, as a catalyst in the transfor-
mation of alkanes, RH, and other compounds into oxygenates under the action of
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molecular oxygen [4d]. The reaction proceeds, though much less efficiently, in

the absence of a metal compound. It is assumed that the role of metal complex is
to facilitate conversions between NHPI and phthalimide N-oxyl (PINO, I-6)
under the action of molecular oxygen.

o) 0
RH + @:{\v——o- —> R+ @;\—OH
0 o)

1-6 I-7

It is evidently that the metal catalyst does not take part in the direct “activation”
of the alkane C-H bond by the radical.

1.2.B. MECHANISMS OF THE C-H BOND CLEAVAGE

The classification described above is an approximate subdivision of all
reactions known in accordance with their mechanisms. One example was given in
eq. (1.6). Such process can proceed with participation of ligands of metal
complex. Photochemical reaction between, for example, alkane, RH, and PtCls’
[5], depicted by eq. (I.7) and initiated via mechanism of the third type can lead to
the formation of an c-organyl derivative of the metal and the entire process then
belongs to the first type.

RH + [M-Cl}] > R+ M + H' + CI —»
o-R-M + H' + CI' (1.7)

Evidently the unambiguous assignment of a process to a particular type
requires a detailed knowledge of the reaction mechanism. However, at the present
time the mechanisms of many processes have not been elucidated even in a broad
outline. For example, organomagnesium compounds formed by co-condensation
of magnesium and aryl halides from the gas phase are capable of catalyzing
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alkane transformations at room temperature [6], Thus n-hexane can be converted
into a mixture of saturated and unsaturated hydrocarbons C,~Cs, with the con-
version reaching 75%. The mechanism of this very interesting reaction seems to
be unclear.

We may note that the mechanisms of reactions included in the last two types
are, in general, not the same for paraffins, on the one hand, and aromatic hydro-
carbons, on the other hand, even if the products ofthese reactions are of the same
type. For example, alcohols and phenols may be obtained from alkanes and
arenes respectively by the reaction in air with hydroxyl radicals generated by the
action of a metal complex. However, in the case of alkane, an alcohol can be
formed by the reduction of alkyl peroxide, whereas hydroxyl is added to an arene
with subsequent oxidation of a radical formed. Hence follows the possibility that
arenes and alkanes may exhibit different reactivities in each specific reaction.

L.3. BRIEF HISTORY OF METAL-COMPLEX ACTIVATION OF C-H BONDS

Although first metal-containing systems capable of reacting with hydrocarbons
and other C-H compounds such as Fenton’s reagent (hydroxylation) and
mercury salts (direct mercuration) were discovered as early as the end of
nineteenth century, the 1930s should apparently be regarded as the start of
investigations into activation of C-H compounds with participation of transition
metal complexes. During this period, the reaction involving the electrophilic
auration of arenes was described [7a], the radical chain autoxidation of hydro-
carbons initiated by metal derivatives was developed [7b], and the method was
proposed for the oxidation of alkenes and arenes by hydrogen peroxide promoted
by oxo-complexes [7c].

A second spurt in pioneering research into this field occurred in the 1960s.
Reactions involving the cyclometalation (i.e., the cleavage of a C-H bond in the
ligand linked to the metal via an atom of nitrogen, phosphorus etc.) of the
aromatic nucleus [8a] and of a sp3-hybridized carbon atom [8b] were found. It
was demonstrated that palladium(Il) derivatives induce the oxidative coupling of
arenes [9a] and also the arylation of alkenes [9b], while platinum(II) salts
catalyze the H-D exchange between benzene and D,O [9c]. In 1969 the first
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reactions involving activation of C-H bond in alkanes were discovered [10]: it
was found that platinum(II) salts catalyze the H-D exchange between methane or
its analogs and D,Q at 100 °C and the complex CoHs(PPhs): induces the deute-
ration of methane by D, at room temperature. It has now become evident that, as
expected, organometallic derivatives are formed as intermediates in all these
instances. It was shown in the 1970s that alkanes are oxidized by platinum(IV)
[11a], palladium(II) [11b], ruthenium(IV) [llc], and cobalt(Ill) [11d,e] compo-
unds, and that complexes of iridium(III) [11f] and titanium(II) [11g] catalyze the
H-D exchange.

The next decade was marked by a vigorous development of studies on the
activation of alkanes and arenes by low-valent metal complexes via an oxidative
addition mechanism with the formation of alkyl and aryl derivatives of metals (or
alkenes) [12]. The number of known examples of the activation of the C-H bond
by complexes of metals in a high oxidation state with formation of organo-
metallic compounds is so far much less. Thus, the methyllutetium o-complex,
which enters into an exchange reaction with '*CH, presents another case of C-H
bond activation by high-valent metal complex [13]. Ton PtCls* metalates arenes
similarly to palladium(II). However, unlike palladium(Il) o-aryl complexes of
Pt(IV) are stable compounds and have been isolated [14]. The PtCls* ion easily
platinates arenes under the action of light [14] (or y-irradiation [14]) giving the
first example of photo-electrophilic substitution of arenes. Under the same
conditions, alkanes are dehydrogenated to afford =-olefin complexes of
platinum(II).

At the end of the 1980s and during 1990s, the intensity of investigations of
the C-H bond activation by low-valent metal' complexes began to diminish
somewhat and interest gradually shifted to the field involving the oxidation of
hydrocarbons by high-valent metal oxo-compounds and oxygen (e.g., [4d, 15]).
Attention is being especially concentrated nowadays on biological oxidation and
its chemical models. Studies on the modeling of cytochrome P450 were
stimulated by the use of iodosyl benzene and some other compounds as the
donors of an oxygen atom in catalytic oxidation reactions and of
metalloporphyrin as a model of the active center of the enzyme (e.g., [16]).
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CHAPTER II

HYDROCARBON TRANSFORMATIONS THAT DO NOT
INVOLVE METALS OR THEIR COMPOUNDS

I n this chapter we will briefly survey the main types of hydrocarbon
transformations that occur without the participation of solid metals or oxides
and metal complexes. The alkane transformations described here should be taken
into consideration for comparison when discussing the metal complex activation.

II. 1. TRANSFORMATIONS UNDER THE ACTION OF HEAT OR IRRADIATION

Under the action of heat or irradiation, alkanes decompose to produce free
radicals which further form stable products. Such processes, especially pyrolysis,
are of practical importance.

II. 1.A.PYROLYSIS

Heating alkanes [la-c] at temperature 900-2000 °C gives rise to the for-
mation of radicals:

CH, =— CHy» + H-
CH;» + CH, = CH + He
He + CH, =— CH;» + H,
2H = H,
2CHy» = C(Hq

21
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He + CH;e = CH,

and carbenes:

CH, = «(H, + H,

:CH; + CH, — C;Hs

C;H¢ — CH=CH, + H;
CH~=CH, — CH=CH + H;
CH=CH — 2C + H;

In accordance with these equations, ethane, ethylene, acetylene and elemen-
tal carbon are produced by the cracking of methane. Activation energy of this
process is 76 kcal mol™. The formation of acetylene starting from methane or
ethane are endothermic processes:

2CH, == CH=CH+ 3H, —AH5" = 90 kcal mol™
C,H, = CH=CH+ 2H, —~AH,95° = =74 kcal mol™

The equilibrium in these reactions is shifted to the right at temperatures >900 °C
for ethane and > 1100 °C for methane. Higher alkanes are formed from methane
via a recombination of methyl radicals [1d].

High-temperature pyrolysis of methane is very important since it is a main
source of raw material (e.g., acetylene) for chemical industry. Cracking of higher
alkanes gives a wider set of products. For example, pyrolysis of propane (acti-
vation energy is 64 kcal mol™) yielding ethylene, methane, propene, hydrogen
and ethane consists of the following stages:

C:Hy — CH;» + C,Hse

CHy» + CHy —— CH; + n-CiHy
CHss + CiHy —— CH. + iso-CHr
n-C;H» — CH,=CH, + CHj;*
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iso-CsH» — CH;CH=CH, + H-

He + CGGHy — H; + n-C;Hype

He + CGGH; —— H, + iso-C3Hy

2H — H,

He + CH;» —— CH,

He + n-C;Hr — GCsHg

He + iso-C;H» —— H, + CH;CH=CH,

He + iso-CsH» — C;H;

CH;» + n-C;H» — CH, + CH;CH=CH,
CH;e + n-C;H» — C,Hyp

CH;s + iso-CH» — CH,; + CH;CH=CH,
CHss + iso-CsHr» —= CiHipo

2CHy» — C,Hs

2 n-C;H — C;H; + CH;CH=CH,
2n-CHe — CiHp

2 iso-CsH,»» — C;Hy + CH;CH=CH,
2iso-CsHpr — C¢Hys

n-CsHye + iso-C;H» —— CH3;CH=CH; + C;H;
n-C:Hye + iso-CsH» — C¢Hys

Plasma reforming of methane can be efficiently used to produce hydrogen-
rich gas (50-75% H,, 25-50% CO) [le]. Methane has also been converted to
higher hydrocarbons (including ethylene and acetylene) by a microwave plasma
[1f]. Heating induces important transformations not only in alkanes, but also in
aromatic hydrocarbons, for example [1g]:

% - &
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II.1.B. PHOTOLYSIS

Analogous transformations of alkanes may be induced by light irradiation
under ambient temperature [2]. When irradiated with light A = 121.6 nm,
methane (which absorbs light A < 143 nm) decomposes to generate the following
species (@ is quantum yield):

CH, — "“:CH, + H, ®=04
CH, — "“:CH; (or’:CH,)+ He + He ®=05
CH; —— CH + He + H, O =0.08

Then the following stable products are formed:

:CH; + :CH, — HC=CH + H¢ + He
CH + CHy, — CHy=CH, + H-

:CH, + H, —— CH;* + He

CH + H, — CH;e

:CH, + CH» — CHy=CH, + H-
CH;» + CHy» — CHs

CH, + HC=CH — CH;C=CH

II. 1. C. RADIOLYSIS

The interaction of high-energy irradiation with alkanes leads, at the first
stage of the process, to the excitation of the hydrocarbon molecule [3a].
Furthermore, the excited molecule decomposes to generate free radicals and
carbenes. Radiolysis of methane produces ethane, ethylene, and higher
hydrocarbons:

CHy, —— CH," + e CH, —— CH)* + ¢
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CH, —— CHy* CH,* — CH; + He

CH™ — CH, + H, CH,/* — CH',C',H,, H
CH,* — CH;» + H-

CHy* — CH; +H,

CH, + CH, — CHs + CHs

CH;" + CH, — C,H;™*

CH;* — CHs+* + H,

CH,” +CH, — CHs™* CHs* — CH, + H,
CH, + CH, — CyH¢*

C;Hg* —— 2 CH;e

CHe* + M — CHs + M

CHs” + CCH¢ —= CH; + CH*  CH,/* — CHs” +H,

Pulse radiolysis of N,O-saturated methylcyclohexane (MCH) gives rise to the

formation of the solvent radical cation, MCH", but in argon-saturated MCH, the
olefinic fragment cation (methylcyclohexene) is obtained [3b].

I1.2. REACTIONS WITH ATOMS, FREE RADICALS AND CARBENES

Atoms and free radicals are very reactive species toward all organic substances
including hydrocarbons, even saturated ones. Reactions of alkanes with atoms

T + H_ _R T
Q — 0 Qg 0
T T T T

R= CH3, C2H5, C3H7

Scheme IL.1. The interaction of 1,4-T,-benzene with light alkanes.
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and radicals (see, for example, [4]) are stages of various chain-radical processes,
occurring both in the gas phase [5] and in solution [6]. Interactions of hydro-
carbons with ions in the gas phase are also known; for example, phenylium ion
formed from 1,4-T,-benzene reacts with methane and other lower alkanes to give
tritiated alkylbenzene (Scheme II. 1) [7].

A carbon atom inserts into C-H bond of methane to produce a species
which is transformed into ethylene and some other hydrocarbons [8a]:

C+CHy —
CgHz + C2H4 + C2H6 + CH2=C:CH2 + HC=C-C=CH

In one of the stages of the reaction between carbon atoms and fert-butyl-benzene,
a carbon atom inserts into a methyl C-H bond to give a carbene followed by a
1,2-hydrogen shift (Scheme I1.2) [8b].

*?: \*
H —_—
P
+ *C
W
N sc=Bc

Scheme I1.2. Reaction of arc generated carbon atoms with fert-butylbenzene.

The electronically excited oxygen atom reacts with alkanes, the dominant
reaction mechanism being the insertion of this atom into the C-H bond, thus
yielding chemically activated alcohol followed by fragmentation [8c,d].

O(s)+ CH;, —— CH:0H
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The same species in triplet state reacts with alkanes similarly to free radicals
since the insertion is a spin-forbidden reaction for a triplet to form a singlet state
molecule. Investigation of the singlet state oxygen O('D)reaction with alkanes
in the gas phase has revealed that two distinct channels exist for these reactions.
They were interpreted as insertion into C-H bond and H atom abstraction. The
insertion component dominates for small molecules (CH,, C;Hg)with strong C-H

bonds, while the abstraction component is the dominant mechanism for formation
of OH radical in the cases of larger molecules [C;H;, C(CH;),] with stronger
steric hindrances and weaker C-H bonds. An insertion mechanism of the
interaction of singlet state oxygen with methane was confirmed in ab initio
theoretical calculations [8e]. The minimum energy path of the reaction was found
to be an almost collinear approach of O('D)to one of the hydrogen atoms of
methane to the distance of 1.66 A, and then oxygen atom migrates off-axis.

We will see that similar conclusions with respect to the mechanism
(possibility of insertion as well as hydrogen atom abstraction) may be made for
reactions of oxygen atoms bound to metal (“oxenes”) with alkanes in enzymatic
and model chemical reactions. The excited nitrogen atom, N(D), reacts
analogously [8f,g].

The most usual reaction of alkanes and other C-H compounds with atoms
and free radicals is the hydrogen atom abstraction [9]:

Rad* + RH — RadH + R’

The activation energy of this reaction is usually low. To estimate the activation
energy (E) as the function of the reaction heat (Q), one may use a simple
approximate equation (so called Polanyi-Semenov rule) [10]:

E=A-00

Here A and o are constants approximately equal to 11.5 and 0.25, respectively.
Modern theoretical analysis gives more complicated and more precise, but also
approximate formulae. According to Denisov [11], the dependence of the
activation energy on enthalpy (AH) is expressed by the formula:

AEy = [0/l + a')] AH, + (o' AH/2br.)’.
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Here o is a coefficient which is constant for each pair of fixed bonds, the one
being cleaved, and the other being formed; br, is a parameter also constant for a
given series of reactions and not very different for different classes of reactions.
The latter formula gives non-linear dependence of activation energy on the
reaction’s enthalpy; whereas, less precise Polanyi-Semenov rule predicts a linear
dependence:

AE = aAAH.

Nevertheless, the thermodynamics of these reactions remain an important
basis for their kinetic characteristics. Polar factors, while they should not be
completely neglected, are not of great importance in reactions of neutral free
radicals with molecules. If we have a series of substrates reacting via C-H ho-
molytic cleavage, we can then expect that as a rule, the stronger the C-H bond,
the smaller the rate constant.

When a branched alkane is used as the substrate, a radical usually attacks
the C-H bonds in accordance with “normal” selectivity, i.e., the reactivity of C—
H bonds decreases in the following order:

tertiary > secondary > primary (or in another notation 3°> 2° > 1°),

The hydrogen abstraction process by photo-excited ketones and some other
organic compounds have been thoroughly investigated [12a-f] The rates of
intramolecular hydrogen atom abstraction from methylene groups of
anthraquinone-2-carboxylic acid derivatives have been measured [12a]. For n =
9, the abstraction constant is & = 10* s™. Each methylene group added to the
alkyl chain increases k by approximately 1.5 x 10*s™".

(0]

c—o — (CHy)y—CHy

0

Alkyl radicals formed via abstraction of the hydrogen atom may react with
molecular oxygen present in the solution; if dioxygen is replaced with carbon
monoxide, carbonylation of the alkane occurs to produce an aldehyde or a ketone
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[12d]. A theoretical study of H-abstraction from aliphatic alcohols was carried
out [12f]. The atomic oxygen anion, O~ [12g], reacts with alkanes via the
mechanism of hydrogen atom transfer [12h]:

0O + CnH2n+2 — HO + CnH2n+]°
o + Cnl_12n+2 —_— HZO + CnI_IZn + ¢

Table II.1 presents total rate constants and HO™ branching percentages for the
reactions of O~ with various straight-chain and branched alkanes [12h].

Table IL1. Reactions of the oxide anion O~ with alkanes at 300 K

Alkane k%107, cm®s™ % HO™
Methane 0.088 100
Ethane 0.59 60
Propane 1.2 50
n-Butane 2.0 27
2-Methylpropane 1.9 32
n-Pentane 2.1 21
2-Methylbutane 22 25
2,2-Dimethylpropane 2.1 97
n-Hexane 23 17
n-Heptane 24 10
n—Octane 2.6 9
n-Decane 2.8 4

Unsaturated hydrocarbons and even alkanes are capable of formation of
weak complexes with various radicals [13]. A theoretical consideration of a
model system H,NO“HCH; (by method INDO UHF) showed that the stabili-
zation energy of this complex at the equilibrium distance r(O~H) = 2 A is <1 kcal
mol™'. One may suggest that complexes of such type are intermediate species in
alkane reactions with radicals.
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I1.2.A. HALOGENATION

Halogenation and especially chlorination of alkanes is a very important
process as it gives halogenated alkyls [14]. If the temperature of chain radical
chlorination of methane is high, and time of contact between hydrocarbon and
chlorine is short, in addition to chlorinated hydrocarbons, large amounts of
ethane (at ~1000 K) or ethylene and hydrogen (at ~2000 K) are formed
(Benson’s process [15]). Thus the content of ethylene, propylene and acetylene is
up to 77% at 1273 K. The radical chain process includes the following stages:

I

CH, — CHsy» + H-

cl, — 2ClI-

CH, + H — CH;* + H;

Cl, + H — Cl- + HCI

CH, + Cls+ — CH,;» + HCI
CH;» + CHy» — CHg

CHse + Cl+ — CH(CI

CH;e + H+ — CH,

I

+CHCl + RH == CH;Cl + R
«CH,CI + Cl;, — CH)Cl, + Cl+
C,Hs» — CH=CH, + H-
CHs» + RH = C;Hs + Re
CHse + Cl, — C,HsCl + Cle
CHy» + «CH,Cl — C;H:Cl
*CH,CI + «CH,Cl —— CICH,CH,Cl

III:
CH3' + CH2=CH2 = CH3CH2CH2'
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C,Hs» + CH=CH, = CH,;CH,CH,CH,*
CH,CH,CH,» — CH,CH=CH, + H-
CH;CH,CH,CH,» — CH;CH,CH=CH, + H-
R + CH,=CH, — RH + C,H;*

C,H;» —— HC=CH + He

IV:

CH;» + HC=CH = CH;CH=CH-

Re + CH;CH=CH, — RH + +CH,CH=CH,
R« + HC=CH — RH + HC=C-
CH;C=CHe — CH;C=CH + H-

HC=C+ — 2C + He

*CH,CH=CH; — CH,=C=CH; + H-

Chlorine atoms can also be generated at ambient temperature by light
irradiation of molecular chlorine mixed with hydrocarbon [14a, 16]. The follo-
wing scheme describes the process in the liquid phase:

hv
Cl, = [2Cl]s — 2Cl

Cle + RH —k—l— R« + HCI
Re + Cl;, — RCl + CI+
2Cle — (L,

Re + Cl¢+ — R(]

2Re — R,

For ethane at 293 K Ig & = 7.6 dm® mol™ s, Chlorination of alkanes also
occurs if solutions of metal chlorides (for example, AuCls” or PtCls*; see [17])
are irradiated in the presence of an alkane. Bromination of alkylaromatic hydro-
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carbons with anion Br™ in the presence of cerium ammonium nitrate proceeds as
a radical reaction [18a]:

Ce™"NO; + Br —— Ce"Br + NO;”
Ce"Br — Cc" + Bre

Bre + CgHsCH; — HBr + CsH;CH,e
CHsCHpy + Ce'Br —  CeHsBr + Ce™

Bromination of toluene by the system NaBrO; - NaHSO; gives three main
products:

CH3 CH2 Br CHBFZ CH3
NaBr()4/NaHSO3
> + +
Br

The free-radical bromination by Bre occurs in ethyl acetate yielding o-
bromotoluene and o,a’-dibromotoluene, while the ring-bromination by Br’
occurs in aqueous acetonitrile [18b].

Photochemical reaction of 4-fert-butyltoluene with HBr/H,O, gives benzyl
bromide easily hydrolyzed to 4-ter+-butylbenzaldehyde [18c]. Thermal and pho-
tochemical bromination of decalin gives mainly tetrabromooctalin [18d]:

Adamantane has been brominated with the system CBry/NaOH under phase
transfer catalysis conditions [18e]:
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Br Br
I +
Br

The reaction is believed to be initiated by single-electron oxidation of HO™ by
CBI’4Z

CBry, + HOO == C(Brs + HO-
CBr,, —— +CBr; + Br

RH + *«CBr; —— Re + HCBr;
Re + CBr;, —> RBr + Br;Ce

The behavior of 1 -adamantyl radical in chlorine atom abstraction has been inves-
tigated recently [18f]. Initiators of radical reactions and some metal complexes
induce dark chlorination of saturated hydrocarbons with Clor CCl4[19].

I1.2.B. REACTIONS WITH OXYGEN- AND NITROGEN-CONTAINING
RADICALS

Reactions of alkanes with hydroxyl radicals, which take place in the
atmosphere under the action of irradiation and occur as crucial stages in
oxidation of hydrocarbons are of great importance and have been investigated in
detail [20]. The data for reactions of HOs with some alkanes are summarized in
Table I1.2 [20f]. Reaction of alkanes with nitric acid occurs as a radical chain
process with participation of radicals HOs and NO,* [21]:

HNO; —— HOs + NO,»

RH + HO+ — R+ + H,0
R+ + NO,» — RNO,

R+ + HNO; — RNO, +HO-
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Table [L2. Rate constants, k x 107", cm® 57, for the reaction of alkanes with
radicals HO- at different temperatures

Alkane 300K 340K 390K
Ethane 2.6 3.9 6.0
Propane 10.9 14.6 18.3
n-Butane 243 28.7 354
2-Methylpropane 20.9 24.7 272
n-Pentane 39.8 459 64.4
n-Hexane 54.5 623 72.9
Cyclopentane 589 61.8 75.3
Cyclohexane 76.6 78.4 103

Cycloheptane 120 133 164

Cyclooctane 134 149 191

Radical nitration of a hydrocarbon with cerium ammonium nitrate begins

the photohomolysis [22]:

1V L i1l
Ce¥NO; = Ce™ + NOs»

RH +NO;» — Re + HNO;

The photochemically excited nitroxide II-1 reacts with such alkanes as

cyclohexane, isobutane and »-butane abstracting hydrogens and generating
carbon-centered radicals which are trapped by ground state IT-1 [23]:

R-H

N—O. N—OH + Re

hv

Ii-1 N—O-

N—OR
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I1.2.C. REACTIONS WITH CARBENES

Singlet state carbenes produced in photo- or thermal decomposition of
ketene or diazomethane

CH=C=0 — CH, + CO
CH.NN — CH,; +N;
are known to insert into the C-H bond of an alkane:

CHys) +CHy — CHg

Usually insertion of a simple carbene into the C—H bond of an alkane proceeds
with retention of configuration. Some other carbenes react much more selectively
than simple CH,. For example, phenylcarbene reacts approximately eight times
faster and species CHC1 twenty times faster with a secondary C—H bond of n-
pentane than with a primary one. Diclorocarbene reacts even more selectively
and inserts only into secondary and tertiary C-H bonds. Even secondary bonds
are not affected if a tertiary bond is present. Calculations demonstrated that in
the methylene insertion into the C-H bond, the hydrogen atom is first attacked to
produce a complex similar to that which is formed in the recombination of two
radicals [24]. Low stereoselectivities and a large deuterium isotope effect (kn/kp
= 4-8) for the intramolecular insertion reaction of 2-alkoxyphenylcarbenes and
2-alkylphenylcarbenes led to the conclusion that a triplet state carbene was
involved in the reaction [25a]. Even greater kinetic isotope effects (kw/kp, = 14.7)
have been measured for the intramolecular C-H insertion reaction of 2-
alkylphenylnitrenes [25b]:

CH,),
@(CH2)n\ /Ph hv @j\/( 2)\ /Ph
c — v ¢ m2

Ny D/ \H -N, D/ \
N
n=12
’ CH
@( 2)n\C /Ph N @I(Cﬂg)n\ /Ph

| D |
H D
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A large isotope effect supports the hydrogen abstraction—recombination
mechanism involving the triplet state nitrene II-2.

The reaction of phosphorylnitrene species with alkanes gives a set of
products [25¢]:

o
S ew® o S aronom, +

OEt

(0]
NHP(O)(OFEt I
.\ >_<‘ ( )2 N H2NP:OEt

OEt

Methylidyne and silylidyne insert into methane and silane (see [26]):

CH + CHy ——= CH;CH;
CH + SiHy — CH,SiH;
SiH + CHy, —— SiH,CH;
SiH + SiH, —— SiHiSiH;

Processes with participation of methylidyne take place in combustion and
planetary atmosphere chemistry, while silylidyne is an important intermediate in
the chemical vapor deposition of amorphous silicon film from SiH,.

I1.2.D. REACTIONS WITH PARTICIPATION OF ION RADICALS

The interaction of arenes or alkylarenes, ArCH,R, with some oxidants, Ox,

[27] for example, with cerium(IV) salts [27¢c] or photoactivated quinones [27d],
gives rise to the formation of the ion-radical pair:

ArCH,R + Ox = [ArCH,R"s, Ox]



Transformations in the Absence of Metals 37
#* *

which can subsequently undergo proton transfer to generate radical species:
[ArCH,R", Ox™»] = ArC-H,R + Ox-

Carbon-centered arylalkyl radicals can then enter into various transformations,
for example, can react with molecular oxygen (see next section).

It is interesting that in a similar reaction [27e] of perfluoroalkanes with the
organometallic photosensitizer, decamethylferrocene, electron transfer leads to
the formation of anion radical which is transformed further to a radical:

RLCF-CFR' + ¢ — [RLCF-CFR ] —— RLC-CFR' + F~
Under the action of a reductant, Red, the radical produces an olefin

RLCe-CF,R! + Red — RLC=CFR' + RedF

I1.3. OXIDATION BY MOLECULAR OXYGEN

The importance of chemical processes based on the oxidation of hydrocarbons by
molecular oxygen is connected with the necessity of rational use of hydrocarbons
from natural gas, petroleum and coal. Despite the great amount of work devoted
to this problem, it is far from being completely solved. At present its signi-
ficance, in terms of the urgent necessity of more economical consumption of
natural resources, is increasing with time. Thermodynamically the formation of
oxygen-containing products from saturated hydrocarbons and molecular oxygen
is always favorable because oxidation reactions are highly exothermic. Never-
theless, it is this very fact that hinders the creation of selective processes, with
the difficulty usually lying in the prevention of different parallel and secondary
oxidation reactions.

I1.3.A. HIGH-TEMPERATURE OXIDATION IN THE GAS PHASE

The complete oxidation of alkanes by air (burning) to produce water and carbon
dioxide is a very important source of energy [28a-c]. There can also be partial
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oxidation of saturated hydrocarbons producing various valuable organic
substances, e.g., alkyl hydroperoxides, alcohols and ketones or aldehydes
[28a,b,d,e]. Oxidation of benzene and alkylbenzene under UV irradiation takes
place in the atmosphere [29].

The oxidation of methane and other light alkanes in the gas phase at high
temperature gives alcohols, aldehydes and ketones and occurs via a chain radical
mechanism (for certain stages of the process, see recent publications [30]). The
methane oxidation produces methanol and formaldehyde as main oxygenates.
Due to the fact that both products are much more reactive than hydrocarbon, the
yield of alcohol and aldehyde is only a few percents. Usually the reactions were

Table I1.3. Partial non-catalyzed oxidation of methane with molecular oxygen.

Pressure, Tempe-, [O;]), Reaction Conversion, Swmeon Sucho®  Yield of

atm rature, °C %  time, s of CHa, % MeOH, %
14] 475 4.5 48 2.51 450 3.66 1.13
141 475 8.7 48 5.30 29.6 248 1.57
3500 264 7.9 600 6.29 40.1 0.64 2.52
40 455 2.04 ~0.08 2.10 59.6 17.04 1.25
40 461 32 ~0.08 2.90 544 170 1.58
40 483 72 ~0.08 6.10 346 13.83 2.11
65 310 3.85 2-1000 7.5 95 6
65 410 7 2-1000 21 80 17
1060 410-500 2.8 ~1 46.0 9.1 2.8
65.3 456 5.1 ~ 150 8.0 83.0 6.6
40 474-498 2.35-3.14 1.2-2.1 1322 43.6 6.4 0.73-1.0
70 448 33 ~2 3.9 67.5 1.8 2.56
200 400 5.0 10-100 >4.6 ~32
30 447 9.5 9.0 235 1.9-2.1
50 350-550 1.5 >10 44 1.1

“ Smeon 1s the selectivity of the formation of methanol.
% Sheno is the selectivity of the formation of formaldehyde.
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carried out in broad pressure (1-230 atm) and temperature (300-500 °C and
higher) ranges. The reaction time varied from fractions of a second to tens of
minutes. Some data on partial non-catalyzed methane oxidation are summarized
in Table I1.3 [28d].

The oxidation of ethane yields not only expected ethanol (and also less
amount of acetaldehyde) but additionally large amounts of the C-C bond
splitting products: methanol, formaldehyde, formic acid, as well as CO and CO,
[28d, 31a] (Table 11.4).

Table IL4. The selectivity (products, % based on the combusted ethane) of the
partial non-catalyzed ethane oxidation with molecular oxygen.

Pressure, Tempe-,
atm rature,’C EtOH MeOH MeCHO HCHO AcOH HCOOH CO CO,

159 315 16.0 194 19 45 0 0 - -
50% 286 244 4.1 83 20 1.7 09 348 100
75°¢ 279 18.0 166 68 04 36 06 - -~
1004 2665 237 112 6.0 0.05 238 06 93 142

¢ Initial mixture composition: 88.2% ethane, 11.8% O,; reaction time 3.0
min.

® Tnitial mixture composition: 88.4% ethane, 11.6% Oq; reaction time 10.7
min.

¢ Initial mixture composition: 88.2% ethane, 11.8% Oy, reaction time 2.5
min.

4 Initial mixture composition: 88.4% ethane, 11.6% O,; reaction time 34.5
min.

The composition of oxygenate mixture in the propane oxidation depends on
the conditions (pressure and temperature of the process) [28d, 31b,c] (Table
IL.S).
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w [Rh(CO),C], |I ‘/f . @ [68c]

R, Ry

R, RO
DN »@y @ o5l
Me [_
Ph RCh)
0, MeJ:\/\k [68¢]

Q Ph 0
0
Scheme IV.35. Rearrangements and isomerizations of strained and unsa-
turated hydrocarbons under the action of metal complexes. Reference numbers
are in brackets.

which includes a heterogeneous catalyst: either particles of rhenium metal or
solid cluster species of the type Re,(CO),. Catalytic hydrogenolysis and isomeri-
zation of light alkanes were induced by the silica-supported titanium hydride
complex [69c]. Low conversions of neopentane give methane, isobutane, and n-
butane as primary products. The presence and importance of -butane were a
clear indication of carbon skeletal rearrangement prior to the formation of
products. The reaction of isobutane with hydrogen at 150 °C gave ethane as a
primary product. This indicates that the initially formed surface isobutyl
fragment has rearranged to an n-butyl fragment. An initial step of the reaction is
the C-H bonds activation. Then the surface alkyl fragment undergoes p-methyl
elimination. The intermediate metal-alkyl-olefin complex persists long enough to
undergo reinsertion of the rotated olefin into the metal-carbon bond.

IV.4.B. ACTIVATION OF Si-H BONDS

Since silicon is an analog of carbon in the Periodic System, it is important
to survey reactions of Si-H compounds with complexes of metals in low
oxidation states. Similar to C-H compounds, derivatives containing Si-H bonds
easily react with low-valent metal complexes via oxidative addition mechanism to
afford hydridosilyl or silyl compounds. Typical examples of such reactions [70]
are shown below.
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RhCIL, + HSiAr;, —  AnSiRh(H)CIL, [70a]
(Me;P).RhMe + H,SiPh, —> (Me;P),SiHPh, + CH, [70b]
RhCIL, + HSiR; — [RhL(H),{p-SiR;}Rh(H),L] [70¢]

IV.4.C ACTIVATION OF C-F BONDS

Oxidative addition of C-F bonds to low-valent metal complexes constitute
one of the routes in activation of fluoroalkanes and fluoroarenes [71, 72]. The
chemical activation of carbon-fluorine bonds has attracted much attention since
functionalization of C-F compounds gives various fluoroorganic derivatives,
which have many technological applications. Typical examples of oxidative
addition of C-F bonds [73] are shown in Scheme IV.36.

~—N NM€2 —N NMez

\|/

F
F F W(CO);(EtCN);

FoF [73a]
CFs
Ni(COD), + PEt + CFg —> Et3P—II\11—PEt3 [73b]
F
CHZCOMc

F / \
CH=N  NMe, SCHANH — NMe,
+ [PMey(-SMez)y] —> N/
F F F PF

Me Me
[73c]

(C4H5F,-2,6)PCH,CH,P(C4H3F,-2,6), .
+ — p— R P

F
[{(RRCI(u-Cl)(n5-CsMes)}| e/ N

F [73d]
CsH3F,

Scheme IV.36. Oxidative addition of C-F compounds to metal complexes.



Activation by Low- Valent Metal Complexes 187
* *

IV.4.D. ACTIVATION OF CARBON-ELEMENT, ELEMENT-
ELEMENT, AND ELEMENT-HYDROGEN BONDS

Metal complexes can add components of bonds between carbon and some
other elements via oxidative addition mechanism to produce derivatives, which
contain both metal-carbon and metal-element bonds. Here the element is Si, S,
P, etc. [74]. Analogously, metal complexes split bonds between two atoms of an
element [75] and between element and hydrogen [76]. Examples of such
reactions published in recent years [77] are depicted in Scheme IV.37.

— PMe3 -
I@ + Pt(PMe3)s M°3P>P: [77a]
g MesP \S

@\ & Me Pt(PEt)3 @ ll)[(PEB)Q
—_——— e

Fe i [77b]
~
©/ Me @— SiMe2
B(cat)
@O\B— 8{° RhCI(PPh3s  (cahB., |  PPh3
o o - R (77¢]
PhsP a

Scheme IV.37.. Oxidative addition of compounds containing C-Element and
Element-Element bonds to metal complexes. Reference numbers are in brackets.
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CHAPTER V

HYDROCARBON ACTIVATION BY METAL IONS, ATOMS,
AND COMPLEXES IN THE GAS PHASE AND IN A MATRIX

Taking into account the experimental details of the reactions between metals
and hydrocarbons in the gas phase and at low temperatures as well as their
reactions in solutions, one will notice that they are very different. However it is
reasonable to discuss such reactions of naked metal atoms in a special chapter of
this book because the mechanisms of interaction between complexes in solutions
and atoms or ions may have much in common. Again, from the experimental
point of view, the chemistry of naked atoms at low temperature and the chemistry
of gas phase reactions between ions and hydrocarbons are different, but the me-
chanisms are quite similar. In both cases the crucial step of such processes is oxi-
dative addition of the C—H bond components to a metal atom or low-valent ion.

V.1. REACTIONS WITH METAL IONS, ATOMS, AND COMPLEXES
INTHE GAS PHASE

Metal ions are known to react with hydrocarbons, particularly alkanes, in the gas
phase (see reviews [1]). A brief survey of these reactions will be given in the
present section.

V.1.A THERMAL REACTIONS WITH NAKED IONS AND ATOMS

Alkanes

Usually oxidative addition of C-H and C-C bonds occurs at the first step of
the reaction between metal ions and alkanes. The alkyl hydride or dialkyl deriva-
tive thus formed provides an entry to further transformations.
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“Naked” metal ions (for example, Fe', Cr', Co’, Ti’, V') react with
alkanes, alkanes bearing functional substituents, and silanes [2]. Some reactions
of this type are shown in Scheme V. 1.

H-Co+—< — H\Co+ I —_— Co— | + H,
) p
Co' v N —» H- Co*)

H
~ .
H3C——Co*—/ — Co

e

| — e

[3a]

NiC41'18+ + H,

y.

Ni' + ~r == [NiCjH,,'* —- NiCHs  + CH,

N

NiCH," +  CyHg

[3b]

Scheme V.1. Examples of the gas-phase reactions between metal ions and
simple alkanes. Reference numbers are in brackets.

Bare Pt' cations activate methane in the gas phase [4a,b] according to the
equation:

Pt + CH, — H-Pt-CH;” — PiCH, + H,
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A cationic hydrido-methyl complex, HPtCH;", is formed upon the almost
barrierless insertion of a Pt" ion into a C-H bond of methane and then 1,2-
migration of a hydrogen atom and subsequent elimination of H, from the
transition-metal center gives the platinum carbene cation PtCH," with an
apparent rate constant of £ = 8.2 x 107"° em’ molecule™ s™'. The reaction of
ground-state platinum atoms produced by the photodissociation of [PtMe;-
(CsHsMe)] follows a termolecular mechanism [4c]:

Pt + CH, [Arf] — H-Pt-CH,

The room-temperature limiting low-pressure third-order rate constant in argon
bufferis (2.1 £ 0.9) x 10 molecule sm® s™ and the limiting high-pres-sure
second-order rate constant is (6.3 + 0.3) x 10™? molecule™ sm®s™'.

The analogous reaction of metastable Mo(S,s'd’) with methane, which has
been studied using the method of crossed molecular beams [S], proceeds via
insertion of Mo into CH,4 with potential energy barrier less than or equal to 7.2
kcal mol ';

Mo + CH, — H-Mo-CH; — MoCH, + H,

Reactions of methane with metal ions, M", can lead to oligomerization
products as follows [6]:

M* + n CH4 _— — MC,,}'IQ,,+ + VIHZ

For example, the cation PtCH," reacts with an excess of methane to produce
species Pt(C,Hy)" and higher ions Pt(C,H,)".

The interaction of higher alkanes with metal ions also induces dehydrogena-
tion and affords various m-complexes (Schemes V.2 and V.3) [7]. The activation
of various alkanes (as well as some unsaturated and aromatic hydrocarbons) by
ions W' is shown in Table V.1 [8].

It is noteworthy that while ground state rhodium atoms insert into methane
molecules [9a], there is no evidence of chemical reaction for the ground state of
rheniumwith CH, up to a temperature of 548 K [9b]. Reactions of metal cluster
ions, for example, MgFe' [10a], Pt," [10b], Nb,", and Rh, [10c] with saturated
and aromatic hydrocarbons in the gas phase have been recently described.
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MO+ + n-C6H14 —

10 %

51 %

24 %

15 %

Mo(CeHp)' + Hy
Mo(CeH,p)' + 2 H,
Mo(C¢Hg)' + 3 H,

MO(C6H6)+ + 4H2

Scheme V.2. Dehydrogenation of n-hexane under the action of Mo".

Table V.1. Reaction of W* with hydrocarbons.

Hydrocarbon Products Comments
CHa4 WCH;' + H,
CHy No reaction
C,H, WCH, + Hy
C,Hs WCzH,;r + H;
WCsz+ + 2H;
CiH; WCiH, + 2 H,
¢-C3Hg WCgHz+ + 2 H, major
WCH," + CH,4 minor
C3Hg WC3H," + 2 H, major
WC,H," + CHy + Hy minor
n-CsHio WC4I'{6+ + 2H,
WCHs' + 3H,
WCsHs" + CHy + Hy
WCiH," + CHy + 2 H,
i-CqHio WCHs" + 2 H; major
WC3H1+ + CHy + 2H; minor
WCH," + CHy + Hy minor
CsHs WCeH," + Hy
¢-CeHia WCHs" + 3 H,
n-CeH,4 WC¢Hs" + 3 H, major
WC(;H§+ + 4 H;
WCsHs' + CHs + 2 H, minor
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Mo+)\\ —_— Mo+—||

W _C2H4
/
Mo" + D — MOO

\H—Mo*)\ _.H\Mo*/\\ — Mo+€\j
. H” 5) -H, 4

+ H\ + |

& —

Scheme V.3. Reaction of Mo" with cyclobutane.

Very interesting alkane functionalizations in the presence of metal ions in
the gas phase have also been reported. Schwarz et al. have described recently
[11a] a gas-phase model for the platinum-catalyzed coupling of methane and
ammonia. Endothermic by 61 kcal mol™' reaction

CH; + NH; = HCN + 3 H;

can be an economically attractive basis for industrial synthesis of hydrogen
cyanide as well as molecular hydrogen. In the Degussa process, the reaction is
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performed at ca. 1500 K while in the Andrussow synthesis, added molecular
oxygen transformed hydrogen atoms from methane into water. Both processes
use platinum catalysts [12]. In the model study, the reaction of atomic platinum
cations with methane and ammonia has been examined using Fourier transform
ion cyclotron resonance (FTICR) mass spectrometry. Mass-selected ion PtCH,",
formed in the reaction between Pt" and methane, reacts rapidly with ammonia (k
= 6.2 x 10'° sm’ molecule ' s™') to generate three different products in a ratio of
70 : 25 : 5 as shown below:

PtCH;' + NH; — CH,NH," + [PtH]
PtCH,” + NH;, — [Pt,CNH;]' + H,
PtCH," + NH; — NH,+ + [PtCH]

The sequence of all steps leading to the final product, hydrogen cyanide, includes
the dehydrogenation of CH,NH:

Pt" + CH, — PiCH,’ + H,

PtCH," + NH;, — CH,NH," + [PtH]
CH,NH," + NH;, —*> NH," + CH,NH
CH,NH — HCN + H,

[PtH] + NH," —> Pt" + NH; + H,

Taking into account the results on gas-phase reaction between methane and
ammonia, a working model for the heterogeneous catalysis has been proposed
(Figure V.1)[11a].

The oxidation of methane with molecular oxygen is catalyzed by the atomic
platinum cation [11b]. A key step in the catalytic cycle is the reaction of PtCH,"
with molecular oxygen to mainly (70%) regenerate Pt’ via liberation of neutral
species [C,H,,0,] which either represents vibrationally excited formic acid and/or
its decomposition products (CO+H,0) and (CO,+H,). Final oxygenates are
methanol, formaldehyde as well as higher oxidation products (Scheme V.4).
Experimentally determined reaction energies for the elemental steps are sum-
marized in Table V.2 [11b]. The coupling of carbon dioxide and aromatic C-H
bonds mediated by ion SiF;" has also been observed [11c].
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H H H:N. H CH,;NH
N/ YN o H
¢ ¢ H
Pr SNHs }’t —— 1':, H,
-H
/ Hy / HN HCN
HN{ C/H %
| — | ——
Catalyst surface Py - H, Pr

Figure V.1. Proposed mechanism for the methane-ammonia coupling

catalyzed by a platinum surface.

HCOOH
0,
CH, + O,
CH,0
Hy, HyO ... PtCOH*, PtCO" ...

Scheme V.4. The catalytic cycle proposed for the Pt'-catalyzed oxidation of

methane in the gas phase.
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Table V.2. Energies of steps of the Pt'-catalyzed methane oxidation.

No Reaction AE, kcal mol™
1 P+ CHy — PYCHy)" + H, -29
2 P{CHy + O, —* PtO' + CH,0 -24.1
3 PYCH) + O, —* Pt + HCOOH -7
4 PYCHp)" + O, —™ Pt' + CO + H,0 - 65.1
5 P{CH)" + 0, —* Pt' +CO; + H ~-75.1
6 PtO" + CH0O —* Pt" + HCOOH -47
7 PtO" + CH,O —* Pt' + CO + H,O —41
8 PO"+CH,0O —™* PU'+CO,+H - 51
9 PO* + CHy —™ P{CHy)' + H,0 - 46
10 Pt"+0 —* PO -77
11 Pt' +CH, —™ P{CHy)' ~-1125
12 CHy — CH,+ H, - 109.6
13 O;+2CHy; —* H; + CHO + CH,OH -383
14 0,+ CHy —* 2H; + CO, -78.0
1S O+ CHy —* H, +H,0 + CO -68.0

16 O;+ CHy, —* H; + HCOOH -744

Remote Functionalization of Substituted Alkanes

In remote functionalization of alkanes bearing various groups, a bare
transition-metal cation is first complexed to the functional group and then
directed toward a certain region of the aliphatic backbone of the substrate [13].
For example, in the reaction of Fe" and Co" with nonanitrile, decanitrile, and
undecanitrile [13d], both metal ions exhibit an overall similar reactivity pattern
Molecular hydrogen, methane, and small olefins are formed as major neutral
products. According to the theoretical study, the most favorable pathway of bond
activation proceeds via initial insertion into the C-H bond at position C(8),
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followed by exocyclic activation of a C—H bond and reductive elimination of H;
via a multicentered transition structure (Scheme V.5).

—' H‘
H \ICHz
Fe CH
| \
IH
exocyclic
H CH, <y (CHz)
N
AR
reductive
m /CH2 elimination
\ CH.
(CHy)s Lol
endocyclic N C\H
N CH
| H-H
oY
(CHy)s

Scheme V.5. Remote functionalization of nonanitrile by Fe'.

Aromatic and Other Hydrocarbons

Thorium and uranium metal and oxide ions react with several arenes
(benzene, naphthalene, toluene, mesitylene, hexamethylbenzene) in the gas phase
[14]. For M" ions, C-H and/or C-C bond activation was observed in the primary
reactions for all the arenes.

The gas-phase reactions of bare lanthanide monocations Ln with fluo-
robenzene occur with C—F bond activation to produce LnF" and phenyl radical
[15]. The reactions of various fluorocarbons with calcium monocation proceed
according to the following equations [16]:

Ca' + CHF —* Ca'-F + CHse
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Ca’ + CH;CHF, —*> Ca'-F + CH,CHF-
Ca" + CHF —> Ca'-F + C¢Hse

Ca' + CHF; —*> Ca'-F + CHF,

Ca' + CF;, —* Ca'-F + CHFs

V.I.B. THERMAL REACTIONS WITH LIGATED METAL IONS

Reactions of oxometal cations (e.g., CoO", ScO", FeO", ThO", UO", CeO,
[17]) and positively or even negatively charged complex ions, for example,
Co4(CO0),” [18] and (OC),Fe™ [19], with various hydrocarbons in the gas phase
have been described. The reaction between MoO" and methane is presented in
Scheme V.6 [17]].

CHy OCH, OCH,
MoO;" + CHy—>| ~>Mo—OH |—> Mo—OH—> Mo™-OH,
(o) 0
[MoO,]" [MoO,H]" [MoO,CH,]"  [MoO,H,|"
+ + + +
CH;0H CHye H,0 CH,0

Scheme V.6. Reaction between MoO" and methane in the gas phase.
The following gas-phase reactions of metal derivatives with alkanes have
also been described:

SC(CHy)," + ¢-CeH, —> CHy-Sc'—c-CeH,, + CH, [20a]
S¢(CHy)," + ¢-CsHy — CHy-Sc¢'—c-CsHy + CH, [20a}
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FeCFy” + n-CdHy, ~ — F-Fe'~(CiHy) + CF,  (92%)

— CH, + FeCF:H (8%) [20b]
CoCF;' + n-CiH,  — CoCFy(C:Hy)' + CH,  (75%)

—  CoF(CHy) + CF, (18%)

—>  CoCF;(C4H,p)" (7%)  [20b]

The gas-phase reactions of ligated iron ions Fe(CH,X)+ with alkanes give
different products depending on X [20c], Thus like bare Fe, C—C insertion, parti-
cularly terminal C-C insertion, is predominant for the reactions of Fe(CH,0)',
while C-H insertion is preferred for Fe(CH,S)".

V.1.C REACTIONS WITH PHOTOEXCITED METAL IONS

Vapors of mercury, cadmium and zinc sensitize photochemical alkane
transformations [21]. Thus, irradiation of propane with light of A = 307.6 nm at
633 K and pressure 67-40000 Pa in the presence of zinc vapor gives rise to the
formation of hydrogen, methane, ethylene and dimethylbutane [21a]. The first
step in the reaction is a hydrogen atom transfer from the alkane to the excited
zinc atom:

Alkane functionalization on a preparative scale by mercury-photosensitized
C-H bond activation has been recently developed by Crabtree [22], Mercury
absorbs 254-nm light to generate a P, excited state which homolyzes a C-H
bond of the substrate with a 3° > 2° > 1° selectivity. Radical disproportionation
gives an alkene, but this intermediate is recycled back into the radical pool via H-
atom attack, which is beneficial in terms of yield and selectivity. The reaction
gives alkane dimers and products of cross-dehydrodimerization of alkanes with
various C-H compounds:

Hg*
R-H ———> R'* + He
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X
R-H —P& 5 R 4+ He
+R-H —*
2R+ —> R-R
2 R"‘ —_ Ru_Rn

‘e + R" —» R'-R"

R" + R-H

For example, the interaction between cyclohexane and methanol proceeds
according to the equation:

Qs OO O,

When a mixture of alkane and ammonia containing a trace of mercury
vapor was exposed to UV light, an oligomeric high-boiling liquid containing C,
H, and N was formed. The authors proposed that imines are produced in the
reaction:

h
RCH; + NH; ———> RHC=NH + 2 H,

Here R = H and CH;. The analogous dehydrodimerization of aromatic substrates
proceeded with the formation of an organometallic exciplex *[Hg(m*-CeHe)]

V.2. REACTIONS WITH METAL ATOMS IN A MATRIX

At high temperature metals react with alkanes. For example, at temperatures >
1600 °C, tungsten interacts with methane [23] according to the equation

W+ CH, — W, C + WC + H,

It is interesting that in recent decades the numerous reactions of metal atoms
with hydrocarbons occurring at very low temperatures have been discovered and
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thoroughly studied [24]. A method of cocondensing metal atoms with various
compounds has been used for instance in order to investigate the reaction of

zirconium atoms with isobutane and neopentane at 77 K [25]. Metal atoms insert
into both the C-H and C-C bonds:

Zr + C(CH;)y — HZrCH,C(CH,); + H;CZrC(CH,),

The reaction of Fe, dimers with methane in a matrix at 77 K gives rise to
the formation of species H-FeFe—-CH; or FeFe—CHj; [26a]. Analogously, the C-
H bond in alkanes is cleaved by nickel clusters [26b]. Methane activation has
also been detected during the co-condensation of methane with aluminum atoms
at 10 K [26c]. It is noteworthy that under the same conditions, atoms of Mg, Ti,
Cr, Fe, Ga, Pd and some other metals do not react with methane.

; %

Re + - Me Re Re
\\/
@ H
/
W+ O +  PMes — HH>w—H

N

Me;P H

w o+ +  PMe; — w
O Me3P// \>PM63
H H

Scheme V.7. Synthesis of organometallic compounds by the co-condensation
of metals with hydrocarbons.
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Various organometallic compounds can be prepared by the co-condensation
of transition metals with some hydrocarbons (for examples, see Scheme V.7)
[27].

In the cases when metal atoms in their ground state do not react with alkane
at low temperature, an active species may be generated by photoexcitation of
metal atoms. The excited atoms which are formed are capable of inserting into
the C-H bond of alkane [28]. For example, irradiated (A < 360 nm)iron atoms
react with methane to produce the species CHi;-Fe-H. Analogously, atoms of
Mn, Co, Cu, Zn, Ag and Au insert into the C-H bond of methane. However,
atoms of Ca, Ti, Cr and Ni are inactive in this reaction [29]. Species containing
M-C bonds can be detected by IR spectroscopy (Table V.3) [29].

Table V.3. IR spectra of species formed in the photolysis of metal atoms in a
methane matrix at 15 K.

v, cm
Atom C-H M-H CHj M-C
Mn 2932.9 1582.6 1142.3 550.3 500.7
Fe 2933.5 1653.1 1153.4 548.8 521.1
2908.6 - - 545.9 -~
Co - 1699.5 - 585.4 527.5
- - - 576.7 -
Cu - 1855.7 1200.1 613.8 433.9
- - - - 4174
Zn - 1845.8 1069.5 689.1 4471
Ag 2907.6 1725.8 12324 61447 -
2900.1 - - - -
Au - 2195.8 1202.8 610.9 -

Photoexcited particles Cu and Cu; can also activate methane [30]. An
investigation of the reactions of excited gallium atoms with methane in Ar, Kr,
and neat CH, matrices has shown that H-Ga—CHj; was the only photoreaction
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product [31]. Activation of methane in a matrix by atoms of Zn, Cd, Hg, Mg,
Ca, and Be has been reported [32]. Co-condensation of beryllium atoms
produced by laser ablation with methane-argon mixtures onto a substrate at 10
K gave the following organoberrylium products: CH;BeH, CH;BeCH;, CH;Be,
H,CBeH, HCBeH. It is interesting that in the analogous reaction of magnesium
or calcium atoms, only CH;MH was identified [32d]. Theoretical investigations
of reactions between photoexcited metal atoms and alkanes have been carried out
[33].
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CHAPTER VI

MECHANISMS OF C-H BOND SPLITTING BY LOW-VALENT
METAL COMPLEXES

Reactions of metal complexes with saturated hydrocarbons are very
important not only from the standpoint of applications but are also
extremely interesting for theoretical chemistry. So it is not surprising that many
papers devoted to the theoretical aspects of C-H bond activation and especially
oxidative addition of C-H compounds to metal complexes (as well as ions and
atoms), have been published in recent decades. Some of their results are
summarized in books [ 1] and reviews [2].

VI.1. WEAK COORDINATION OF METAL IONS WITH H-H AND C-H BONDS

Reactions between metal complexes and organic substrates in the condensed
phase usually begin with the coordination of these reactants. Due to =- and »-
electrons present in the molecules of substances frequently employed in catalytic
processes (such as olefins, acetylenes, carbon monoxide) they are capable of
forming rather stable complexes with transition metals. For example, the
complex TpRe(CO)(THF) (Tp = hydridotris(pyrazolyl)borate; THF = tetra-
hydrofuran) reacts with a variety of aromatic molecules to form stable binuclear
complexes of the form {TpRe(CO),}o(u-n>n>-L), where L = furan, N-methyl-
pyrrole, or naphthalene [3a]:

x x @
Tp—lile-OQ + Naphthalene  _—» Tp—llle RIS_TP
o 88) 0o
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The pentaammineosmium(II) fragment [(NH;);sOs]*" is also known to coordinate
easily to double bonds in arenes thereby activating them to various transfor-
mations[3b].

From a classical viewpoint, the formation of any complexes of saturated
hydrocarbons is still difficult to imagine due to the lack of m-or nelectrons in
their molecules. However, compounds containing hydrogen and other three-center
bonds, for example B H'B or Al CH;"Al, are known (see discussions of
hydrogen and other “nonclassical” bonds [4]). Fairly stable complexes of
molecular hydrogen have been prepared and thoroughly investigated recently
(see, for example, [5]). If these data are taken into account, one can foresee the
possibility of the existence of complexes of alkanes.

On the other hand, bearing in mind that saturated hydrocarbons are
extremely weak electron donors and poor electron acceptors, one can postulate
that alkane adducts with metal-containing species should be extremely unstable.
Thus, a quantum-chemical calculation for one of the most simple metal-free
systems (CH,~0,) showed that ifthe C—H &-bond is located along the axis of the
= orbital of oxygen in such a way that the O H distance is 2.05 A, aminimum
corresponding to a bond energy between the components of ~ 0.5 kcal mol™'
appears on the potential curve [6]. According to the calculation for another
model system (CH;H ‘ONH;) by the INDO method, the stabilization energy of
the adduct for a O H distance of ~2.0 Adoes not exceed 1 kcal mol ™'

VI 1. A. FORMATION OF “AGOSTIC” BONDS

Complexes in which there is an intermolecular bond between the metal atom
and one of the C-H groups of the ligand, according to X-ray diffraction data and
confirmed by IR and NMR spectra, have been discovered in recent decades [7],
The bonds formed by saturated hydrocarbon fragments, especially methyl
groups, are of special interest. It has been suggested that such a bond be referred
to as “agostic” and to designate it by a halfarrow: C-H — M. Thus the term
“agostic” bond refers to the case where the hydrogen atom is simultaneously
bound covalently by a three-center two-electron bond to carbon and the transition
metal atom. When the agostic bond is formed, the C-H bond usually lengthens
by 5-10%, but in the case where it is formed by the C(sp’)-H fragment virtually
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no increase in length is observed. The M—H bond is also somewhat longer (by
15-20%) than in the usual hydride. The M—C bond length is always appreciably
smaller than the sum of the van der Waals radii of M and C. The appearance of
the agostic bond is reflected in the NMR spectra (upfield shift of the 'H and "*C
signals) and IR spectra (decrease of the stretching vibration frequency of the C—
H bond to 2700-2350 cm™). A few examples of complexes with agostic bonds
are presented in Scheme VI. 1.

/
P—Cl Cp*
Pt P - Y
”
Cl/l\ | H Cp/f RhL Me;P \_ ~Cp
/ 2
H—C}'Iz
P/
P lT"Clc ;
P = H f——
a’” [\ Jc—H
H \H

Scheme VIL1. Examples of complexes containing agostic C-H —™ M
bonds.

Thus, a system with a C-H — M agostic bond is, as it were, on the
reaction pathway between the C—H + M system and the alkyl hydride derivative
C-M-H. In recent years, compounds containing agostic bonds have been
proposed as intermediates in reactions that involve C-H bond activation. For
example, in the thermolytic rearrangement of cis-bis(silylmethyl)platinum(II)
complexes, a mechanism is proposed which involves preliminary dissociation of
one Pt-P bond compensated by an agostic interaction between the coordinatively
unsaturated metal and a phosphine substituent (VI.2) [8].
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\:- PR3
\ L ~ /L

Scheme VL2. The mechanism of the rearrangement of cis-bis(silyl-
methyb)platinum(1I).

A dynamic motion of the metalated C-H bond and/or exchange of the
agostic hydrogen atom in the iridium complex is reflected in the BC NMR
equivalence of the tertiary butyl group quaternary carbon atoms. In the proposed
[9] slow exchange that H, undergoes with iridium atom in the equilibrium VI-1
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= VI-2 the agostic atom H; moves to the iridium while one of the iridium

hydrogen atoms moves to C;.

‘Bu Bu
i Bu - By
P
1 . /Ha = ' HI
C—l‘lr'\Hb C\—rlr—sH
%\P st IBU % P et tBl]
Bu ’]-3u
VI-1 VI-2

Reversible on/off switching of C-H — Rh interactions in rhoda-

thiaboranes has been decribed [10]. Theoretical investigations of complexes
containing agostic bonds have been carried out [11]. The conclusion that formula
VI-3 (in comparison with VI-4) describes more precisely the “true” structure of
the complex [Fe;(CH5)(CO)(Ph,PCH,PPh,)Cp,]* has been made on the basis of

calculations by the INDO method [12].

\C/ —‘+ \ / _|+
NN NN
p O p P O p
AL D
YN }/C\Fl
i 3’(:/_14\Cp Cp/\ & Ng
H o C—H
\ TN
H H
Vi4
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Ab initio calculations on the complex IrH,[P(Et)H,]," showed that the
methyl group of the phosphine ligand does not form any agostic bond with the
strongly electron-deficient metal, while the analogous complex Ir(H,)(PtBu,Ph),",
containing bulky substituents, has two agostic fert-butyl groups [13].

VI.1.B. UNSTABLE ADDUCTS BETWEEN ALKANES AND METAL
COMPLEXES

Weak adducts of alkanes and metal derivatives (the alkane molecules play
the role of “token” ligands in these complexes) have been detected and even
isolated using a number of methods [14]. These complexes are unstable at room
temperature. Matrix isolation is one of the best established methods for the
stabilization and characterization of intermediates. Complexes of alkanes with
metal atoms and ions have been detected in the gas phase. All these adducts
belong to the larger class of o-complexes, which has been defined as complexes
where the donor is a o-bond [14c]. Dihydrogen and silane complexes are also
from this class.

The following nomenclature has been proposed in review [l4c] and
publication [15]. Ifthe alkane is bound in an end-on fashion through one, two, or
three hydrogen atoms, the complexes are termed n'-H, n*-H,H, and v’-H,HH,
respectively (see Scheme VI.3). The n’-HH and n’-H HH structures involve
close contact between the metal and carbon. An alkane may also bind side-on
through a single C-H o-bond: n’-C,H mode. This mode is distinguishable from
an end-on n'-H interaction.

H H.
rvI—--H—(f/H M H\C M—;"H“C—H
S / \H A /
H H H
nl-H n2-H,H W3-HHH
H H H H
H—C" H—¢~"
S " \ ‘\‘ /\)
n2-C.H agostic

Scheme VL3. Coordination modes of methane to metal atoms.
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Weak adducts of alkanes with metal complexes have been detected by "C
NMR. Dissolution of chromium fris-acetylacetonate in 1-chlorobutane entails a
paramagnetic shift of the ">C signals of the solvent in the NMR spectrum [16a].
It is of interest that the shift (AS) along the chain initially diminishes and then
again increases for the terminal CH; group; the ratio of A8 is C(1) : C(2). C(3) :
C(4) =1.00: 030 : 0.14 : 0.62. These results indicate the transfer of electron
spin density from the complex to the methyl group of the chlorobutane coor-
dinated to it and, since the complex is coordinatively saturated, the interaction
apparently takes place via the acetonylacetonate ligand of the complex (outer-
sphere coordination). Acetylacetonate complexes of chromi-um(IIl) and iron(III)
also induce changes of chemical shifts in °C NMR spectra of various alkanes
[16b]. The application of the NMR method led to the detection of the short-lived
adducts of bis[hydrorris(pyrazolyl)borato]cobalt with alkanes in solutions
[16¢c,d].

Complexation of a free alkane has been stabilized by creating a binding
cavity in the vicinity of a vacant coordination site. This has been seen in the inte-
raction of n-heptane with iron(Il) in a crystalline complex with the double A-
frame porphyrin at room temperature, as confirmed by X-ray analysis [16e].

It has been shown that solid samples of the complex IrXH,(Hy)(P'Prs),,
which are dissolved in hydrocarbons, liberate hydrogen [17a]. The following
equilibrium has been proposed for this reaction:

L , L L
L: PiP
| oH K | Solvent | Solvent
X— Ir! == X— 7 +H, == X—Ir—H
He | Ny | Ny H/ |
H L

The values of AH and AS, determined for the chloride and bromide analogs, were
higher in alkane solvents than in toluene (Table VI.1). On the basis of these
results it has been concluded that C1 and Br complexes lose an H, molecule with
little or no complexation of the alkane, and that solvent coordination to the
resulting five-coordinate complex occurs in toluene solution. The low values
obtained for the iodo complex's thermodynamic parameters indicate that this
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five-coordinate complex adds a solvent molecule to produce the adduct IrIH,-
(P'Pr3),(Alkane). Influence of arene and alkane coordination on reversible hydro-
gen elimination from these complexes has been also investigated [17b].

Table VI1. Thermodynamic parameters for the loss of H; from IrXH,-

(H2)(P‘Pr3)z.

X Solvent AH, kcal mol™ AS, e

Cl  Toluene-ds 8.6 15
Methylcyclohexane-d) 4 124 35
n-Hexane-d|4 12.3 36

Br  Toluene-ds 8.0 10
Methylcyclohexane-dy4 12.1 31
n-Hexane-d)4 12.0 32

I Toluene-ds “ a
Methylcyclohexane-d)4 10.5 22
n-Hexane-d| 4 10.2 22

? Equilibrium shifted too far toward Ir[Hy(H;XP'Pr3); for accurate deter-
mination of the equilibrium constants.

The adducts of alkanes with various metal complexes formed at low tempe-
rature can be detected by IR spectroscopy [18]. EPR spectroscopy has revealed
that the RhH,; molecule is strongly complexed with methane in argon matrices at
4K[19].

The investigation [20a] of the photoinitiated reaction of Cp*Rh(CO), with
neopentane in liquid krypton by low-temperature IR flash kinetic spectroscopy
gave the results that are consistent with a pre-equilibrium mechanism. According
to this mechanism, an initially formed transient krypton complex Cp*Rh-
(CO)(Kr) is in rapid equilibrium with a transient (uninserted) alkane complex
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Cp*Rh(CO)(Me,C). The last complex forms the neopentyl hydride in a
unimolecular step. It is interesting that rhodium is bound an order of magnitude
more strongly to (CD3)4C than to (CH;)4C. Recently, the reactive intermediate in
a cyclohexane C-H bond activation reaction with CpRh(CO), has been identified
as the cyclohexane solvate n*-CpRh(CO)(c-CéH,;) by sub-picosecond IR spec-
troscopy [20b].

The reaction between cobalt atoms and diazomethane proceeds spon-
taneously to yield methane and MeCoH when these reactants and dihydrogen are
co-condensed with argon onto a rhodium-plated copper surface at 12 K.
Wavelength-dependent photolysis of this reaction gave evidence for a cobalt—
methane complex formation [15]:

A > 400 nm

CH3CoH uv Co(CH,)

Intermediates (Alkane) M(CO)s are produced in predominant concentration
in solution after flash photolysis of the metal carbonyls M(CO)s (M = Cr, Mo,
W). It has been proposed that the alkane (used as a solvent) is coordinated to the
metal via a C-H — M agostic interaction [21a,b]:

M(CO)s —X 5 [M(CO)s] —AXKA% 5 (Alkane)M(CO)s

The complex CpRe(CO),(n-heptane) has been characterized at or above
room temperature in #n-heptane by fast time-resolved infrared (TRIR)
spectroscopy [21c]. The reactivity of this complex with carbon monoxide (k =
2.1 x 10° mol™" dm’ s™') demonstrates that CpRe(CO),(n-heptane) is the least
reactive of the reported organometallic alkane complexes. It is interesting that an
analogous xenone derivative CpRe(CO),(Xe) is less reactive toward CO than all
of the reported alkane complexes except CpRe(CO).(n-heptane) [21c], More
recently, direct observation of a transition metal alkane complex using NMR
spectroscopy has been reported [21d], When a supersaturated solution of the
complex CpRe(CO); (~ 4 x 10~ mol dm™) in neat cyclopentane was cooled to —
80 °C or below and photolyzed, a new singlet peak at & 4.92 in the Cp region of
the '"H NMR spectrum, as well as another resonance at & —2.32, appeared at the
expense of the peak at 8 5.23 due to the starting complex. The authors attributed
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these new peaks to the alkane complex CpRe(CO),(cyclopentane) with the peak
at 8 -232 apparently due to one methylene unit of the cyclopentane ring being
coordinated to the metal center:

*
i —’—’—,'IR‘e I'I~~~~
IS AT
il

n2-C H n2-H.H n2-C,H*

Results of nanosecond and microsecond transient absorption spectroscopic
experiments on the photolysis of the complex (n’-dfepe)Cr(CO), [dfepe =
(C;Fs),PCH,CH,P(C;Fs);] in hexane and cyclohexane solvents indicated the
formation of alkane complexes of the type (n*-dfepe)Cr(CO);(Alkane) and (n'-
dfepe)Cr(CO)q(Alkane) [22]. The rearrangement of the silane complex CpMn-
(CO)(HSiEt;) has been studied by photoacoustic calorimetry [23].

It has been established that methane inhibits the reaction chain free-radical
autooxidation of dialkylcadmium [24a] and the reaction of butyllithium with
butyl iodide [24b]. It has been proposed that in the second case this effect is due
to the coordination of methane to the lithium alkyl in the reaction or to the
prereaction complex. The investigation [25] of the kinetics of the reductive elimi-
nation of methane from the complex Cp*;W(CH;3)H or Cp,W(CH;)H led to the
proposal of the formation of the so called methane “o-complex”, i.e., a complex
with n’-coordination of the C~-H & bond. The existence of an analogous interme-
diate has been postulated in the reaction involving the elimination of CH, from
the methylrhenium hydride derivative [26a]. Rapid exchange of hydrogen atoms
between hydride and methyl ligands in the complex [Cp*Os(dmpm)-(CH;)H'],
where dmpm is bis(dimethylphosphino)methane, can proceed by means of a-
hydrogen elimination to form an osmium methylene dihydride intermediate or via
reversible deprotonation of the Os—CH; group by the HC(SO,CFs),  anion
present in the solution. However, the authors' opinion suggests that this reaction
most likely takes place by formation of a coordinated methane ligand (Scheme
VI.)[26b].
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Scheme VL4. Possible intermediates in the exchange of hydrogen atoms
between hydride and methyl ligands in [Cp*Os(dmpm)(CH;)H.

In the literature [25, 26a,c-g], inverse kinetic isotope effects for the
reductive elimination of alkanes from metal centers, which is the microscopic
reverse of alkane activation by oxidative addition, have been explained by the
presence of an o alkane intermediate. Recently, thermolysis of the
diastereomerically pure complexes (RS),(SR)-[2,2-dimethylcyclopropyl) (Cp*)-
(PMe3)IrH]  and  (RR),(SS)-[2,2-dimethylcyclopropyl) (Cp*)}(PMe3)IrH]  (see
Scheme VI1.5) in CsDs has been shown [26h] to result in its interconversion to the
other diastereomer. The analogous reaction of the deuterium-labeled complexes
resulted additionally in scrambling of the deuterium from the a-position of the
dimethylcyclopropyl ring to the metal hydride position. Diastereomer inter-
conversion and isotopic scrambling occurred at similar rates and have been
discussed in terms of a common intermediate mechanism involving a metal
alkane complex (Scheme VI.5).
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Cp* \ Cp* \ Me3P4:‘\ Me,P N\
r—-. /== Ir . = "Ir =" "Ir—-..
H7\ s H7\ "5 H/

Scheme VLS. The alkane-complex intermediate mechanism proposed for
deuterium-scrambling and diastereomer interconversion in the iridium com-
plexes.

Alkane o-complexes have also been detected in the gas phase. The study by
time-resolved IR spectroscopy of the interaction of a range of open-chain and
cyclic alkanes with the 16-electron species W(CO)s has shown that reversible
complexes with all the unsubstituted alkanes, L, are formed except with methane
[27a]. The equilibrium constant

[W(CO)L]
Kp=———
[W(CO)]1p(L)

at 300 K, increases with carbon number from 610 atm™ in ethane to 5200 atm™
in n-hexane, and from 1300 atm™ in cyclopropane to 7300 atm™ in cyclohexane.
Binding energies are in the range of 7-11 kcal mol™, again increasing with the
size of the alkane. The kinetic and activation parameters have been determined
for the reactions of complexes (:n6-arene)Mo(CO)2(Sol) and M(CO)s(Sol) (M =
Cr, Mo, W) with CO [27b]; for M = Cr the AH* is constant (~ 5 kcal mol™),
while the AS* term becomes less negative as the alkane chain length increases. In
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high-pressure mass spectrometry studies of organometallic species, a [Mn, Cs,
Os, H,]" ion was observed when Mny(CO), was used as a precursor and methane
as a chemical ionization agent [28a]. The authors proposed that this ion is a
(OC)sMn™-CH,; complex formed in the high-pressure ion source by the
interaction between (OC)sMn" and methane.

Reacting mass-selected species Fe(CO,)” with the mixtures Np~CH,, CO,-
CH, and others provided an internally consistent set of equilibrium constants and
free energies AAG (298 K) (Table VI.2) [28b].

Table VL2. Equilibrium constants for ligand-exchange reactions with Fe(L)"

and AAG (298 K) values.

No Reaction Keq AAGrkeal mol™'
1 Fe(N;)" + CHy —* Fe(CHy)" + Ny 54107 -1.0+0.1

2 Fe(COp)' + CHy —* Fe(CHy)' + CO; 1.5£0.3 -0.240.1

3 Fe(Xe)' + CO, —™ Fe(COy)" + Xe 2713 -0.6x04

4 FeMNy)' + CO;, —> Fe(COp)" + N, 3.8£08 -0.8+02

5 Fe(N2)' + Xe —" FeXe) + N; 1.5£0.3 -0.240.1

The nz-coordination of the Si-H bond in complexes VI-5 [29a] and VI-6
[29b] and the C-H bonds of the meso-octaethyltetraoxaporphyrinogen [29c] has
been confirmed by X-ray analysis.

PR,

RoP-., | .. Co RoP | . Co
Mo'“ H IIMo"' H

Rp” | W Rp” \‘

L/PRz SiH,Ph A/PPQ SiH,

VI-5
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The concept of the transient formation of a carbon-hydrogen o bond
complex has been used in the discussion [30] of the possible mechanism of
equilibration between diastereomeric chiral rhenium alkene complexes [CpRe-
(NO)(PPhy)(H,C=CHR)]"

Quantum-Chemical Calculations

The problem of the coordination of alkanes to metal atoms, ions and
complexes has attracted the attention of theoretical chemists. It has been
suggested that the interaction of saturated C—H bonds with transition metals is
due to the overlap of the diffuse outer orbitals of the transition metal with the
localized orbitals of the saturated bond [31].

The simplest system for modeling the interaction of the C-H bond with an
unoccupied diffuse orbital of the metal is a methane molecule coordinated to a
palladium atom. A calculation has been carried out for this system by the
nonempirical SCF MO method [32]. Three possible symmetrical structures of
Pd CH., differing in the number of hydrogen atoms coordinated directly to the
palladium atom, were examined: two structures with Cs, symmetry (n'-H and n’-
H H H coordination, see Scheme VI1.3) and one with the C,, symmetry (n*-HH
coordination). The calculated CHs Pd bond energies decrease in the sequence n'-
H > n*-HH > nw'-H HH, although they are similar for all three structures (8.4
and 7.3 kcal mol™ for n'-H and n3 -H.H H, respectively).

Coordination leads to a slight transfer of electron density from methane
(mainly from the hydrogen atoms) to the 5s and 5p orbitals of palladium via a
donor—acceptor mechanism; this entails some redistribution of electron density in
the individual AO of both components. Thus, the electron density in the 4d,*AO
of the palladium atom decreases in all three structures. There is a simultaneous
increase of electron density in the §s, 5ps, and 5ps AOs, but the overall negative
effective charge on palladium increases. Changes in the populations of the AOs
of methane (much smaller) show that the electron density is to some extent
transferred also via a dative mechanism. Since a carbon and not a hydrogen atom
plays the main role in the structure with w’-H,H H coordination, where the
methane molecule is oriented towards the palladium atom via three hydrogen
atoms (the equilibrium Pd H distance in this structure is 2.2 A against 1.7 A in
the n'-H structure), the dative transfer of electron density from palladium mainly
to the carbon atom is most clearly expressed precisely in this structure.
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It is of interest that the bond energy in the Pd"H, system, calculated by the
same method, is almost twice as high as the bond energy in the methane complex.
The donor—acceptor transfer in the alkane complex is much smaller than in the
complex with dihydrogen. On the other hand, in general, since the HOMO energy
in methane is higher than in hydrogen (the ionization potentials are 12.7 and 15.4
eV respectively), methane should be a better electron donor. However, according
to the calculation, the opposite behavior takes place. One can therefore conclude
that the interaction is in this instance determined by the overlap of the corre-
sponding orbitals and not by the difference between the energy levels.

The non-empirical MO method has been also used for the calculation of
complexing copper(I) ion with molecules of hydrogen, methane and ethane [33].
The potential surfaces for the addition reactions of H,, CH,; and C,Hs from
infinity up to the equilibrium state are of bonding character. There is only one
minimum on these surfaces corresponding to the complexes Cu”H, (energy of
complexing ~ 17 keal mol™), Cu* CH, (~ 10 keal mol™) and Cu® C,Hs (~ 13 kcal
mol™"). The H, molecule is more strongly coordinated to the central Cu*ion by an
n? mode.

+ H +
CQut---- Cul----H—H
H
n? n!

The structure with ' coordination lies 3.7 kcal mol™ higher and transforms into
the n? configuration without any barrier.

In the case of methane, the tridentate coordination v’-H,H,H to the Cu’ion
is more advantageous. Bidentate (n>-H,H) and monodentate (n'-H)coordination
structures are situated 3—4 kcal mol ' higher than the tridentate configuration.
These differences are small and at low temperatures, the Cu” cation may
apparently migrate around the CH4 molecule, i.e., all possible modes of coor-
dination can alternate. It is important that the geometrical parameters of CH,
when it coordinates to the Cu' ion change only negligibly, so the rupture of the
C-H bond in methane by this cation seems to be impossible. Two modes of
motion can be discussed for the complex Cu”C,Hs: migration (Cu” around C,Hs)
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and rotation groups around the C—C bond). There are two minimums on the
potential surface corresponding to isomers and (Figure VL. I). All complexes
of the ion are stable in respect to any channel of monomolecular decay and
can exist in the gas phase or in matrices of inert gases.

Ab initio considerations [34a] of methane
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is evidently common for various C-H bond containing compounds including
saturated hydrocarbons:

PtiCL> = PiCly + CI (VIL1)
PtCl;" v_k—‘ PtCl, + CI” (VIL.2)
PtCl, + RH —k-lz RPtCl + H+ + CI-

k-1 (VIL3)
RPtCl + PtCle™ L, RCl + 2 PtCly (VI1.4)

The rate-determining steps may be (VIL3) or (VIL.4), depending on the
conditions, since reactions (VIL.1) and (VIL.2) proceed rapidly to reach equili-
brium. At temperatures below 100 °C and at sufficiently high platinum
concentrations, the reaction rate depends neither on Pt(IV) concentration nor on
acidity and is apparently determined by the reaction (VIL.3) of the substrate
interaction with platinum(II). At higher temperatures and low Pt(IV) concen-
trations, there appears to be a dependence on Pt(IV) concentration (up to direct
proportionality) and on the acidity (inverse proportionality). In this case the rate
determining step is stage (VIL.4), the platinum(II) alkyl derivative interaction
with platinum(IV).

The following kinetic equation, based on the scheme above, can be obtained
using the steady-state concentrations method and assuming reaction (VIL1)

shifted to the right:

v = hikK[RH](PUIDI[PIV)] / {(CI'} + K)(Ai[H')[CI '] + o[ PHIV)))}

This equation is in good agreement with the experimental data. The temperature
dependence of the reaction rate corresponds to two activation energies. Over the
temperature range of 80-100 °C the effective activation energy is Fer = 22.5 kcal
mol™', and over the range of 100120 °C Eey = 8.6 kcal mol™'. At a temperature
below 100 °C and low chloride concentration, when the reaction rate is
practically independent of [Cl7], the equilibrium (VIL.2) seems to be almost
completely shifted to the right and we can disregard [CI]in comparison with K
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and k,[H'] [Pt(Il)] as compared with &;[Pt(IV)]. In this case, the kinetic equation
corresponds to

v =k [RH][[Pt(ID)]

In this temperature range the activation energy of the oxidation is close to that of
the exchange. At temperatures above 100 °C, the reaction of Pt(II) alkyl
derivatives with platinum(IV) becomes the rate-determining step. The low values
of both the activation energy and the preexponential factor correspond to the
nature of process (VIL.4), which is evidently complicated and involves, as a first
stage, the formation of a platinum(IV) alkyl derivative with a subsequent
reductive elimination.

RPtCl + PtCl;> — [RPtCI-PtCls"] —> RPtCl; + PtCL*
RPtCl; — RCl + PiClL,

This oxidation process — at least in the case when R = CH,CH,OH - involves
electron transfer (see below).

The kinetics of the reaction with participation of methane have been
investigated in detail [21a]. The study of methane (pressure ca. 100 atm.)
oxidation at 120 °C under the action of H;PtCls (in the presence of PtCl42‘) in a
mixture of water and trifluoroacetic acid showed the solution to contain a
platinum complex producing methane if decomposed in the presence of a
reducing agent, such as hydrazine hydrate or sodium boron hydride. When
decomposing this complex by DC1 in D,0, CH;D is produced. Upon heating in
water the complex produces methyl chloride and methanol, i.e., the same
products as those formed in methane oxidation. The kinetics of the methyl
platinum(IV) complex concentration change were followed together with the
decrease of platinum(IV) concentration and the increase of the products’ (methyl
chloride and methanol) concentration in the reaction of PtCls™ + PtCL* with
methane in water. The reaction rate

— d[Pt(IV))/ds = d([CH;C1] + [CH;OH])/d¢

was found to be proportional to the methyl platinum(IV) complex concentration,
in agreement with the suggestion that the latter is the intermediate. However, the
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most direct proof that the Pt(IV)-CHs complex is the sole intermediate of the
reaction came out of measurements of its decomposition, which produces methyl
chloride and methanol. The rate of the decomposition measured at different
temperatures, when extrapolated to the temperatures of the reaction of PtCls™
with methane catalyzed by Pt(I), exactly coincides with the total reaction rate
for the concentration of the Pt(IV)-CH; complex observed in the reaction
mixture. Thus, knowing the decomposition rate constant measured separately and
the concentration of the Pt{IV)-CH; complex, the reaction rate of methane
oxidation by PtCls” can be correctly predicted, leaving no doubt that the Pt(IV)—
CH; complex is the sole intermediate. The activation energy for the
decomposition of the methyl complex o-CH;PtCls* was found to be 26 kcal
mol ', the decomposition rate constant at 120 °C is 0.14 s™', and the maximum
concentration of the complex is 7.7 X 107 mol dm™. Hence it is possible to
calculate the rate of decomposition of the complex at its maximum concentration
(Waee = 1.1 x 10 mol dm™s™"). This calculated rate is almost exactly equal to
the observed rate of platinum(IV) reduction (and methane oxidation) at 120° C.

It is interesting that dimethylplatinum(II) complexes can be oxidized to
platinum(IV) alkoxides by dioxygen (or peroxides) [21b]. This finding suggests
that these reactions constitute a promising approach to the catalytic oxidation of
alkanes.

VIL3. ACTIVATION OF SOME OTHER C-H COMPOUNDS

Water-soluble organic compounds are selectively oxidized by aqueous solutions
of platinum salts [22]. For example, p-toluenesulfonic acid undergoes stepwise
hydroxylation to the corresponding alcohol and aldehyde while p-ethyl-
benzenesulfonic acid is functionalized at both the benzylic and methyl positions.
Ethanol affords a variety of products (about 50% of the substrate is converted
into products):

CH;CH,O0H —* HOCH,CH,0H + CICH,CH,OH +
3% 5%

CICH,CH(OH), + CH(OH),CH(OH), + (n-CH,=CH,)PtCl;~ +
1% 21% 4%
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CH;COOH + HOCH,COOH + CH(OH),COOH +

6% 4% trace
CICH,COOH + CO,
trace 8%

1-Propanol is also significantly attacked at the methyl position. In contrast
to most alkane conversion systems, the reactivity of a C—H bond of a methyl
group is at least as high as that of the C—H bond in the a-position to an oxygen
atom. The relative rate of C—H bond activation by the Pt(II) ion decreases in the
order [23a]:

H-CH,CH, > H-CH,CH,0OH > H-CH(OH)CH;

The platinum(I) ion, in the presence of a Pt(IV) complex, catalyzes the
hydroxylation of unactivated C-H bonds of aliphatic carboxylic acids in water
[23b]. The following order of reactivity has been evaluated:

a-C-H << B-C-H <y-C-H 2 8-C-H = e-C-H

This reaction formed lactones, together with hydroxyacids (yields are given
relative to Pt(I)):

Me Me Me Me
I ' Me
MeCHCH,COOH—— HOCH,CHCH,COOH + + 0O
(0] O 0
39% 140% 19%

A system consisting of aqueous PtCl as the catalyst and phospho-
molybdic acid as the redox mediator in a carbon cloth anode electrochemical cell,

electrocatalytically hydroxylated p-toluenesulfonic acid according to the equation
[24]:

R-H + H,O —> R-OH + 2¢ + 2H
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Neutral five-coordinated platinum(II) complexes, Pt(SnCls),[P(OR):];
containing m-acceptor ligands (and hence having enhanced cationic character of
the metal ion) have been used for thermal catalytic dehydrogenation of cyclo-
octane [25]. The authors attributed the high activity of these complexes in the
dehydrogenation reaction to both enhanced electrophilicity and stability against
reduction.

VIL.4. PHOTOCHEMICAL REACTIONS OF PtCls*~ WITH ALKANES

The reaction between the PtCls*>” ion and alkanes can be induced by irradiation
[26]. When a solution of hexachloroplatinic acid and n-hexane in acetic acid is
irradiated by light (A > 300 nm) [26a,c,d] or y-quanta [26b], a T-complex of hex-
l-ene with platinum(Il) is formed in addition to isomeric chlorohexanes. This
complex has been isolated in the form of the pyridine adduct, (hex-1-
ene)PtCLPy. The yield of the m-complex in the y-induced reaction reaches 17%
based on Pt. The photochemical reaction is of first order with respect to hexane.
It is interesting that the photochemical reaction with hex-2-ene affords the m-
complex of hex-1-ene (Scheme VII.5). This complex can be also prepared by the
reaction of hex-1-ene with PtCls" under irradiation. It should be noted that the
photoinduced reaction of PtCl,* or PtCL"™ with olefins is a convenient method
for the synthesis of various mw-olefin complexes of platinum(Il) [27]. The
photostimulated reaction of PtCls> with stilbene does not occur, possibly due to
steric restrictions.

/\/\/ - . M Py P
PtClg?~ PICly PtCL,Py
e Y Yde or PtCly2-

hv

Scheme VILS. Photochemical reactions of hexane and hexenes with
platinum(IV) and platinum(II) complexes.
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The following mechanism has been proposed for the photo- and y-induced
dehydrogenation of n-hexane [26¢,d]:

POl — s (PECI + Cl)

n-CeHyy + Cle —>  n-CeHyy» + HCI

n-CeHipr + PUIV) —* n-CeHy' + PH(Ill)

n-CeHy, + CIT —>  n-CeHyCl

n-CeHiye + CIPt(IV) —> n-CeHisCl + P(IIl)

2PHII) —> Pyl + PtAV)

n-CéH;;w —* n-CH,CH=CH, + H'

2n-CeHir —> n-CaHsCH=CH, + n-CeH,s
n-CaH,CH=CH, + Pt(ll) —> n—~(n-C.H,CH=CH,)P(Il)
n-CHype + PUII) —>  o-(n-CeHip)-Pt(IV)
5-(n-CHp)-PHIV) —> n-(n-CH,CH=CHPt(Il) + H'

The formation of the radicals Pt(IIl) and Re has been detected by EPR through
modeling using the photoreaction between PtCls* and acetone:

h
PtVCL> + CH;COCH; ——> Pt"'Cl + CH;COCH,e

VILS. ON THE MECHANISM OF ALKANE ACTIVATION

VIL.5.A. STAGES OF THE PROCESS. FORMATION
OF ORGANOMETALLICS

Oxidation and H-D exchange reactions apparently begin with the attack by

the reactive form of the platinum(II) complex on the hydrocarbon molecule, RH,
which results in the formation of an alkylplatinum(Il) o-complex:

PtCL> = PiCl, + CI
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PiCl,;, = PtClL, + CI
PtCl, + RH == o-RPtCl + H + CI’

In the absence of platinum(IV), the alkyl o-derivative undergoes electrophilic
attack by the D* ion:

o-RPtCl + D' + CI' —> RD + PtCl,

If a platinum(IV) derivative is present in the system, it interacts with the
platinum(IT) o-complex and converts it into analkylplatinum(IV) c-complex:

o-RP(Il) + P(IV) — o-RPY(IV) + Py(II)

Experiments with complexes with isotopically enriched '**Pt demonstrated that
such an oxidation process (at least in the case when R = CH,CH,OH) involves
electron not alkyl transfer (step @ rather than b) [29a,b]:

6-R-Pt'CL> + *PtVClE —2> o-R-PtVCL> + *PlICL2

1.

o-R—*Pt"'Cl,> + Pt'VCl*

The kinetics and mechanism for oxidation and reduction of platinum(II) and
platinum(IV) complexes with some reagents have been recently reported [29c].

The o-alkylplatinum(IV) complex reacts with nucleophiles X (H,O, CI') to
afford an alcohol ROH and an alkyl chloride RC1, respectively. Complexes VI-5
and VII-7 (R = CH; or CH,CH,OH) in aqueous solutions containing excess
chloride have been shown [29b] to exist in equilibrium with K = 0.9 mol dmat
25 °C. Rapid dissociative exchange of ligand frans to the alkyl substituent was
proposed to occur via the five-coordinate intermediate VII-6.
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‘Pt — " Pt— == " Pt-
Cl/ | \Cl CI/ \c1 Cl/ ' \01
Cl OH,
VII-S VII-6 VII-7

The following rate law for nucleophilic displacement of Pt(II) by water and
chloride has been established:

—d[VII-5 + VII-T)/dt = ko[ VII-5 + VII-7]

where

kovs = () [C1'] + ko[H01)/(1 + K'[C])

The authors proposed an Sy2 mechanism for the formation of the final products
of the oxidation reaction.

It should be noted that complexes of types VII-5 or VII-7 can be easily
prepared by the method initially described in [30a—d]. The chloride complex
Pt"CL% reacts at room temperature in aqueous solution with alkyl iodide to
produce a o-alkyl complex of platinum(IV). Methyl [30a], ethyl [30b,c], and
acetonyl [30d] complexes of Pt(IV) have been prepared by this method. An
interesting feature of the reaction is that the sixth coordination site in the
octahedral molecule of the product is occupied by water, while the I" ion is bound
to another molecule of the platinum(Il) complex (Ptl; and analogous products are
formed and precipitate):

Pt'CL” + RI + HbLO —* o-RP{VCL(H,0) + I

The acetonyl complex turned out to be the most stable, which is apparently due
to the absence of hydrogen atoms in a P-position of the alkane chain [30b,c].
Indeed, the o-ethyl derivative readily decomposes to produce a =-ethylene
complex of Pt(Il) in addition to the product of the reaction with CI" and water. It
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should be also noted that the reaction between PtCly* and n-hexyl iodide gives
rise to the formation of the hex-l-ene m-complex of platinum(II) [30c]. More
recently, generation of the complex MePtCl;*™ has been achieved by reduction of
Na[MePtCls] in THF with cobaltocene [30e]. This reaction gave the
monomethyl dianion, not in pure form, but combined with Me;PtCl,>" and PtCl,>
as the mixed cobalticenium salts.

c-Alkyl complexes of platinum(IV) can be obtained in the reaction of
PtCls®~ with certain alkyl derivatives of non-transition metals. Thus, PtCl*
reacts slowly [31] with (CH3)aSnin CDsGOOD at room temperature resulting in
the formation of 6-CH;—PtCls*". The reaction is accelerated by the addition of
PtCL* and is of first order with respect to platinum(II):

2 PtCl42‘
(CH;)sSn + PtCl¥ ——— o-CH;-PtCls* + (CH;);SnCl

In the absence of PtCls”, tetramethyltin reacts with Na,PtCl,in aqueous acetone,
also forming a methylplatinum(IV) complex. The precipitation of metallic plati-
num is then observed. The reaction partly proceeds as oxidative addition of the
components, involved in the MesSn-Me bond, to platinum(II). As in the case of
alkyl iodides, one component adds to the platinum(Il) ion while the other is
bound by another platinum species (reducing the latter):

(CH;)sSn + 2 PtCL>~ + H,0 —>
CH;PtCL(H,0) + Pt + (CH;);SnCl + 3CI°

Both reactions, with participation of tetramethyltin, to a certain extent
model the interaction of the Pt(IV) + Pt(I) system with saturated hydrocarbons.
The cleavage of the Sn—CH; bond by the PtCls*™ complex is accelerated by
irradiation [31]. The formation of the complex &-C,Hs~PtCls*has been observed
by 'H NMR in the photochemical reaction in CD;COOD. Light apparently
accelerates the conversion of the ethyl o-complex into the m-ethylene complex
[31]:

(CH;);Sn(CH,CH»), + PtCl¢& —=
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—  5-CH;CH,~PtCL* + o-CH;-PtCls*

|

(TE-CHz-_‘CHz)PtCl{

Thus, it can be concluded that reactions, in which there is a possibility of
the formation of platinum(IV) derivatives with alkyl fragments containing a
hydrogen bond in the P-position, lead to olefin n-complexes of platinum(Il).
These reactions are the interactions of platinum chlorides with alkyl iodides and
alkyl derivatives oftin as well as the thermal and photochemical dehydrogenation
of n-hexane by PtCly® (Scheme VIL5). One possible mechanism for the
dehydrogenation of n-hexane is the formation of a o-hexyl complex of plati-
num(IV) and its subsequent transformation into a m-olefin complex of plati-
num(II) via B-elimination of hydrogen [16]:

H
-CI” | -HCl
o-RCH,CH,-PtCl;> —> (m-RCH=CHpPtCl>~ —> (z-RCH=CH,)PtCl;"

VILS5.B. INTERACTION BETWEEN Pt(II) AND ALKANES

The intimate mechanism of the reaction deserves special attention not only
because it was the first example of alkane activation by a metal complex.
Activation of alkanes by platinum(II) complexes remains unique in many aspects.
The reaction takes place in neutral water solution with conventional chloride
ligands at the metal without special ways to form coordinatively unsaturated
species (e.g., by irradiation). A number of works were directed towards the
elucidation of the nature of the interaction between an alkane and a platinum(II)
complex. The unique feature of platinum(II) complexes is to exhibit both
nucleophilic and electrophilic properties.

Two main mechanisms may be proposed for the first step of alkane
interaction with platinum(Il) complexes:

(1) oxidative addition

R-H + Pt(ll) — o-R-Pt(IV)-H
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followed by proton reversible elimination
?1
o-R-Pt(IV)-H == o-R-P(Il) + H" + CI
and (ii) electrophilic substitution with simultaneous proton abstraction

R-H + Pt(ID-CI — o-R-Pt(I) + H + CI

The oxidative addition mechanism was proposed for the first step of the reaction
in the original publication [2]. It looked more probable in particular because of
the lack of strong rate dependence on polar factors and on the acidity of the
medium. Later, however, the mechanism of electrophilic substitution was propo-
sed in some publications.

A few other possible mechanisms have been suggested on the basis of
quantum-chemical calculations for the interaction between Pt(Il) and the alkane
C-H bond in earlier publications. Let us consider briefly some of these theo-
retical as well as kinetic investigations.

The electronic structures of complexes activating alkanes — square planar
and pseudo-square chloride and aquachloride derivatives of platinum(Il) —as
well as the interaction of these complexes with methane have been studied by the
semiempirical MO LCAO SCF method in the CNDO approximation [32].
Calculation for the complexes [PtCly_(H;0),]"*withn = 0, 1, 2, 3, 4 and trans-
[PtCl(H,O)(OH)]” showed that the changes in their quantum-chemical
characteristics are monotonous and are independent of the symmetry (thus the
positive charge on platinum increases monotonously with the increase of n). It
was concluded that, when the interaction of such complexes with an axial ligand
is controlled by the LUMO, then this is an interaction with a ¢ AO and to a
lesser extent a dz AO of platinum. The methane molecule was regarded as the
ligand and the calculation was performed for the following structures:

CH. PtCL,

CH, trans-PtCl,(H,O)}(OH) ,
CH, trans-PtCl,(H,0),,

CH, Pt(H,0),™".
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It was found that coordination involves a redistribution of electron density in the
methane molecule and as a result, the polarity of the C-H bonds increases and
the bonds (particularly those coordinated to platinum ion or an equatorial acido-
ligand) are weakened. Furthermore, an increase in the free valence of the carbon
atom of methane was noted. This actually results in the activation of the methane
molecule, facilitating the attack on the latter by polar species. Analysis of the
distribution of electron density in methane complexes showed that the alkane is
bound as a result of the interaction of the 1s AO of the hydrogen atoms and the
2s and 2p, AO of the carbon atom with the 6s and 6p, AO of platinum. Thus the
involvement of the d AO of the metal in such complex formation is smaller than
the involvement of the outer s and p AO. For virtually any mode of coordination
of CH, to the platinum(IT) complex (coordination via the vertex, edge, and face
of the methane tetrahedron to platinum and also simultaneously to platinum and
the acido-ligand was considered), the resulting transfer of electron density from
methane entails its decrease at the hydrogen atoms. However, owing to the
contribution by the dative interaction, the electron density on the carbon atom
increases.

It is important that the acceleration of the H-D exchange, observed experi-
mentally on the replacement of the PtCL> or PtH,0),”" catalysts by
PtCI,(H,0),, could not be related to any calculated quantum-chemical para-
meters. It was therefore postulated that an optimum combination of the donor-
acceptor and dative mechanisms of the transfer of electron density is essential for
the effective alkane-platinum(II) complex interaction. Since the contribution of
the former increases and that of the latter diminishes with the increase of the
positive charge on the complex, the optimum combination can be achieved for the
complex with zero charge. Somewhat earlier, the presence of a catalytic activity
maximum for the complex PtCly(H,0), was attributed to the influence of the
symmetry of the ligand environment [32]. On the basis of the hypothesis that the
formation of a bond with the activated alkane takes place mainly on interaction
with the d» AO of the complex, the rates of reaction were correlated with the
contribution by this orbital to the LUMO of the platinum(II) complex. Symmetry
considerations led to the conclusion that, for n = 0 and n = 4, the LUMO of the
complex is formed solely by the d,, ,» AO and cannot contain an admixture of the
dn state. As a consequence of the decrease of symmetry for n =1, 2, 3, such an
admixture exists but the n = 2 complex occupies a special place (thus the
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contribution ofthe d, AO for the trans-isomer with n = 2 should be greatest). It

is believed, however [33], that this approach, based on crystal field theory, is
insufficiently complete, since, according to MO theory, the d» AO of platinum
participates in the binding of the equatorial ligands even in highly symmetrical
complexes, i.e., in these complexes this orbital, being partly unoccupied, can be
involved in the donor-acceptor interaction with the alkane. In another paper [34],
the total energies have been calculated by the extended Hiickel method for
alkanes coordinated to the PtCl;(H20)™ species and it has been shown that the
coordination of the terminal atom, for example, in pentane, is most preferred.

It may be assumed, that the reaction of the chloroaquoplatinum(Il) complex
with alkanes begins as oxidative addition, proceeds through a three-center
transition state, and terminates by the synchronous formation of a platinum-
carbon bond with elimination of a proton (which can be transferred to a molecule
of water). A similar mechanism has been proposed [35a] for the cyclometalation
of 8-alkylquinolines by palladium(II). It has also been suggested that the reverse
process (the protolysis of the platinum-carbon bond in alkyl complexes) involves
a three-center transition state [35b], and the concerted oxidative addition to Ir(I)
complex has been proposed [35c¢].

The cleavage of the C-H bond in methane by the trans-PtCly(H,0);
complex has been subjected to quantum-chemical analysis by the extended
Hiickel method [36]. It was shown that the approach of the methane molecule to
the square planar platinum(Il) complex (structure VII-8) leads to strong four-
electron repulsion, the main cause of which is the interaction between #; orbitals
of CH, and the occupied orbitals of the metal complex localized in the region of
the free coordination site (HOMO consisting mainly of the dnorbital and also the
low-lying d,; orbital) (Figure VIL. 1).

When the distance between the platinum atom and the center of the C-H
bond reaches d = 2.8 A, the distortion of the metal complex (structure VII-9)
lowers the repulsion energy. The composition of the HOMO then changes,
namely the contribution of the orbital diminishes and that of the d,2 2 orbital
increases, which entails a decrease of the electron density in the region of the free
coordination site. The dw orbital is hybridized with the s, p. and d.. orbitals of
the metal, as a result of which the low acceptor MO of the complex becomes
extended in the axial direction. The overlap of the acceptor orbital with the o
orbital of the C-H bond increases and hence the contribution of the transfer of
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electron density via the donor-acceptor mechanism also increases. This is
accompanied by the simultaneous increase of the dative interaction, the main
contribution to which is made by the charge transfer from the d,; and d,, orbitals
to the o* orbitals of methane.

H H H, H H H
C\ C \“C:/
H/d H o’ \H H
Cl.. | . OHp .- OHy ", ..OH,

" pt" o Pt"" o Pt
Ko Na HZO/ \ HO” \
Cl Cl

VII-8 VII-9 VII-10

In the second stage, the deformation distortion of the methane molecule
occurs starting with d= 2.4 A and the repulsion energy diminishes still further.
At the same time, the angle of the displacement of the ligand from the plane of
the complex increases from 10° to 36°. The populations of the Pt-C and Pt-H
bonds reach 30-40% and the C-H bond is loosened to the extent of 20-30%.
Under these conditions, the overlap ofthe dy;and t;orbitals diminishes. Since an
analogue of an unshared pair oriented towards the complex appears at the carbon
atom, namely the 3a’ component at the ;level (see diagram in Figure VIL. 1), the
donor-acceptor interaction is enhanced. The transition state (VII-10) arises for d
= 1.8 A, whereupon the Pt—C and Pt-H bond lengths reach the usual values and
the angle of deviation of the ligand in the complex is 36°. When the C-H bond is
extended by 0.28 A, a maximum appears on the curve describing the energy of
the systtm and the C-H, Pt-C, and Pt-H bonds become approximately
equivalent. The extension of the C—H bond enhances both the donor-acceptor
and dative interactions; the main contribution to the latter comes in this case from
the transfer of electron density to the 3a; component of the #*; level. This transfer
plays a decisive role in the rupture of the C—H bond. It is noteworthy that, when
the C-H bond is extended, the four-electron repulsion increases faster than the
interactions of both types and only when CH,and the complex are close together
do the repulsion and dative interaction energies become equalized.
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Figure VIL1. The reaction of CH,; with trans-PtCl,(H,O),. The changes are
shown (a) in the energies of the Pt(Il) complex orbitals on deformation of the
angle CI-Pt-Cl, (b) in the orbitals of the methane molecule on deformation of
the angles and following an increase in the C-H bond length, (¢) in the charges ¢
on the Pt and H atoms along the reaction coordinate (the transition state is

denoted by an asterisk).
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Calculation has shown that, on passing from trans-PtCl,(H,0), to PtCl,>,
the activation energy for the reaction with the alkane should increase by 0.24 eV,
which agrees with the experimental data. In the first stages of the process, up to
the appearance of the transition state, the C—H bond is polarized, increasing the
acidity of the hydrogen atom. This is apparently why, in the presence of bases
stronger than the platinum(II) complex, it is easier for the system to transfer
hydrogen in the form of a proton to the molecule of the base (e.g., water) than to
continue the process of oxidative addition. Thus the reaction may be completed
by the synchronous formation of the Pt-C bond and the elimination of a proton,
i.e., can proceed as “soft” electrophilic substitution:

o \\ / DY
N C al
\\““‘ E \ /
PtCl, + RH — Pt, : — Pt
/e H'
Cl Cl-

A few other mechanisms have been proposed to explain the kinetics of the
reaction and especially the multiple H-D exchange. The multiple exchange may
be due to the formation of carbene complexes:

-H -H' -
P(ll) +RH =—= Pt—R =——= Pi—=
+ + ~—
+D +D

or m-olefin complexes and metallacycles:

PtIl) + C3Hy = Pt—C3Hy = Pt = CHCH,CH3;

7N

Sk
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The formation of the Pt(II)-alkane complex as the first kinetically signi-
ficant intermediate in the reaction has been proposed in the so called “alkane—
alkyl” mechanism (see above) [14]. This intermediate is analogous to alkonium
ions of the type CHs', whose formation is associated with the deformation of
both the planar complex and of the tetrahedral hydrocarbon molecule.

In the another hypothesis, it has been assumed [37] that the rotation of the
alkyl group R in the coordination sphere of platinum entails an appreciable
intensification of the nucleophilic properties of the carbon atom, which should
facilitate the electrophilic attack on the latter by the deuterium cation D" The
alkyl group rotates synchronously with the approach of D" and the agostic
coordination between the C-H bond and platinum ion is formed. Since it is
evident that several hydrogen atoms can be substituted by deuterium in the alkyl
group before it is split off from platinum, the proposed mechanism explains
satisfactorily the multiplicity of different types of H-D exchange in the presence
of platinum(II) complexes.

SN SN
NN ENZAN
/N

The electropilic substitution of H" by D" possibly proceeds via the three-center
transition state:

H ¥

+
Pt——C<+D+~=‘Pt“\ o _I —= pp— 7 +H

It is believed that the “alkyl” mechanism agrees better with certain features of the
exchange reaction than the carbene and alkane—alkyl mechanisms.
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More recently, the mechanism of oxidative addition was confirmed in
investigations of decomposition and protonolysis of alkylplatinum complexes,
1.e., in reactions reverse to the activation of alkanes. Zamashchikov et al. [38]
investigated the decomposition of the dimethyl platinum(IV) complex
Cs,Pt(CH;),Cl,. There are two routes in this process. The first leads to reductive
elimination under the action of CI” and produces methyl chloride and methane.
The second leads to the formation of ethane. There is strong kinetic evidence that
ethane is the product of decomposition of the ethylhydridoplatinum(IV) complex
formed from the initial dimethyl platinum(IV) complex. In D,0-DCI, ethane
formed contains several D atoms with practically the same parameter of multiple
exchange and similar distribution as in H-D exchange of ethane with D,O
catalyzed by platinum(II) complexes. Moreover, ethyl chloride is formed in the
presence of platinum(IV) in the reaction competitive with H-D exchange. From
the principle of microscopic reversibility, it follows that the same
ethylhydridoplatinum(IV) complex is the intermediate in the reaction of ethane
with platinum(Il). Assuming the first step of the reaction of methane with Pt(I)
as oxidative addition according to equation

R-H + Pt — o-R-Pt'"V-H

allows the calculation of the deuterium distribution in methane. Indeed, if the
mechanism of H-D exchange is accepted as shown in Scheme VIL6
[intermediates CH, ,D,Pt(Il) i = 0-3) and product Pt(Il) are omitted for
simplicity] the calculated parameters for D distribution in mixture of products of
the reaction between PtCl> and CH,in D,0 at 373 K turned out in close
agreement with experimental data (Figure VIL.2).

Important results were obtained by Labinger and Bercaw [39] in the
investigation of the protonolysis mechanism of several alkylplatinum(II)
complexes at low temperatures, i.e., the reactions which could model the micro-
scopic reverse of C—H activation by platinum(II) complexes. Alkylhydridopla-
tinum(IV) complexeswere observed as intermediates in certain cases, e.g., under
treatment of the complexes (tmeda) Pt(CH,Ph)Cl or (tmeda) PtMe, (tmeda =
N,N,N’ N'-tetramethylethylenediamine) by HC1 in CD,Cl, and CD,OD
respectively. In some cases H-D exchange takes place between methyl groups on
platinum and 'CD;0D prior to methane loss.
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Scheme VIL6. H-D Exchange in methane catalyzed by Pt(Il).
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Figure VIL2. Distribution of deuterated methanes in the mixture of products
of the reaction between CHs and PtCl in DO at 373 K (black bars,
experimental results; dotted bars, calculated values).



Activation by Platinum Complexes 299
»* *

Based on the kinetic results a common mechanism was proposed to operate
in all the reactions:

(1) protonation of Pt(Il) to generate alkylhydridoplatinum(IV) intermediate,

(2) dissociation of solvent or chloride to generate a cationic, five-coordinate
platinum(IV) species,

(3) reductive C-H bond formation producing a platinum(Il) alkane o-
complex, and

(4) loss of alkane either through associative or dissociative substitution
pathway.

These results implicate the presence of both alkane o-complexes and
alkylhydridoplatinum(IV) as intermediates in the C-H activation reactions by
Pt(IT) complexes. The first step is the formation of a o-complex with the alkane
which then undergoes oxidative addition to produce the alkylhydrido complex.
Reversible interconversion of these intermediates, together with reversible
deprotonation of the alkylhydridoplatinum(IV) complexes, lead to the multiple
H-D exchange with the solvent.

It has been shown [40] that heating a solution of [(tmeda) Pt(CHs;)(NCsFs)}"
in pentafluoropyridine under 30 atm of “CH, at 85 °C gives rise to the slow
growth of a Pt=">CHj resonance in the C NMR spectrum due to methyl
exchange. The reaction is accompanied by the formation of CH4 and by
deposition of metallic platinum, which is associated with the C-H activation
process. The authors note a very close similarity between this reaction and the
activation of alkane C—H bonds observed with [Cp*Ir(PMe;)(CH3)(CICH,Cl)]"
and Cp*Ir(PMe;)(CH;3)(OT1) (see Chapter VI). When both Ir(IIT) and Pt(Il)
participate in the C-H activation process, a o-bond metathesis mechanism
cannot be excluded [40] as an alternative to oxidative addition (however, see
Chapter VI). A proposed mechanism for H-D exchange between [(tmeda)Pt-
(CH3)(NCsFs)]” and CD, [40b] is shown in Scheme VIIL.7.

Puddephatt ef al. [41] have studied the C-H or C—-C bond activation in the
alkane complexes [PtMe(CH4)L,]" or [PtMe(CH3CH;)L,]" (L = NH; or PH;) as
well as the reductive elimination of methane or ethane from the five-coordinate
model complexes [PtHMe,L,]" or [PtMesL,]", respectively, by carrying out
extended Hiickel molecular orbital calculations and density functional theory.
The oxidative addition and reductive elimination reactions occur by a concerted
mechanism, probably with a pinched trigonal-bipyramidal complex on the
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reaction coordinate. The methane remains coordinated to platinum through the
C-H o complex in the C-H reductive elimination, and for C-C reductive elimi-
nation, the transition state is a C-C o complex. The activation energy for
reductive elimination from the complexes with L = NH; and PH; was the same at
only 3 kcal mol ™', but the activation energy for methane activation was calculated
to be 12 and 19 kcal mol™ for complexes containing NHzand PHj, respectively
(Figure VIL.3).

Fs <)
CD
N B = N Ptal)"""i'y A
1 ! ] | _ I"Pt '

N, + Dy
(N/'P‘(“)\(I;H
@FS u fast
N |+ .-CDs fast CD,
G, e Gt G
H
»/7 - CH4yDy
F, / +NC4Fs
CN/“Pt(H)I\CHa—xDx

Scheme VIL7. H-D Exchange between Pt(IT) complex and CDs..
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Figure VIL3. Energies of the Pt(Il), P(IV) complexes and transition states
for the reductive elimination of methane from [PtHMe;l,]" and the
corresponding C—H bond activation in the alkane complex [PtMe(CH4)L,|".

Mechanistic studies of the C—H activation by aqueous platinum complexes
and related topics have been also described in recent publications [42]. Some
reactions with participation of platinum derivatives and their mechanisms are dis-
cussed also in other chapters of this book.
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VIL6.c-ARYL COMPLEXES OF Pt(IV) FORMED IN THERMALAND
PHOTOCHEMICAL REACTIONS OF AROMATIC HYDROCARBONS
WITH Pt(IV) HALIDE COMPLEXES

The experimental data reported in the previous sections leave no doubt of the
intermediate formation of aryl and alkyl platinum derivatives in the reactions of
Pt(Il) and Pt(IV) chloride complexes with arenes and alkanes in aqueous
solutions. In the 1980s, it was discovered that the reaction of H,PtClgwith arenes
in aqueous carboxylic acids produces stable o-aryl complexes of platinum(IV)
which can be isolated in crystalline form (see, for example, [43]).

VIL.6.A. THE THERMAL REACTION OF ARENES WITH PtCls*

Heating a solution of H,PtCls and an aromatic compound ArH in the
CF;COOH-H,0 mixture or in CH;COOH leads to the formation of fairly stable
c-aryl complexes of platinum(IV) in yields up to 95%, which can be isolated in
the form of anionic adducts with ammonia after chromatography on silica gel
containing ammonia [43, 44]:

+

i) CF;COOH - H,0, 50-90°C | Cl .
- “pt" NH,4

ity SiOyNH; Cl/ ILH\ al

+ Hzp tC16

(VILS)

Before their isolation in the form of the ammonia adduct, the complexes
apparently exist as 6-ArPtCls* and o-ArPtCl,(H;0) . The complexes stabilized
with an ammonia ligand have been characterized by X-ray diffraction [45a] and
Pt NMR spectra [45b]. The same complexes can be prepared by the reaction
of H,PtCls with mercury, tin, lead or boron aryls [46].
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On prolonged heating, the complexes decompose [43, 44d] to produce
biaryls, chlorinated arenes and platinum(II) derivatives. The process of formation
of the o-tolyl complex of platinum(IV) is accompanied by its para-meta
isomerization [43, 44e, 47]. If in the initial instant the substitution takes place
mainly (to extent of ~ 90%) in the para-position in toluene, then the statistical
distribution meta:para =2 : 1 is gradually attained (Figure VIL.4).
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Figure VIL4. The reaction of H;PtCls with toluene in CF;COOH-H,O to
afford the o-tolyl complex of platinum(IV). Accumulation and decomposition of
the o-tolyl complex (the yield of a sum of para and meta 1somers is given at the
bottom) and para—meta isomerization of this complex (¥, is the content of para
isomer in the mixture para + meta).
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The substituent does not enter the ortho-position for steric reasons. The
relative content of para-isomer Y, can be calculated from the equation

— 1.5k;t ~kt
3kp_k (4 ! I 4

x >
3 (k -1.5k;) I - e

[p-Tolyl-PtIV]
P [p-Tolyl-PtIV] 4 [m-Tolyl-Pt!V]

+

1
3

which corresponds to the following scheme:

v
kp p-Tolyl-Pt
k=k, + K m

— kA &
k\. 'u ! k, =2k,

v
” m-Tolyl-Pt

v
Pt + CgHsCH,

The activation energies of the formation and para—meta isomerization are ca. 25
kcal mol™".

It has been established [43, 44e] by the method of competing reactions that
the relative rates of reactions (given in parenthesis) with participation of the
arenes C¢HsX decrease in the following sequence of substituent X:

OH (16), OCH; (8.5), CH; (3), C,H; (2.7), OC¢Hs (2.0),
CH(CH;), (1.9), H (1.0), C4Hs (0.9), F (0.3), COCH; (0.1),
COOH (0.09), C1 (0.08), NO; (0.04).

The logarithms of these values are correlated with the Hammett constant o and
the Brown constant 6" (with the parameters p = -3.0and p* = —1.5). The kinetic
isotope effect of the reaction is small (~ 3 for benzene and ~ 2.3 for toluene).

In a study of the products of the decomposition of the meta- and para-
isomers of the o-tolylplatinum(IV) complex, formed in the reaction between
H,PtCls and toluene in CF;COOH-H,0 (4.5 : 1) at 90 °C, it was observed that,
together with the “expected” 3,3"-, 4,4"-, and 3,4"-bitolyl isomers, a large amount
of the “surprising” 2,3"- and 2,4"-bitolyls is formed after a long induction period
(Figure VII.5)[48a].



Activation by Platinum Complexes 305

<
L6k I
10° ¢ N O-©
mol dm-1 e
08

04 Me—~(O)~<O)Me 4,4

10° ¢,
mol dm-!
4 b —10.8
l»]
P pl + Im]
2 c ]
a
| I | [
2 4 6 8 Time, h

Figure VILS. Decomposition of the o-tolyl complex of platinum(IV) to
produce isomers of bitolyls. @ — Consumption of PtCls’ ™, b — accumulation and
decomposition of the o-tolyl complex (sum of para and meta isomers), ¢ — para—
meta isomerization of the o-tolyl complex (¥, is the content of para isomer in a
mixture para + meta).

The reaction of H,PtCls with anisole in CF;COOH-H,O0 (9 : 1) at 85 °C
produces the o-methoxyphenyl complex of platinum(IV) which decomposes to
give 4,4’-dimethoxybiphenyl and, after an induction period, a smaller amount of
2,4’-dimethoxydiphenyl (Figure VII.6) [48b].

Such products of ortho-substitution relative to the methyl group are
apparently formed on interaction of meta- and para-platinated toluenes with free
toluene present in solution. Indeed, if toluene is removed from the reaction
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mixture when the concentration of the o-tolyl complex of platinum(IV) is close to
a maximum (yield ca. 90%) the rate of decomposition of this complex diminishes

[48c].
M
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Figure VIL6. The reaction of H,PtCls with anisole. a) Formation of
dimethoxybiphenyls, &) accumulation and decomposition of the o-
methoxybiphenyl complex (sum of para and meta isomers).
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The platinum(IV)-containing fragment can be easily transferred from one
arene to another. For example, when a solution of the o-tolyl complex of
platinum(IV) is heated in aqueous trifluoroacetic acid with an excess of anisole
or ethylbenzene, transarylation (transmetalation) occures [48c]:

ArPtY + Ar-H — Ar-Pt"Y + Ar-H (VIL6)

Upon prolonged heating with anisole, the o-tolyl complex decomposes
mainly to isomers of dimethoxybiphenyl and lesser amounts of ditolyl and
tolylmethoxyphenyl. Heating a solution of the o-tolyl complex with acrylic acid
yield the product of olefin arylation:

6-CH;CsH,PtCL(H0) + CH,=CHCOOH —
CH,CsH.CH=CHCOOH + P(Il) (VIL7)

The proposed [43, 44e] mechanism of the reaction between PtCls" and the
arene to afford para and meta isomers of the o-arylplatinum(IV) complex (VII-
14p and VII-14m in Scheme VIL.8) involves the formation of a weak m-arene
complex of platinum(IV) VII-11 which is transformed into an intermediate
Wheland-type complex. The isomerization of the Wheland complexes VII-12p
and VH-12m possibly proceeds though the transition state VII-13, and/or is due
to the reversibility, to some extent, of the stage of VII-12 formation. The trans-
arylation mentioned above (equation VII.6) is perhaps also due to the rever-
sibility of the Wheland complex formation.

Heating a solution of an aromatic compound (for example, benzene or
toluene) with Na,PtCL, in aqueous trifluoroacetic acid affords a o-aryl complex
of platinum(Il which is much less stable in comparison with a corresponding
complex of platinum(IV). However this complex was identified after the
oxidation with H,PtClg (at room temperature) to produce the latter derivative
[48d]:

P tCl627
Ar-H + PtCLY — Ar-Pt" — Ar-PtVY
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Scheme VILS. The mechanism proposed for the reaction of PtCls®™ with
monosubstituted benzene CsHsX.

The reaction of PtBrs® with toluene in aqueous CFsCOOH apparently
yields the unstable o-tolyl complexes of platinum(IV), which rapidly decompose
to generate 3,3"-, 3,4”-, and 4,4"- isomers of bitolyls with the ratio 2.5 : 27.5 :
70.0, respectively. Unlike the reaction of PtCls™ (vide supra), the oxidation with
PtBrs> gives no ortho-substituted bitolyls. An induction period preceding the
accumulation of these products was noticed [48e].

VII.6.B. PHOTOELECTROPHILIC SUBSTITUTION IN ARENES

The reaction (VIL.5) can be also carried out at room temperature if the
reaction solution is irradiated with light (full light of high-pressure mercury arc,
in a Pyrex vessel, A > 300 nm) [44e, 49a-c] or y-quanta (*’Co source, with a
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nominal dose rate of 6 Mrad h™") [44e, 49d]. Aqueous trifluoroacetic acid [44e,
49a,b,d] or methylene chloride (in this case PtCls* has been introduced into the
reaction in the form of the tetrabutylammonium salt) [49c] have been used as
solvents. The quantum yield of the o-aryl complex in the reaction with anisole
was ca. 0.08 for A = 365 nm. Unlike the thermal reaction, the process induced by
irradiation apparently does not depend on the acidity of the reaction solution.
Another distinguishing peculiarity of the irradiation-stimulated reaction is the
formation of the pure para-isomer in the cases of interaction with mono-
substituted benzenes. No para-meta isomerization occurred at room temperature
even under irradiation. The relative rates of the photoinduced reaction decrease in
the following sequence:

OH > OC,;H;s > OCH; > CH;.

The correlation with 6" parameters gives the value p* = —1.5. The same sequence
of rates and p" value have been obtained for the y-induced process. The isotope
effect for the photoreaction was kw/kp = 2. The effective activation energy of the
photo-induced reaction is ca. 5 kca mol™ .

When a frozen solution of PtCl> and arene in acetic acid (or H,PtCls and
phenol in water) is irradiated at 77 K, the EPR spectrum is observed (Figure
VIL.7) containing the characteristic signals of platinum(Ill) complexes in

g~24
g~20
I I
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| I | [
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Figure VIL7. The EPR spectrum of the frozen solution of H,PtCl, and
phenol in water after light irradiation at 77 K.
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' Pt il 'IP !
c1/l\c1 cr” | Na
1 H,0
O
*
Cl
h CgHsX
PICl2 === [PCI2]* e a. |w Cl—lz—
topgt”
electron transfer Cl/ | \Cl
Cl

VH-17
Cl 1 CI~

cr

Scheme VILY. Proposed electron transfer stage in the photoinduced reaction
between PtCl, and arene CeHsX.
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perpendicular orientation in the region g = 2.4. These spectrum consists of an
intensive central signal due to the non-magnetic '*°Pt isotope and two satellites
due to the splitting on the Pt isotope. Intensive narrow singlet resonances due
to organic free radicals are located in the region g = 2.0. These signals can be
assigned to cation-radicals or radicals derived from aromatics. The EPR
spectrum also contains signals at g = 4 which may indicate the existence of
dimers of paramagnetic species of radical pairs in these systems.

The proposed mechanism of the reaction involves electron transfer from an
arene to a platinum(IV) compound to give an intermediate ion-radical pair,
[ArH]" * [Pt"C1*] or [ArH]" * [Pt"CL(H,0)] (Scheme VIL9) (for the photo-
chemistry of PtCls™, see, e.g., [50]). The route to this ion-radical pair may be
conceived ether as an electron transfer within the m-complex of ArH with PtCls*
(VII-15) or PtClL(H,0) (VII-16), or as an outer-sphere electron transfer to the
excited complex of platinum(IV) with participation of a chlorine ligand (the
transformation of structure VII-17 into structures VII-18 or VII-19).
Subsequent extrusion of CI™ from structure VII-20 gives rise to the same ion-
radical pair [ArH]" * [Pt"'Cls*].

The collapse of the ion-radical pair may produce the Wheland intermediate
which after elimination of the proton is transformed into the o-aryl complex of
platinum(IV):

X X
LD
Cl. y.Q*> o« v ‘(ﬂ e O cr| 2-
Pt “p pgt”
o | Na ar” | Y a”” | Na
Cl Cl Cl

Para—meta isomerization in this case is impossible since the activation energy of

the isomerization is ca. 25 kcal mol™ and its rate at room temperature is too low.
The mechanism described above is analogous to that proposed for the

nitration of arenes by tetranitromethane [51]. It is known that an arene and
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mercury trifluoroacetate form a charge-transfer complex that undergoes
photoinduced electron transfer. When certain arenes are oxidized with this
mercury derivative in trifluoroacetic acid, the EPR spectra of the arene radical
cations can be observed [52]. It may be assumed that some thermal reactions of
metal compounds with arenes also involve the electron transfer step. As for the
mechanisms of both thermal and radiation-induced reaction of PtCls*~ and arenes
(particularly as concerned with the possibility of electron transfer stage under
thermal conditions), they are not quite clear in detail and additional investigations
are necessary [53].
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CHAPTER VIII

HYDROCARBON REACTIONS WITH HIGH-VALENT
METAL COMPLEXES

his chapter is devoted to reactions of hydrocarbons and other C-H con-

taining compounds with complexes of metals in a high oxidation state [1].
Section VIII. 1 describes reactions which lead to isolable or detectable organo-
metallic compounds. However, many known processes of hydrocarbon oxidation
by high-valent metal complexes either do not involve a step of o-organyl
derivative formation at all or the formation of such intermediates is only
suspected. High-valent metal intermediates have been proposed to take part in
certain biological oxidation processes (see Chapter XI).

VIII.1. ELECTROPHILIC METALATION OF C-H BONDS
(“ORGANOMETALLIC ACTIVATION”)

Reactions of aromatic and saturated hydrocarbons with high-valent metal
complexes may involve direct metalation (with or without subsequent decom-
position of c-organyl complex formed).

VIIL.1.A. METALATION OF AROMATIC COMPOUNDS

The electrophilic substitution of hydrogen in arenes is known both for non-
transition — Hg(Il), TI(II), Pb(IV) — and transition metals, such as Au(IIl),
Pd(Il), PtIV), Rh(II). All these reactions apparently proceed with the
intermediate formation of Wheland complexes. Some parameters for these reac-
tions are summarized in Table VIIIL. 1 [2].
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Table VIIL 1. Metalation of arenes by metal compounds.

Parameter Hg() TiII) Pbav) Aul) Pd) PyIV)
p (o) ? -12.8 ? ? ? -3.0
p'(ch) -6.3 -6.9° -9 ? -0.4° -15
-7.4° -0.7°
-8.3° -1.4°
kwlkp Benzene 5.6 43 ? 457 3.0
51°
Toluene 7.0 5.0 ? 35 23
Anisole ? ? 45 ? ? ?
8r= log(f™ ™) 1.3 15 L7° 7 -0.03 1.2
1.8 20°
ortho-meta-para-
Isomerization yes yes ? ? no yes
Transmetalation yes yes ? ? yes yes
Acceleration by light  yes ? ? ? no yes

@ The data are given from different works.

Valence
v

III
I

Ir Pt Au Hg Tl Pb Bi

I | I I

ds

d8
d10

!

dio
dio

L1 1 1 1 1

77 78 79 80 81 82 83 N

Figure VIIL1. Metal ions which are known to metalate arenes electro-
philically to afford stable o-aryl compound.
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It is noteworthy that all the heavy metals capable of arene metalation to
produce stable compounds arrange in the sequence shown in Figure VIIL. 1. All
these metals belong to the same row of the Periodic Table. The valence of the
metal active in the metalation decreases from IV to II on going from platinum to
mercury, and then increases to IV again on going to lead [2].

Orthometalation
Great number of publications has been devoted to cyclometalation,

especially to the reactions with C-H bonds of aromatic compounds (ortho-
metalation) [3] which proceed according to the general equation:

E E
<] &
+M — M

Examples of orthometalation reactions [4] are presented in Scheme VIIL. 1.

+ RUClz(PPh3)4 — [4a]
pPh, H  PPh, PthtRu/Pth

a” epn,
I‘{K(?\,N + RuCh(TPY) —> I‘{K?\,N o
v N L1 )
74 N\ 74 TPY N

TPY = 2,2".6',2"-terpyridine

<: ‘tCH
\N
Pt>NCHzPh [4c}

Me/ N SMe,

PtzMe.;(M-SMez)z + ArCH=NCH,Ph——>

Scheme VIIL1. Examples of orthometalation reactions. Reference numbers
are in brackets.
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Palladium(Il) derivatives also are commonly used in these transformations
(orthopalladation) [5, 6] (Scheme VIII.2).

The cyclometalation reactions of benzylidenebenzylamines, -anilines, and
-propylamine with palladium acetate occur via C—H electrophilic bond activation
[7a]. The formation of a highly ordered four-centered transition state involving
the C-H and Pd—O(acetato) bonds has been proposed:

In this transition state, the neighboring terminal acetato group acts as a proton
acceptor to produce acetic acid as a leaving group.

The activation parameters for the cyclopaladation in neat solvent

CH2C6H5 o ,——<: :}

‘ HN. d
C_N\/\)NHCH2C6H5 — LN/ P~ NHCH, G,

ME

have been obtained as follows: & = 5.74 x 10° s™' AH* = 24.8 kcal mol™' in
DMF and % = 3.13 x 10™*s™, AH* = 20.0 kcal mol™ in DMSO [7b].

Intermolecular Reactions of Arenes with Palladium(Il) Compounds

Despite the numerous works devoted to the oxidation of aromatics by
palladium(II) compounds, the mechanism of these processes is still not clear in
detail. There are three main types of such reactions.

1) Oxidative coupling of aromatic nuclei, as discovered by van Helden [8]:

2ArH + P& — Ar-Ar + Pd° + 2 H'
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L 3
N Pd(OAC) N J5
‘/‘ e © .

NH2 Ac
\ / Pd
(OAc)2 Pd(OAc) [5b]
2 LlBr
X

X AOH2

Csnno—@—« ©N\N©o>;_©_

(PhCN)deCbl

[5¢]
Cs“nvo@«C)@N\ @ O

N@ N Pd(OAc N g
@s s@ o P NI Etl
\

R R

%/@ Me  Na,PdCl, %N/@ Me
- >

' MeFer < e

0 YOO x'_\o-3 9 YOO X,_\O‘3
O o—0 o
Co 0 o o/ \—0\_10 o o/

ODar! QD

Scheme VIIL2. Examples of orthopalladation reactions. Reference numbers
are in brackets.
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The mechanism of this process has been investigated [9]. The reaction
exhibits the features of electrophilic substitution: electron-releasing substituents
in the aromatic nucleus accelerate the metalation. Usually o-aryl complexes of
palladium(II) are not stable and cannot be isolated. However, dialkyl sulfides
stabilize the complexes which can be isolated as yellow crystals [10]:

I\l'Ie l\/fe

Pd(OOCMe), + PhH + SPr, —» Pd Pd Pd

The kinetics of the oxidative coupling of benzene under the action of the
system PdCl,-NaOAc in acetic acid follows the equation:

v = k[PA(ID)][(CsHg],
sodium acetate being an obligatory reagent though it is not reflected in the
equation. The first step of the oxidative coupling is proposed to be electrophilic
substitution of a proton. The role of acetate in the coordination sphere of palla-

dium is apparently to facilitate the abstraction of a proton. The reaction appears
to be irreversible since there is no H-D exchange with the solvent.

B .
+ PdX2 — — + BH

H PdX

Then the disproportionation followed by the biaryl formation is assumed:
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2ArPAX T ArPd + PdX,
Ar,Pd —*> ArAr + Pd

2) Oxidative coupling of arenes and olefins, as discovered by Fujiwara and
co-workes [11]:

ArH + CH=CHR + Pd* — ArCH=CHR + Pd(0) + 2H"

The first step of this reaction is the palladation of the arene. Olefin insertion into
the Ar-Pd bond is then possible [12]:

Ar
Arbd 4 S== —» A Pl —> =X +PdO) +H

An alternative mechanism involves the formation of an aryl hydride intermediate
followed by the insertion of the olefin into the Ar-Pd bond:

Ar-PaX-H + D= —» Ar_>_<_l)d X —»
Ar .
— >=:<+Pd(0)+H+ X

3) Acetoxylation:

CHsCH; + CH;COOH + Pd* —>
AcOCH,CH; + C¢HsCH,0Ac + Pd(0) [13a]

. OA A
_ P - OAc OAc €.
+ +
Reoxndant
AcOH-NaOAc

[13b]
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4) Carbonylation by CO [14]:

ArH + CO + CH;COOH + Pd* — ArCOOAc + Pd(0)
and by CO,[14, 15]:

AtH + CO, + P& —= ArCOOH + Pd(0)

The addition of an oxidizing reagent makes reactions 1-4 catalytic with
respect to palladium(Il). Palladium compounds catalyze many other reactions
invol-ving C-H bond activation. For example, benzaldehyde and benzoic acid
can be produced by partial oxidation of toluene applying the fuel cell reaction in
the gas phase using palladium black as the anode. The authors proposed a =-
allyl-benzyl-Pd** complex as the reactive intermediate [16].

Intermolecular Reactions of Aromatic Compounds with Complexes
of Other Metals

A few reactions of electrophilic metalation of an aromatic nucleus with
transition metal complexes are known. The porphyrin complex of rhodium(III)
PorphRhCl reacts with benzene and its derivatives in the presence of a silver salt
to give the metalated arene [17]:

PorphRhCl + C¢HsX — PorphRh(p-CsH X)

Exclusively the para-metalated product is formed. There is a correlation between
logarithms of relative rates of metalation and Hammett o constants of the
substituent X (p = -5.43).

A ruthenium(II) complex in the presence of a methyl derivative of aluminum
metalates arenes [18]:

LR SN
s Ru +PhH + Aly(CHz)s—> " RU °

T
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An interesting C-metalation of a coordinated pyrrol ligand in a rhenium
complex has been described [19a]. Methylated aromatic hydrocarbons have been
activated by (ZrCls), [19b]. A novel mode of electrophilic activation of an ali-
phatic C-H bond, assisted by porphyrin complexes of Zr(IV) and achieved by the
use of hydrides of lithium, sodium or potassium, has been reported [19c]. It has
been shown that the ligands 2,3,5,6-tetraphenylphenoxide and 3,5-dimethyl-2,6-
diphenylphenoxide undergo intramolecular activation by tantalum alkylidene
groups at rates 20 and 100 times slower than that of the simple 2,6-
diphenylphenoxide ligand [19d].

VIIL 1 .B. METALATION OF sp*-C-H BONDS

Transition metal complexes can react with aliphatic amines, phosphines and
analogous compounds to cleave the C—H bonds at sp’-hybridized carbon atoms
and produce cyclometalated derivatives [20] (Scheme VIIL.3). If in the starting
complex the metal ion is in a high oxidation state, the metalation occurs appa-
rently as electrophilic substitution.

Another type of reaction which occurs between a saturated C—H bond and a
high-valent metal complexes is metathesis of the C-H bond according to
equation:

M-R + R“H = M-R’'+ R-H

For example, the exchange between a methyl complex of lutetium or yttrium
and labeled methane proceeds as metathesis [21]:

Cp*;M-CH; + "CH, = Cp*M"-CH; + CH,

Analogously, the reaction with other C-H compounds RH gives a o-organyl
derivative of scandium [22]:

Cp*Sc-CH; + RH —= Cp*Sc-R + CH,

Here RH is ">CHy, arenes, or alkynes.
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CH
PPh, 3C\ 7 \2 _—~PPh;
(CH;),NCH,C(CHa); + Pd(OCOCH3)2"_—’ S . Pd_

7/ \
N\
H,¢ CHy
[20a]
Cl-
@-cmoqi, + PaococHy), —— §Q,>
O\ 3Pl
e’ i, |2
CHs [20b]
@( >/~—C—CH3 + Pd(OCOCH,), —» (C): %C—CH;
/ \ (20¢]

Scheme VIIL3. Cyclopalladation of sp™-hybridized carbon atoms. Reference
numbers are in brackets.

The exchange reaction of methane with a lutetium complex apparently
proceeds via the transition state VIII-1 rather than via oxidative addition invol-
ving intermediate VIII-2. Quantum-chemical calculations have been carried out
[23] for the mechanism including inter alia a four-electron four-center transition
state of the type VIII-1.

CH3
Cp* o CH3, Cp*\
L IIIIIIiIII!IiIlIIIIIII H Lu—H
/ ‘13 ‘\‘\\‘ /
Cp* CH3 Cp* \
3 cn,
VIII-1 VIII-2

A calculated [23b] barrier for methane exchange is 28.0 kcal mol™ for the
reaction
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Cl,ScCH; + CH,
and 61.7 kcal mol' for the interaction
CLAICH; + CH..

Examples of some other reactions between alkanes and electrophilic metal
complexes are shown in Scheme VIIL.4. The electrophilic “Cp*Ru"™ fragment
generated by protonation of [Cp*Ru(OMe)]; with CF;SOsH is capable of
activating the bonds C—-H, C-O, and C—C in various organic compounds.

Irradiation (A 180-360 nm) of an aqueous solution of an alkane C,—C7and
mercury(Il) sulfate in air gives rise to the alkane oxidation products
(predominantly carbon dioxide) [25]. The authors tentatively assumed that the
key step of the reaction is the interaction of the hydrocarbon with the
photoexcited Hg(Il) species. This process is considered as electrophilic substi-
tution.

RH + [Hg(I)]* — RHg(l) + H'

The alkyl mercury derivative thus formed can be then photolized to produce
Hg(I) and radicals Re which react further with molecular oxygen. However, an
alternative explanation of the reaction could be proposed.

A novel mode of electrophilic activation of aliphatic C—H bonds also has
been reported. This reaction is induced by Zr(IV) porphyrin complexes and
achieved through the use of lithium, sodium or potassium hydrides [26].

VIII.1.C. SOME SPECIAL CASES

Numerous cases of C-H bond activation are known, for which the reaction
mechanism cannot be definitely attributed to either typical oxidative addition to a
nucleophilic metal center or to an electrophilic substitution at an electron-
deficient metal ion. In some cases the mechanism is not at all clear.

The intramolecular activation of a C-D bond in ds-benzene by the complex
(Me;P),Pt(CH,CMe;)(SO;CF;) apparently begins with the formation of the coor-
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L\ - HCF; [24c]
hv
O
T Y ﬂ
(OC)4O§;Oi \ 1l
(CO)4 co m
PII CH,
|
Zr + CHy Zr + H,
| | [24d]
silica silica

Scheme VIIL4. Activation of sp>-hybridized C—H bonds. Reference numbers
are in brackets.

dinatively unsaturated species [(PMe;);Pt(CH,CMe;)|”, which gives rise to an
arylplatinum hydride complex with ds-benzene as a result of oxidative addition
[27]. The product (Me;P),Pt(CsDs)(SO;CF;) is formed after the elimination of
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CH;DCMe;. However, the authors do not rule out the possibility that the
positively charged species carries out an electrophilic attack on the benzene ring.

Thermolysis of complex VIII-3 in ds-benzene leads to the appearance of the
intramolecular metalation product VIII-5 [28]. The reaction takes place in
several steps and the intermediate complex VIII-4 has been isolated. The intro-
duction of several substituents into the benzene ring has virtually no effect on the
rate of metalation, which enables the authors to regard the transformation VIII-
4 —> VIII-S not as a typical electrophilic metalation by the Hf(IV) ion but as
a process which proceeds via a four-membered transition state.

CH,CeH
Hf< 26t B — HFf
\ﬁ CH,C¢Hs ﬁ CH,CgHs \Sé\((
VII-3 VII-4 VIIL-S

The mechanism of the reaction between tetraarylrhenium and phosphines is
not completely clear [29]:

M63 Me
+2 PMC3
Me
©/ >© @
Me

According to the authors’ proposal, one step of the reaction is oxidative addition
of the C-H bond in the ortho-position to the metal atom.

The reduction of the complex (NH;)sOs(trifluoromethylsulfonate) with
cobaltocene in the presence of N-methylpyridinium forms the m-complex which
rearranges into the o-aryl complex of osmium(II) [30a]:
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I\I/Ie
NS -H' =
Q —_— (NH3)5Or<\:/,\NLMe

Os(NH3)s

The mechanism of this activation of the C-H bond is unknown although the
reaction may proceed by an oxidative addition. Generally, the pentaammine-
osmium(II) system is known to activate phenols, anilines, and anisoles toward
electrophilic addition and substitution reactions by binding the aromatic ligand in
an nz-fashion. Protonation, for example, results in the formation of a heterotriene
system [30b]:

H+
Os(NH;)s I Os(NHz)s

The interaction between the complex Cp*Ir(CH;),(DMSO) and arene
CsH;sX leads to the formation of s-aryl derivatives Cp*Ir(CH;)(CsH.X)(DMSO)
and the evolution of methane [31]. The rate of metalation decreases in the
following sequence of X:

I>NO; > CF; > CN >COOCH; > COCH; > Br>H >
OCH; >Cl > F > NH,

The metal atom substitutes only the meta and para positions of the benzene ring.
In the case of X = NH,, only the meta isomer is formed. The authors propose
that the reaction proceeds as DMSO is replaced by the arene with subsequent
oxidative addition of the C-H bond to indium to produce an iridium(IV)
derivative. Then reductive elimination of methane and addition of DMSO gives
the final product. A synchronous elimination of methane and addition of the
arene cannot be ruled out however.
Dihalogenobis(triphenylphosphine)palladium(II) complexes react [32] with
alkanes and arenes to form unusual hydride complexes Pd(H)(R)X:(PPhs),. The
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authors propose that the reaction involves the oxidative addition of the
hydrocarbon to palladium(II), well-known “electrophilic” center. However, other
authors have not reproduced these results.

The pentamethylcyclopentadienyl complex of iridium relative to the iridium
complexes that activate alkanes via typical oxidative addition, also reacts [33]
with arenes by an unknown mechanism:

Cp* Cp* @ ds
\ @ C5D6 \ o
Ir —_— Ir
N

/

7N
Me;P OSilica Me;P OSilica

The mechanism proposed for the formation of the complex W(PMes)y(n’-
CH,PMe;)H from W(PMe;,)s involving a concerted C-H bond metalation via the
intermediate or transition state VIII-6 has been discounted by the lack of an
observable kinetic isotope effect [34].

— PMe; / \

W(PMes)s e W(PMe;)s e (MC3P)4W° --------- ?Hz

Me215

VIII-6

!

PMe,

(Me3P)sW —CH,
H

The formation of the oxametallacycles in the reactions of the complex
W(PMe;)4(n*-CH,PMe,)H with phenols does not proceed via oxidative addition
of the OH group at the tungsten center, but rather by direct reaction at the W—-C
bond of W(PMes)s(n*-CH,PMe;)H [34].
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In the reaction between a tantalum complex and benzene, thermolysis of the
initial complex produces an electrophilic three-coordinate imido intermediate
which is capable of metalating benzene (R: #-BusSi) [35a]:

ds

RN\ —MeH RN\ CeDs RN\
R}{N_Ta_ Me —— / Ta=—NR — RDN—/Ta

RHN/ RHN RHN

It has been concluded that the interaction of an analogous vanadium complex
with hydrocarbons does not occur by a simple o bond metathesis mechanism
[35b]. The alkylidene tantalum(V) complexes undergo intermolecular cyclo-
metalation of the aryloxide ligand [35¢] (Scheme VIIL.S).

h@?h

P
0
Me3SlCI‘K / Heat MesSiCH, ., |
Me381CI-12/ \O Me;SiCH

0]
| Ph
Me3 SICH2 ---- Heat Me3 SlCH2 S
“Ta—0 — -
Me,SicHf” (l) - AIO

Scheme VIILS. Transformations of tantalum(V) complexes.
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The mechanism proposed for the complex [Pt(PPhs),(n’-C;Hs)](BF,) for
hydropyrrolylation [36] with pyrrole:

< + _PPhy
Ph3P\ > @ “PPh,
PhyP”

involves electrophilic aromatic substitution:
Ph;P. Ar-H | PhyP _Hr  PhiP 2
L Sn > TSP N\ L T P > Ar
Phyp”” Phyp”” Phyp”

Reaction of the rhenium(V) complex [Re(O)Cl,(CsMes)] with H,S leads to
the products of activation of a ring methyl substituent [37]:

[Re(0O)CL(CsMes)] + HS —>  [ReO{(SCH,)CsMeq} (CsMes)]

Cyclopalladation of the racemic N-methyl-a-tert-butylbenzylamine VIII-7
gave the products of activation of the ortho-C-H bond in the phenyl ring of
VIII-8 and of the sp’-C-H bond of the methyl group of VIII-9. Additional
heating of complexes VIII-8 and VIII-9 led to the palladium mediated cleavage
of an sp*>-C—sp’-C bond between two non-activated carbons to produce derivative
VIII-10 [38] (Scheme VIII.6).

Finally, photolysis of the Re(V) oxo—idodide compound (HBpz;)ReO(I)Cl
in arene (ArH) solvents gives the aryl complexes (HBpz;)ReO(Ar)Cl [39].
Substituted arenes react with electrophilic selectivity and the authors propose
that the reactive species is a rhenium(V) oxo complex which can add aromatic
C-H bonds across the Re=0 linkage.
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Scheme VIIL6. Activation of ortho-Ar-H, sp*-C-H, and sp*-C—sp*-C bonds
in the cyclopalladation reaction.

VIIL2. OXIDATIONS IN AQUEOUS AND ACIDIC MEDIA PROMOTED
BY METAL CATIONS AND COMPLEXES

Alkanes can be oxidized in the presence of some transition metal complexes in
aqueous and acidic media For example, in concentrated sulfuric acid the
oxidative properties of the complexes are enhanced. Solutions of derivatives of
palladium(Il), platinum(IlI), manganese(Ill) and mercury(Il) as well as some
other compounds (hydrogen peroxide, ammonium persulfate, nitric acid and even
concentrated sulfuric acid itself) can be used as oxidants. In the cases of metal-
free oxidants the active species are apparently electrophiles such as NO;' or
SO;H" (for nitration of aromatics, see, for example, recent publication [40] and
references therein).
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VIIL.2.A. KINETICS AND FEATURES OF THE OXIDATION
IN AQUEOUS AND ACIDIC MEDIA

According to Rudakov and co-workers (see reviews [41] and original papers
[42]), due to the difficulty of the C—H bond rupture, the alkane activation usually
begins from the preactivation of a reagent M (step a), followed by the formation
of a weak adduct alkane-reagent (step b) which then is transformed into the first
product ¥

M &= M*

b c
M* + RH <« Moo RH z? Yl —_— .. —*p

R T

1st step

Here M* is the direct reagent which is chemically rebuilt and has the enhanced
energy and necessary structural possibilities, including coordination vacancy, to
participate in the reaction. A sum of elementary acts b+c, which cannot be easily
discriminated, has been called “Ist step” since in this stage of the reaction the
alkane is involved in the interaction for the first time. A sequence of steps a+b+c

M+RH — ¢

is the alkane activation in a broad sense. Steps a, b, and ¢ can be catalyzed by
acids, metal complexes or stimulated by light. The first product Y, in the
sequence of the following transformations leads to the final products P. The
activation in various systems was investigated kinetically by measurement of the
substrate consumption. The rate of the reaction v follows the kinetic equation

v - L - MRHIM)  when [RH] << M)
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Two methods for the kinetic studies of the substrate activation have been
developed. The first (kinetically distributive) method is based on the measu-
rement of the effective pseudo-first order rate constants

ko= - ! diRH] ¢ when [RH] << [Oxidant]
! [RH], dt

for the reaction in a closed shaken reactor containing gas and solution. Values of
k can be calculated from the equation

k= k(1 + od),

where

o = [RH]/[RH];

is the thermodynamic coefficient of the substrate distribution between the gas
phase and the solution, A = (V,/Vs)is the ratio of values of gas and solution in
the reactor, and k is the true (liquid-phase) constant of the rate at A = 0.

The second (syringe-reactor) method permits the study of the kinetics of the
activation in the absence of the gas phase. Though the solubility of alkanes in
water or sulfuric acid is very low it is sufficient to follow the decreasing
concentration of RH in the solution by GLC tool. The competitive versions of the
method (when two substrates, R,H and RgH, are used in the same experiment),
based on the equation

lg[RAH] = (ka/ks)lg[RsH] + const,

are the most effective for the investigation of selectivity and kinetic isotope effect
(KIE).

The essential temperature dependence of KIE of alkane activation has been
detected [43]. In all cases, the value of KIE is decreased when temperature rises,
according to the equation

kH/kD = (AH/ AD)exp [(ED - EH)/ RT],

the value Ep — Ey being ca. 1-2 kcal mol .
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The 5/6 effect (i.e., the ratio of rates of the C—H bond splitting in cyclo-
pentane and cyclohexane) turned out to be an even more informative test for the
evaluation of the mechanism of the reaction than KIE. The dependence of the 5/6
effect on temperature has been found:

k5/k5 = (A5/A6)exp[(E6 - Es)/RT]

Only for three reagents (NO,', Pd** and SO;H") is the value Es — Es < 0,all other
systems investigated have exhibited Es — Es > 0.

The following common features of the oxidation reaction in sulfuric acid
has been evaluated [41c].

1) All the reactions follow the kinetic equation of the second order:

— d[RHJ/df = k,[RH]|[M*]

The only exception are manganese(Ill) complexes, since in this case, the active
species is apparently a radical formed during the manganese complex decom-
position, which occurs independently of the alkane.

2) The cleavage of the C—H bond takes place at the rate determining step of
the reaction. KIE is ca. 2.0 = 0.2 for almost all systems investigated and is the
same for the cleavage of both tertiary and secondary C-H bonds. However, for
Cr0O;, MnO;, and Os the values of KIE is higher (4 + 1). It is interesting that for
these oxidants the 5/6 effect is < 1, i.e., the rate of the oxidation in this case
follows the decreasing energy of the C-H bond:

C3>C4>C5>C5>C7>Cg.

3) In all cases, the selectivity for the rupture of the C—H bond decreases in
the sequence:

tertiary > secondary > primary.

This selectivity parameter is different for different reagents. The 3° : 2° and 2° :
1° ratios decrease in the sequence:

Hg(Il) > Pt(III) > H;SO,' > NO," > Pd(II) > S,05* ~ Mn(III).
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The ratio 3°: 2° is 3000 for the most selective system, Hg(I[)-HSO,, and only
12 for the system exhibiting poor selectivity, Mn(III)}-H,SO,4

4) For alkanes containing tert-C—H bonds, the rate of the oxidation rises in
the sequence

MC3C—H < MezEtC—H < MeEtZC—H < Eth—H
For all systems of the type Mn'-H,SQ,, the rates obey the Taft equation
log k = const + p*Zo* + SZEg’

with the value p* changing in the range from -3 to —1, which is typical for the
abstraction of the hydrogen atom.

5) The rate of the reaction increases exponentially with an increase of the
acidity function according to the Hammett equation

log k = const — mH,,

which shows that protonation is a mode of activation of the species reacting with
the alkanes.

6) A common feature of the systems that are capable of oxidizing in sulfuric
acid is the participation of bases in the process. For example, in the case of the
system NO,'-H,SO,, the rate dependence passes through a maximum at a con-
centration of 92-94%.

VIIL.2.B. ALKANE FUNCTIONALIZATIONS IN PROTIC MEDIA

Sen et al. have described several metal-catalyzed systems for the activation
and functionalizations of alkanes in protic media (see reviews [44]). The main
product of the methane oxidation in 98% sulfuric acid is CH;0SO;H [45a]. A
variety of oxidants, such as S,0¢%, Ce(lV), Pd(II) and Hg(Il) have been
employed [45b]. In the case of ethane, the observed products are CH;0SO;H and
HO;SCH,CH,0S0;H. Proposed steps of the reaction are shown in Scheme
VIIL7.
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Scheme VIIL.7. Ethane oxidation in H,SO,.

Remarkable similarity in rate constants for methane and methanol under the
action of the platinum(II) ion has been observed: the ratio of rate constants for
methane versus methanol oxidations is 0.17. The methyl group of ethanol is
oxidized to produce 1,2-ethanediol as the predominant product. The electrophilic
pathway of the activation of C-H compounds is presented in Scheme VIIL. §

[45a].
The proposed [45b] radical mechanism for the formation of methansulfonic

acid in the S,04” initiated reaction involves the steps of initiation

K;8;0; —* 2KSOgs
KSO, + CH, — KSOH + CH;*

and propagation

CH3' + SO3 -_— CH3SO3‘
CH;SO;+ + CH, —* CH,SO;H + CH;*
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N+ N+ +

HNu
(Nu: nucleophile)

2e- oxidant

v

M¥2* 4+ RNu + H

Scheme VIIL8. Electrophilic activation of C-H compounds.

Periana et al. [46] reported selective catalytic oxidation of methane by
sulfuric acid to produce methyl bisulfate at 180 °C. The reaction is catalyzed by
mercuric ions. Sulfur dioxide is the product of sulfuric acid reduction. At
methane conversion of 50%, 85% selectivity to methyl bisulfate is observed. The
major side product is carbon dioxide. The mercury turnover efficiency is 107 s™".
The Hg* ion reacts with methane as an electrophile substituting a proton and
producing initially an intermediate methylated mercury complex, CH;HgOSO;H.
The complex is formed in appreciable steady-state concentration and was
observed directly by C and 'Hg NMR spectroscopy. Under the reaction
conditions, methyl mercuric bisulfate decomposes to produce methyl bisulfate,
CH;0SO0;H, and the reduced mercurous species, Hg22+. The catalytic cycle is
completed by reoxidation of Hg,** with H,SO, to regenerate Hg®" and to form
other products, SO, and H,O.

Hg(d)

CH, + 2H2s04 _— CH3OSO3H + 2H,0 + SO,

In the presence of D,SO,, the incorporation of deuterium into the methane was
observed in the presence of mercuric salts under reaction conditions. Independent
reaction of specially prepared methyl mercuric bisulfate confirmed that protolysis
occurs at 180 °C and this provides the mechanism for the observed isotope
exchange.
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A few years later, platinum complexes derived from the bidiazine ligand
family have been reported by the same authors [47] to catalyze the direct
oxidative conversion of methane to a methanol derivative at grater than 70% one-
pass yield based on methane (the term “one-pass yield” was used to describe the
yield of product generated without separation and recycle of the starting
material). The proposed system is catalytic in the platinum complex and a poten-
tially practical scheme can be developed consisting of three steps:

CH4 + HzSO4 + SO3 -_— CH3OSO3H + Hzo + 502
CH}OSO;H + HzO —_— CH;OH + HzSOa
SOz + Y 02 — SO3

with an overall equation:
CH, + 20, —> CH;OH

Dichloro(n-2-{2,2"-bipyrimidyl})platinum(IT) (VIII-11) was among the most
effective catalysts. The authors proposed that the process is electrophilic in
character and occurs with the cationic, highly electrophilic, coordinatively
unsaturated, 14-electron, T-shaped complex (VIII-12), as shown in Scheme
VIIL.9.

Complex RhCl; catalyzed the direct formation of methanol and acetic acid
from methane, CO and O, in a mixture of perfluorobutyric acid and water [48a].
At 80-85 °C the turnover rate was ca. 2.9 h™' based on Rh. Ethane was more
reactive, and under similar conditions gave ethanol, acetic acid and methanol (the
rate was ca. 7.5 h™'). The latter product arose from a C-C bond cleavage. It is
interesting that for both methane and ethane, the product alcohols are less
reactive than the starting alkanes. The authors assumed that the ratio of alcohol
to the corresponding carboxylic acid is a function of the relative rates of
nucleophilic attack versus CO insertion into a Rh—alkyl bond (Scheme VIII. 10).
It has been also shown that the formation of acetic acid from methane and
0,+CO in the presence of a RhCl;-DCI-KI catalytic system is strongly
accelerated when an aqueous medium is substituted by an aqueous-—acetic one
[48b].
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alkane.

343



344 CHAPTER VIII (Refs. p. 363)
* »*

It is interesting that ethane can be converted to propionic acid and its mixed
anhydride and trifluoromethyl ethyl ketone under the action of hydrogen peroxide
in trifluoroacetic anhydride at 80 °C in the absence of a metal compound [49].
The addition of palladium trifluoroacetate resulted in simple oxidation to ethanol
and acetaldehyde.

The catalytic system consisting of a mixture of copper chloride and metallic
palladium, operating ina 3 : 1 mixture of CF;COOH-H,0 in the presence of O,
and CO, converts methane selectively to methanol [50]. The rate of formation of
methanol from methane was ca. 6.5 x 10~ mol dm™ min™' at 145-150 °C. The
first step of the reaction is assumed to be the water gas shift reaction involving
the oxidation of CO to CO, with simultaneous formation of H; (Scheme VIII. 11).
The second step involves the combination of dihydrogen with dioxygen to give
hydrogen peroxide. Finally, the third step involves the metal-catalyzed oxidation
of the alkane by H,O,. It is important that in the absence of copper chloride
formic and acetic acids are main products formed from methane and ethane,
respectively, but the addition of CuCl, to the reaction mixture has a dramatic
effect. In the presence of the copper salt, methanol and its ester become the
preferred products.

RCH, (R: H, CHy)
Cwoz o 3
H 0 (Cuclz)
H,0 &/’2 2 ROH
0, Pd RCOOH + H,0

Scheme VIIL11. Catalytic cycles in the oxidation of alkanes by an 0,-CO
mixture.

Fujiwara ef al. have discovered that aromatic and saturated hydrocarbons
can be carbonylated to carboxylic acids by carbon monoxide:
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R-H + CO — R-COOH (R CH;, C2H5, C3H7 etc.)
and aminomethylated by fert-methylamine N-oxides:
CH,.i2 + CHsR.N=O — C(C,Hj..,CH,NR, + H,0

under the action of soluble palladium(Il) derivatives [14, 51]. Copper(I) also
catalyzes the reaction of gaseous alkanes with amine N-oxides in trifluoroacetic
acid [52]. Recently, new systems for carboxylation of methane with carbon
monoxide in the same solvent to produce acetic acid have been described:
VO(acac)/K;S:0; [53], Yb(OAc):/Mn(OAc),/NaCIO/H,0 [54], and LnyO,/K,-
S,05 (Table VIIL.2) [55].

Other works on alkane oxidations in trifluoroacetic acid have been also
described [56]. Finally, it has been found that heating an aqueous solution of
sodium vanadate in the presence of methane, carbon monoxide and air gives rise
to the formation of acetic acid, as well as methanol and formaldehyde in smaller
amounts [57]. The yield of CH;COOH attains 3700% based on vanadium after
50 h at 100 °C, the total turnover number being 49. The reaction is sensitive to
the pH of the solution. For example, the yields of the products decrease
noticeably if pH > 5. The reaction apparently involves hydrogen atom abstraction
from methane by a radical or radical-like species which could be generated via
the reduction of V(V) with carbon monoxide.

VIIL.2.C. ON THE MECHANISMS OF ALKANE ACTIVATION
IN AQUEOUS AND ACIDIC MEDIA

Kinetics and Mechanism of the Oxidation with Palladium Complexes

Rudakov and co-workers have studied the oxidation of alkanes with comp-
lexes of palladium in more detail. It was proposed [43b] that palladium(II) is an
electrophilic reagent in these reactions. It attacks the C-H bond in a cyclic
transition state simultaneously with the proton abstraction with a basic ligand (L:
H20, HSO;{):
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Table VIIL2. Methane carboxylation promoted by lanthanoid compounds “.

Yield of CH;COOH
Lanthanoid compound pumol % based on lanthanoid
None 6.0 -
Yb,0s 49.8 100
Yb(OAC)s 44.0 88
YbCly 234 47
Yb,Ss 5.5 11
EuCl4 14.1 38
TmCls 14.0 28
ToCls 13.2 26
LaCls 12.0 24
DyCls 10.0 20
HoCls 8.4 17
LuCls 8.0 16
PrCls 6.6 13
NdCl; 6.1 12
CezS;; 7.8 16
SmeSs 5.0 10
La1$3 4.4 8

¢ Conditions: autoclave (120 mL), CH4 (40 atm), CO (20 atm), lanthanoid
compound (50 pmol atom), K5S,0z (5 mmol), CF3COOH (5 mL), 80 °C, 20h.

2+ 2+ ,\ l
RH + LPd = RHww]Pd —» R'— C

There is no H-D exchange with a solvent apparently due to the rapid irreversible
transformation:
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RPd" —  [fon pd® + H'

Other mechanisms of splitting the C—H bond are also possible: abstraction
of the hydrogen atom in the oxidative homolysis (structure VIII-13), abstraction
of a hydride ion in oxidative heterolysis (structure VIII-14), abstraction of two

hydrogen atoms (structure VIII-15) or simultaneously of H™ and H" (structure
VIII-16)

I 0
R HLwvoar Pd RTunmu I—H_lnumm Pd

VIII-13 VIII-14

8- I
EIIIHIHIH,"”I“ It E“““'“H oo Pd
: . o+
EnumuH.n“““ Foomm H owoamm L
VIII-15 VIII-16

The products of these reactions are carbocations R or olefins which are in
equilibrium with the carbocations. Mechanisms involving structures VIII-13-
VIII-14 can be only hardly discriminated. The only evidence for the mechanism
of electrophilic substitution might be the deep similarity in selectivity and KIE
for the reactions between palladium(Il) and alkanes on the one hand, and
nitration of alkanes with NO," on the other hand. Indeed, such a similarity has

been evaluated in the study of the temperature dependencies of KIE and 5/6
effects.

Main Types of Mechanisms

Based on experimental data, predominantly on the temperature dependency
of KIE and 5/6 effect for various oxidizing reagents, Rudakov proposed the
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following main types of mechanisms of the reactions in aqueous and acidic media
[43c].

a) Direct nucleophile-electrophile attack of the metal complex at the carbon
alkane atom, for example:

b) Electrophilic substitution of hydrogen, for example:
H
N/

C,
7/ C-pdz+

The same mechanism has been proposed for reactions with NQ," and SO;H".
¢) Direct abstraction of a hydride, for example:

d) Synchronous insertion of an oxo or hydroxo reagent into the C—H bond
in the cyclic transition state. Examples of such a mechanism are shown below:

H----0
\C/ AN Vil AN
—C.._ Mn Oy —*  —C— OMnO;H-
STy /
o)
—>C/H ----- TH — RClI + H,0O
.
ST
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e) Outer-sphere oxidative homolysis of the C-H bond via the ligand
oxidation with or without the entering ligand in the volume of solution, e.g.:

As a result, a large group of electrophilic reagents have been divided into
two types: proper electrophiles, such as Pd**, NO,*, SO;H' (mechanism b), and
acceptors of hydride ion, e.g., R, Hg®* (mechanism c¢). The feature of mecha-
nisms b and c is inner-sphere attack of the metal at the carbon atom and the
formation of the metal alkyl as the first product.

VIIL.2.D. OXIDATION OF ARYLALKANES BY METAL CATIONS

Derivatives of the following metal ions are capable of oxidizing saturated
and alkylaromatic hydrocarbons:

d’: Cr(VI), Mn(VII), Ce(IV), Pb(IV)
d* Mn(III)

d®: Co(Il)

d’: Pt(Ill)

d*: Pd(Il), Cu(III), Ag(IIl)

The standard redox potential for the ions, which react with alkanes in aqueous
solutions should apparently be > 1.5 V.In strongly acidic media, ions with lower
redox potentials (measured in aqueous solutions) can be active relative the hydro-
carbons (see preceding Section). In many cases the reactions between the alkane
and metal ion give rise to the transient formation of free alkyl radicals. For
branched hydrocarbons, “normal” selectivity (fert > sec > prim) is usual. It is
interesting that there are some exceptions when the reactivity of the terr-C—H
bond has been found very low.

Arylalkanes can react with electrophilic oxidants [58] to produce alkyl radi-
cals via simultaneous electron transfer and deprotonation:
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M™ + CHsCH; — C¢HsCH,» + M™D" + H'

The first step of the reaction can involve the formation of a cation radical [59]
(this route is usual in the case of arenes possessing a low ionization potential,

ie, I<§eV):

CH3 CH3 +e.
+  Mn(Il) —* + Mn(Il)

Further possible transformations of cation radicals are shown in Scheme VIII. 12
[60].

CH2' CI'[2+ CI’12C1

-H Co(lll) @ cr- @

CH,4 CH,

CH;
Ccr Q Co(Ill) ~H
L — —_—
v a H

a a

Scheme VIIIL 12. Transformations of the toluene cation radical.

It is interesting that the clorination of aromatic compounds using an acetyl
chloride — manganese triacetate system is significantly accelerated when perfor-
med under sonication [61].

VIIL3 OXIDATION BY METAL OX0 COMPLEXES

Reactions of hydrocarbons with metal complexes exhibit some common features.
Abstraction of a hydrogen atom is a key step in most of the hydrocarbon oxida-
tions by metal oxo complexes [62].
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VIIL.3.A. OXYGENATION OF ALKANES WITH Cr(VI) DERIVATIVES

Chromium(VI) oxo derivatives are strong oxidants which are also used as
catalysts in organic synthesis [63]. The reaction of alkanes with chromium(VI)
oxo compounds apparently takes place with the intermediate formation of
radicals:

RH + O=Cr(V) —> R+ + HO-Cr(V)

It is important, however, that not all the radicals formed are liberated in the
solution, since the oxidation of (+)-3-methylheptane by chromic acid involves the
formation of (+)-3-methyl-3-heptanol with retention of configuration to the extent
of 70-85%. The normal selectivity has been observed in the hydroxylation of
branched alkanes.

Chromyl chloride, CrO,Cl, reacts [64a] with cyclohexane to give a dark
precipitate along with chlorocyclohexane and a small amount of cyclohexene.
Hydrolysis of the precipitate yields cyclohexanone and chlorocylohexanone.
Cyclohexene is readily oxidized by the chromium compound to give mostly ring-
opened products with some 2-chlorocylohexanone and cyclohexanone (Scheme
VIIL 13).

- Cl,0Cr-OH
+ C102C12

SR =
6,0 .

Ring-opened products

Scheme VIIL13. Oxidation of cyclohexane with chromyl chioride.
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This reaction proceeds by an initial hydrogen atom transfer from cyclohexane to
Cr(VI). The cyclohexyl radical is rapidly trapped by the chromium species via
one of three pathways:
1) chlorine atom abstraction;

i1) formation of a C-O bond;

iii) transfer of a second hydrogen atom.
A correlation has been found between O-H bond strength and the hydrogen atom
transfer rate (Figure VIIL.2).

10
g &
5 L
0}—
— 5
— 10— | I I I I
70 80 90 100 110 120
D(O-H), kcal mol-!

Figure VIIL2. Rates of hydrogen atom abstraction from cyclohexane by
various radicals at 25-28° C vs the formed O-H bond strength.

The reaction of chromyl chloride with isopropylcyclopropane at 65 °C gives
at least 20 organic products, among them 2-cyclopropyl-2-chloropropane, 2-cyc-
lopropyl-2-propanol and ring-opened products [64b] (Scheme VIII. 14). These
products have been explained by a mechanism involving an initial hydrogen atom
abstraction from the substrate. The resulting dimethylcyclopropylcarbinyl radical
can either be trapped by CrO,Cl, or ring-opened.

The addition of ruthenium(IV) or iridium(IV) chloride complexes increased
the rate of the oxidation reaction leading to the formation of the chloroalkanes
[65]. The selectivity of the oxidation in the presence of ruthenium(IV) (1° : 2° :
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3° =1 : 100 : 1000) is different from that in the oxidation catalyzed by iridi-
um(IV) (1 : 30 : 250); in the latter case, the primary C-H bond is relatively more
reactive. One of the possible causes of the greater oxidizing capacity of
chromium(VI) compounds is the formation of the mixed complex [ClLRuO-
CrO;]*". Strong acids accelerate the reaction similarly (the rate of oxidation is

proportional to the acidity of the medium), giving rise to protonated species, for
example O=Cr(OH);" and HCrO5".

[>—<(:1 + >—<OH

CrO,Cl,[ k=~ 10° dm3 mol-! s-1

2 > R, Y
/
Y Y

Scheme VIII. 14. Oxidation of isopropylcyclopropane with chromyl chloride.

The oxidation of alkanes and aromatic alkyl-substituted compounds by oxo
derivatives of chromium(VI) is greatly accelerated by light irradiation [66].
Acetic acid, acetonitrile and methylene chloride have been used as solvents with
the products being an alcohol and a carbonyl compound. The reaction apparently
begins with the abstraction of a hydrogen atom from the C-H bond of the oxo
complex by an excited species. The logarithms of the relative rate constants for
the oxidation of substituted toluenes XCsH4CH; by CrQ; in acetic acid, both in
the dark and under light (A > 300 nm), correlate with the Brown constants ¢” of
substituent X (Figure VIIL.3) [66c]. It is interesting that in both the dark and light
reactions the points corresponding to the substituent p-OCH; do not lie on the
straight line.
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Figure VIIL3. The correlation between the logarithms of relative rate cons-
tants of the oxidation of substituted toluenes XC¢H4CH3 and the Brown constants
o' of substituent X.

The chromium trioxide-3,5-dimethylpyrazol complex has been found to be
a mild and selective reagent for the oxidation of cyclopropyl hydrocarbons (reac-
tion proceeds in the dark at —20 °C) [67].

VIIL3.B. OXYGENATION OF HYDROCARBONS WITH
Mn(VII) COMPOUNDS

Permanganate anion oxidizes alkanes at room temperature in trifluoroacetic
acid solution [68a]. The cation MnQ;" is apparently the active species. The
selectivity of the reaction corresponds to 1° : 2° : 3° = 1 : 60 : 2100. In
CF;COOH-H,0 solution, the active species are possibly MnO,", HMnO,, or
OsMnOCOCF; [68b]. The oxidation of benzene proceeds via either cation VIII-
17 or oxenoid VIII-18.
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H

e

VII-17 VIII-18

T 0=Mn(VII)

Oxidations of arylalkanes by "BusNMnO, in toluene solvent led to the
conclusion that rate-limiting hydrogen atom transfer from the substrate to a
permanganate oxo group is consistent with all of the experimental evidence

[69a]:

LO0=-MnO;~ | ¥
CI'I:; H, - H Cl—I2

@ + MnO~ — j — + HOMnO;~

An alternative mechanism which involves hydride transfer giving a carbocation
has been proposed for the oxidation of alkylbenzenes with permanganate
adsorbed on a solid support [69b]:

£
o&m Q_H H0
Mn= —_» HMnVO; ©< B
—o/Bn ° (l)n C y ©'<OH
vmmMwavw MVMNJO\M'\N\N‘

Potassium permanganate impregnated on alumina oxidizes arenes and
alkylarenes to ketones under microwave activation [69c]. Potassium perman-
ganate—triethylamine is a convenient reagent for the oxidation of benzylic methyl,
methylene and methine groups [70a]. Aqueous solutions of permanganate oxidize
methane at 40-100 °C to produce carbon dioxide as the sole product [70b].
Oxidation of hydrocarbons containing weak C-H bonds (9,10-dihydro-
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anthracene, fluorene) by a mixed valent (Mn"*Mn"") complex [(phen);Mn(p-
O):Mn(phen),]** (phen: 1,10-phenanthroline) proceeds via hydrogen atom
abstraction [71].

VIL3.C. OXYGENATIONS BY OTHER COMPLEXES

Selective oxidation of the alkyl ligand in rhenium(V) oxo complexes
(HBpz3;)ReO(R)OTS, where HBpz; = hydrotris(1-pyrazolyl)borate and OTf =
OSO,CF;, has been reported to occur via transfer of an a-hydrogen from the
alkyl group (R =Me, Et, n-Bu) to an oxo ligand [72]. An alkylidene complex is
then trapped by SMe, or pyridine to give the observed intermediates:

H
0 \/CH3 0 C/
\44 5(’1{ Nl / ~—CH,
N/ ~o

I
N

Arylalkanes have been oxidized by a molybdenum(VI) complex
dioxodithiocyanato-4,4"-di-tert-butyl-2,2 -bipyridylmolybdenum  [73].  The
reaction can also be carried out under catalytic conditions using DMSO as
the oxo-donor reactant.

Ruthenium tetroxide formed from RuO;2H,O0 or other ruthenium deriva-
tives and sodium periodate oxidize saturated hydrocarbons [74]:

OH o 0
RuO4/ N " . [74c]
o)
l 'Z:S l ROy + y@ [74e]
00
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Proposed mechanistic pathways for this oxidation are shown in Scheme VIII. 15
[74e].

\

= \1 C—
_\ CSL— 0 e
Q:::: ?+ l|{|1}, 1 f H* — O:“-‘:: R|lYHL- u Reductive

elimination
/7 \ 7 N
O O 0O \
Ligand “l " C—OH

migratio /

Hydrolysis
w7
“Ru

Scheme VIIL15. Mechanism proposed for alkane oxidation by RuOs.

Ruthenium trichloride catalyzes the oxidation of 2-methylnaphthalene to 2-
methylnaphthaquinone with ammonium dichromate [75]. Cyclohexane, adaman-
tane, n-hexane, toluene and ethylbenzene can be oxidized at room temperature by
barium ruthenate [76a]. Barium ruthenate in the presence of 2,2°-bipyridine
generates a highly reactive ruthenium-oxo system that is capable of oxidizing
ethane and propane at room temperature [76b]. Complexes of ruthenium
containing chelating and some other ligands effectively oxidize alkanes both in
the dark and under light irradiation [77]. A ruthenium(VI) complex containing
two oxo ligands oxidizes alkyl chains in alkylaromatics [77h].

An oxidizing reagent based on potassium ferrate(VI) has been described
[78]. This potassium ferrate, when used in conjunction with an appropriate
heterogeneous catalyst such as K10 montmorillonite clay, is a strong oxidant
which produces cycloalkanols and cycloalkanones from cycloalkanes, and benzyl
alcohol and benzaldehyde from toluene.
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A theoretical study has demonstrated that the enthalpies for the reactions of
transition metal oxo complexes with aliphatic alcohols follows the order [79]:

OH hydrogen abstraction > CH hydrogen abstraction >
CH bond addition > OH bond addition.

Finally, sodium bismuthate in the presence of acetic acid oxidizes benzylic
methylenes in polycyclic systems to the benzylic ketones (Table VIII.3) [80].

Table VIIL3. Oxidation by sodium bismuthate in the presence of acetic acid.

Substrate Product Yield, %

CO .
°
o

O‘ 56

O
=

VIII 3D. ALKANE FUNCTIONALIZATION UNDER THE ACTION
OF POLYOXOMETALATES

Polyoxometalates (POMs) are widely used in various oxidations,
particularly of saturated hydrocarbons [81]. In this section, we will discuss only
POM-promoted transformations of alkanes which occur in the absence of oxygen
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(air). Hill and co-workers have reported [82] that in the absence of air, the light
irradiation of an alkane solution in acetonitrile in the presence of polyoxo-
metalates and metallic platinum gives rise to the formation of a variety of
products, for example, as shown in the following equation:

Polyoxometalate

Alkane + hv Oxidation product + Reduction product (H,)

Here the oxidation product is either an alkene, N-alkylacetamide, alkyl-
methylketone, or dialkyl. Thus, hydrocarbon VIII-19 was acetylated by this
method:

COCH;

i. hV, (”'BU4N)4W10032 ) CH3CN

ii. H,O

VIII-19

The following sequence of steps has been proposed. First, the photoexcited
POM species M* abstracts hydrogen atoms from the substrate, SH,. The reduced
form of the metalate transforms the H ions into molecular hydrogen:

PW;;04° + hv —> [PW,;04"]*

[PW,,0..]* + SH, —> PW,,04," + SHe + H'
PW;,0," + SHH —* PW,,0," + S + H'
2PW0,° + 2H' — 2PW;,04,° + H,

Alkane derivatives may be formed according to the following scheme:

RH+M* — R- +H +M

prm—

H,O
R» + NCCH, = RN=C'CH; ——— RNHCOCH; + H'

The relative rate constants for linear alkanes Cs—Csqcorrelate with the ionization
potentials of these hydrocarbons.
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Calculations by the semiempirical theoretical method ASED-MO of the
photodimerization of cyclohexene and methane by decatungstate anions have
been carried out [84]. Calculated hydrogen abstraction activation energies for a
C-H bond in methane are higher than for cyclohexene, but they are low enough
that in the case of methane it can be suggested that dimerization could be looked
for in future experiments.

In some cases POMs can oxygenate hydrocarbons. For example, the
oxidation of alkanes and benzene by polyvanadate in CFsCOOH to produce alkyl
(phenyl) trifluoroacetates and ketones is stimulated by light [85]. In fact, the
alkane and benzene reactions with the vanadate virtually do not proceed in the
absence of light. On the other hand, ethylbenzene and toluene are rapidly
oxidized in the dark reaction, even at 10 °C.

VIII.4 OXYGENATION BY PEROXO COMPLEXES

The peroxo complexes of transition metals [86] are capable of oxidizing various
organic compounds including alkanes and aromatic hydrocarbons. Thus the
peroxo complex of chromium (PhsPO)Cr(0)(0,); stoichiometrically oxygenates
cyclohexane [87a]. The interaction of this complex with cyclohexane in CH,Cl,-
Me;COH (1 : 1) at room temperature gives 9.3% of cyclohexanol and 1.6% of
cyclohexanone based on chromium. The vanadium complex (pic)V(O)(O,)-
(H;0),, which contains picolinate (pic), is an effective oxidizing reagent capable
of the oxygenation of both alkanes and arenes [87b-f]. Benzene is oxidized by
this complex to produce phenol together with dioxygen. The reaction is a radical
chain process. The initiation produces the actual oxidant which may be described
as a radical anion derived from the peroxovanadium complex. In the propagation
steps, such species react either with the original peroxo complex, giving
dioxygen, or with the aromatic hydrocarbon yielding phenols [87d]:

2picVO(0,) = dimer

dimer —* picVO(0,)+ + picVO(0,)"*
PICVO(0,)"s —2 5 hicVO* + 0,

picVO' + picVO(0,) — picVO(0,) * + picVO>
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picVO(0)s + AtH == [picVO(0,) * ArH]
[picVO(O,)"+ ArH] + picVO(O;) —*

—  ArOH + picVO* + picVO(0,)™
[picVO(O)"+ ArH] + picVO(O;) —

—  picVO;" + picVO(0,)'s + ArH

picVO(0,)* +picVO(0y)'s —>  [picVO-0-1,

f:
picVO? + picVOZ —= 5 [picVO-0],

The oxidation of cyclohexane in acetonitrile affords cyclohexyl hydro-
peroxide, cyclohexanol and cyclohexanone in the ratio ca. 2 : 1 : 1. The reaction
both with alkanes and arenes is accelerated upon irradiation with visible and,
especially, UV light [87f].

When a solution of the complex [(+-BuOO)Pd(OCOCH,)], and cyclohexane
in methylene chloride was exposed to the light of a high-pressure mercury lamp
in a glass vessel (A > 310 nm), cyclohexanol and cyclohexanone were detected in
the reaction mixture [88]. The oxidation of alkanes by the complex [(+~-BuOO)-
Pd(OCOCF5)}4 occurs in a benzene solution both in the dark and under light
irradiation. It is interesting that in the dark reaction a significant amount of
cyclohexyl hydroperoxide is formed in addition to cyclohexanol and cyclo-
hexanone [88].

There is evidence that metal peroxocomplexes can also oxidize alkanes by a
non-radical mechanism. Peroxocomplexes, formed by the reaction of hydrogen
peroxide with high-valent metal compounds in acid solutions, can react with
alkanes, e.g., cyclohexane, and produce alcohols and ketones in a reaction which
does not seem to involve free radicals. Particularly convincing results were
obtained by Moiseev et al. [89]. Thus, the peroxovanadium complex produced in
reaction of VO(acac), or KVO; with H;O, reacted with cyclohexane in acetic
acid to form cyclohexanol and cyclohexanone. The evidence is against free
radical mechanism, i.e., the reaction is not inhibited by typical inhibitors of chain
reactions, the reaction rate and the yield of cyclohexanol is not influenced in the
presence of isopropyl alcohol and carbon tetrachloride which would be easily
attacked by free radicals if they were present. The reaction was much faster in
trifluoroacetic acid than in acetic acid, and in CF;COOH produces cyclohexanol
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and cyclohexyl trifluoroactate but not cyclohexanone. The conversion of the

hydrocarbon reached 5-8% in acetic acid with a 10-fold excess of hydrogen

peroxide and 95-98% in trifluoroacetic acid with only a 4-5 fold excess of H,0,.
100% selectivity for reacted cyclohexane is reached with low H;0,/CsH,; ratios.

In the absence of a substrate, ozone is detected in the products of hydrogen
peroxide decomposition in the presence of acid; the ozone which was formed in
CF;COOH comprised 10-15% of all the gaseous products formed. This form-
ation of ozone shows that the oxygen atom is easily transferred from the peroxo
ligand of the active center to even such a weak acceptor as another peroxo
ligand. Apparently, the C-H bond in an alkane molecule is a sufficiently strong
acceptor to add and then to insert an O atom to form an alcohol. The situation is

close to superacid solutions where hydrogen peroxide and ozone react with
alkanes inserting an oxygen atom into C—H bonds in a non-radical fashion.

Peroxo derivatives of transition metals are apparently intermediates in the
oxidations of organic compounds by hydrogen peroxide or alkyl hydroperoxides
catalyzed by various metal complexes. These processes will be discussed in the
following chapters.
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CHAPTER IX

HOMOGENEOUS CATALYTIC OXIDATION
OF HYDROCARBONS BY MOLECULAR OXYGEN

he oxidation of hydrocarbons by molecular oxygen in the absence of metal

complexes has been discussed in Chapter II. The oxidation of hydrocarbons
with molecular oxygen, as well as with donors of an oxygen atom (hydrogen
peroxide, alkyl hydroperoxides and some other compounds), is a very important
field since many industrial processes are based on these reactions [1]. In many
cases, chain radical non-catalyzed autoxidation of saturated hydrocarbons is not
very selective and the yields of valuable products are often low. The use of salts
and complexes of transition metals creates great possibilities for solving
problems of selective oxidation, as has been demonstrated for a number of im-
portant processes.

IX.1. TRANSITION METAL COMPLEXES IN THE THERMAL AUTOXIDATION
OF HYDROCARBONS

IX.1.A. CLASSICAL RADICAL-CHAIN AUTOXIDATION

Alkanes and alkyl aromatic hydrocarbons can be oxidized when heated at
rather high (usually above 100 °C) temperatures under oxygen. A long induction
period can be reduced or eliminated if a donor of free radicals is present. The
formation of oxygen-containing products from hydrocarbons and molecular
oxygen is always thermodynamically allowed due to the high exothermicity of
oxidation reactions. However, this same fact makes these processes usually
unselective. The main problem is to prevent various parallel and consecutive
oxidation reactions to produce numerous byproducts. Destruction of the carbon

371
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chain is one of the possible routes in the oxidation [2a]. For example, adipic acid
is prepared commercially from cyclohexane by a two-step oxidation, first with
air and then with nitric acid (Scheme IX. 1) [2b].

O OH

ele

Yield 95%

HNO, 70-90 °C

0, 150-160°C
Co naph.

Conversion 10%

Selectvity 70% 0, 70—8Q °C
Cu-Mn in CH;COOH COOH
O Yield 70% B COCH
Conversion 15%
Selectivity 85%
Yield 95%
OH

0, 170-180 °C

HNO; 70-90 °C
Boric Acid

O Cu-V

Scheme IX.1. Industrial process for the conversion of cyclohexane to adipic
acid.

Autoxidation of saturated hydrocarbons or fragments occurs as a free
radical-chain process. Azobis(isobutyronitrile) (AIBN, In-N=N-In) is frequently
used as an initiator of radical-chain reactions [3]. For example, heptane (RH) is
oxidized according to the following scheme [3c]:

In-N=N-In —*> 2In- + N,
2Ine — Inln

Ino + O, —* In0OO-

2 In0OO+ — In0O0O0O0In
InOOOOIn —* 2In0O- + O,
Inn + RH —* InH + Re
[InOOH —> InQe + HO-
InO+ + RH — InOH + Re
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R + O, —* ROO-

ROOs + RH —* ROOH + Re
In00+« + ROO- — InOOOOR
InOOOOR — InO+ + RO+ + O,
InOOOOR — InOOR + O,

2 ROO+ —* products

Any additive which could react with free radicals formed in such processes to
yield stable adducts will inhibit the oxidation [4].

Mechanism of Catalysis by Transition Metal Salts

Ions of transition metals (homogeneously or in some cases supported on
polymers [5]) also effectively catalyze the autoxidation. Salts of cobalt, man-
ganese, iron, copper, chromium, lead, and nickel are used as catalysts that allow
the reactions to be carried out at lower temperatures, therefore increasing the
selectivity of the oxidation (see, for example, [6]). However, it is more important
that the catalyst itself may regulate the selectivity of the process, leading to the
formation of a particular product. The studies of the mechanism of the transition
metal salt involvement have shown their role to consist, in most cases, of
enhancing the formation of free radicals in the interaction with the initial and
intermediate species.

The common mechanism of catalysis by transition metal salts was
formulated at the beginning of the thirties by Haber and Willstiter [7]. They
proposed a scheme involving a metal ion interaction with a molecule (A-B)
involving a change of ion oxidation state and free radical formation:

M" + A-B —> M""" + Ac + B
M"DT 4+ A-B —> M™ + A’ + Be

According to this scheme, a metal ion alternatively increasing and decreasing its
valency can participate in the formation of a large number of free radicals, thus
playing the role of a catalyst. The study of the participation of metal ions in the
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chain reactions of oxidation shows them to take part in all the stages of the
reaction, i.e. chain initiation, branching, propagation, and termination. In effect,
small additions of transition metal complexes increase the initial rate of chain
reactions and decrease the induction period, which is characteristic of non-
catalytic oxidation. For example, naphthenates of cobalt, chromium and manga-
nese reduce the induction period in cyclohexane oxidation. The same action is
displayed by cobalt stearate, the induction period being shorter if more catalyst is
introduced.

Formation of free radicals in the presence of transition metal compounds
may be the result of their interaction with hydrocarbon or dioxygen. Such
catalysts as cobalt and manganese salts are usually introduced in the bivalent
state. An increase of chain initiation rate here may be connected with the
activation of dioxygen by a metal complex via the following reaction [8]:

——t

M* + 0, = M®¥ 0o
M@ 0,5 + RH —*= M* + R + HOO-

If the catalyst is in a high-valent state, chain initiation can proceed in the
reaction:

M* +RH — M*” +Re + H

This mechanism was unequally established for the case of benzaldehyde
oxidation at room temperature in solutions of glacial acetic acid [9]. The kinetic
equation obtained for the reaction is

v = k [RCHOJ*? [catalyst] .
For the chain termination of the second order, the chain reaction rate is
v = const [RH] v

which leads to:

vi = k, [RCHO] [catalyst]
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The rate constant of chain initiation was determined from the special
experiments with the introduction of an inhibitor. It was found to be

k=3 x 10° exp (-14800/RT) dm’® mol ' s™'.

The rate constant of the reaction of cobalt(Il) acetate with benzaldehyde in
the absence of dioxygen was determined in independent experiments. It turned
out to be virtually the same as the rate constant of the chain initiation in the
oxidation reaction in the presence of O,. However, the contribution of chain
initiation to the radical formation is insignificant in the developed oxidation
process. The radicals are mainly formed in the reactions of the intermediates in
the process of degenerate chain branching. These reactions are also catalyzed by
transition metal ions. Especially well studied is the acceleration of radical decom-
position of intermediately formed hydroperoxides (see, e.g., [10]).

As early as 1932, Haber and Weiss [11] suggested a mechanism of inte-
raction between hydrogen peroxide and iron(II) ions where electron transfer to
the peroxide molecule led to the formation of a free hydroxyl radical:

Fe* + H,0, —> F¢'" + HO" + HO-

The reaction of iron(I) ions with hydroperoxides proceeds similarly [12]:
Fe + ROOH —=> Fe’' + HO™ + RO-

Other ions, such as Co™" and Mn** can react in the same way:
Co* + ROOH —* Co’' + HO + RO-

The newly formed high-valent ions can further react with hydroperoxide, e.g.,
Co™ + ROOH —* ROO- + Co*" + H'

Therefore transition metal salts, in particular those of cobalt, can catalyze
the decomposition of hydroperoxides into free radicals:

Co(i1)-Co(lHl)

2 ROOH RO« + ROO» + H + HO"
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In this case, the time taken to reach the maximum rate, as well as the steady-state
concentration of hydroperoxide, will be reduced.

In non-polar hydrocarbon media the reaction of hydroperoxide proceeds
with undissociated salt, for example cobalt(I) stearate, which can be present in
solution in small concentrations:

St;Co + ROOH — RO+ + St,CoOH
St;CoOH + ROOH — ROO- + St;Co + H,O

Such a reaction obviously proceeds more slowly than in aqueous or other polar
media, but much faster than does thermal hydroperoxide decomposition. This
results in a sharp drop of the steady-state concentration of the hydroperoxide in
the hydrocarbon oxidation in the presence of a transition metal salt. Here, a
decrease of hydroperoxide concentration will be compensated by an increase of
its specific rate of decomposition so that the maximum oxidation rate will remain
the same as in non-catalytic oxidations. In effect, the maximum rate

Vimax = (= A[RHJ/dO)max =f " k2 [ROO*]max [RH]
will be reached under the condition that
nky [ROO¢] [RH] = 2 ks [ROO-]*

that is [13]:
Vaax = (n/f Jk2"/ks) [RH]

The same expression was obtained for non-catalytic reactions, i.e., the
catalyst does not increase the maximum rate but merely reduces the induction
period. This seemingly paradoxical conclusion is based on the fact that in both
cases the maximum rate is determined by the equality of catalyst-independent
reaction rates of chain propagation which, in the maximum, are equal to the rate
of chain branching and termination. The existence of a maximum rate was
quantitatively confirmed for the oxidation of some hydrocarbons (tetralin, ethyl-
benzene, diphenylmethane, etc.) [14a].
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The maximum rate of dioxygen consumption
— d[0,)/dt = ke [RH]

was found to be independent of the catalyst concentration and the value k.g was
found to coincide quantitatively with the parameter k,"/2ks, measured
independently. Chemiluminescent techniques have shown the hydroperoxide
formation rate in these systems to be equal to that of dioxygen consumption. This
is the evidence that the process proceeds entirely via the hydroperoxide formation
[14b].

Hydroperoxide decomposition in the presence of transition metal compo-
unds may be, in effect, more complicated than the above simple radical scheme
suggests. It may involve, for example, the formation of intermediate complexes
between the catalyst and hydroperoxide. The reaction may result in the formation
of molecular products without the participation of free radicals or proceed itself
by a radical chain mechanism [15].

The classical radical-chain mechanism leads to a variety of products in
hydrocarbon oxidation due to the high temperature of the process and low
selectivity of the interacting radicals. In view of developing selective industrial
processes based on these reactions for the production of various substances, their
low selectivity is an important shortcoming. The rate of oxidation usually
increases in the order

RCH; < RCH,0OH < RCHO.

Thus, oxidation products are oxidized in their turn faster than the hydrocarbons
themselves, and therefore the yields of the required intermediate products are
usually low. In many cases the catalyst merely decreases the induction period,
changing neither the mechanism nor the maximum rate of the process. This is
typical of low catalyst concentrations in hydrocarbon media when the metal salt
concentration, due to low solubility, does not exceed several hundredths of one
percent. The use of polar solvents, e.g., acetic acid, trifluoroacetic acid, etc.,
allows for a considerable increase (100-1000 times) of the catalyst concen-
tration. In this case the reaction can acquire new features. Not only the ratio but
also the kinetics of the process can be markedly changed. Especially important is
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the fact that the process very often becomes highly selective, which allows it to
be used on the industrial scale.

Cobalt compounds are among the most efficient catalysts of alkane and aryl
alkane autoxidation [16]. Toluene oxidation by dioxygen at 60 °C in acetic acid
in the presence of Co(Ill) at the initial stages gives exclusively benzaldehyde
[16d]. The reaction proceeds without an induction period, reaching the maximum
rate at the beginning of the reaction. The kinetic equation for the oxidation is

— d[0,)/dt = k [PhCH;] [Co(IID)]* [Co(ID)] ™’

It is noteworthy that the reaction rate increases sharply on the addition of
sodium acetate, which may mean that the primary interaction of Co(Ill) with
toluene, which the authors of [16d] represented as electron transfer from toluene
to Co(Ill), actually proceeds through electron transfer with synchronous elimi-
nation of the proton with the participation of a base (in this case, acetate). Since
Co™ can rather effectively oxidize a number of hydrocarbons, the following
catalytic pathway:

ROO* + Co®™* + H = ROOH + Co*'
Co®" + RH —/ Re + H + Co*

is presumably realized in the presence of high cobalt salt concentrations. It is
important that in some reactions of alkanes, an unusual selectivity is observed in
the presence of cobalt compounds with or without dioxygen. This is strikingly
different from that observed in radical reactions and implicates the direct inte-
raction of Co(Ill) with hydrocarbons.

Butane oxidation in the presence of cobalt(Ill) acetate in acetic acid occurs
at temperatures of 100-125 °C. Acetic acid is the reaction product with 83%
selectivity (at 80% conversion) [1j, 17]. These data are markedly different from
those observed for butane autoxidation at low initiator concentrations, where
temperatures up to 170 °C and higher are required and acetic acid is produced
with 40% selectivity. Cyclohexane oxidation in the presence of cobalt(I) acetate
in acetic acid gives adipic acid in one step as the main product with 75% selec-
tivity at more than 80% cyclohexane conversion [2b]. The induction period
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which is observed in the reaction decreases on the addition of promoters, such as
acetaldehyde, or disappears completely if the cobalt salt is introduced in the
three-valent state.

The kinetics of dioxygen consumption are described by the equation which
is common for reactions with Co(Ill) participation

— d[O,)/dt = k [RH] [Co(IID}* [Co(ID)]™!

It is noteworthy that benzene under these conditions is not oxidized and is an
appropriate solvent for cyclohexane oxidation. However, in a mixture of benzene
— acetic acid the rate is 40% higher than that in acetic acid alone.

The alkanes containing a tertiary C—H bond appear to be less reactive than
normal alkanes (the same is observed in the absence of dioxygen) and the
reactivity surprisingly decreases with the increase of the hydrocarbon chain
length. Thus, under similar conditions, isobutane reacts slower than butane, n-
butane is more reactive than n-pentane, and undecane is completely unreactive
[17]. It is difficult, as yet, to find any plausible explanation for these results.
Heptane oxidation by cobalt(IIl) acetate in trifluoroacetic acid proceeds selec-
tively without dioxygen in position 2, and in the presence of dioxygen results in
2-heptanone with 83% selectivity [18]. Undoubtedly, the alkane in these
reactions interacts with the cobalt(IlT) salt and the selectivity observed, as has
been pointed out, is of special interest, indicating the significant role of steric
factors. The kinetics of the reaction, however, seem to be complicated by the
oxidation of substances produced from alkanes. These secondary reactions might
proceed according to a mechanism different from the mechanism of alkane
oxidation.

Cobalt-Bromide Catalysis

The oxidation of alkylaromatic hydrocarbons proceeds particularly easily in
the presence of both cobalt and bromide ions (a so-called “cobalt-bromide
catalysis”). Carboxylic acids are the final products of the reaction. For example,
terephthalic acid is selectively formed from p-xylene, the whole process being
used in the industrial production of the acid [1k, 19]. Despite the large number of
works on cobalt-bromide catalysis, its mechanism has long remained speculative.
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The process has interesting kinetic characteristics, specifically, in the presence of
bromide ions the methylbenzenes oxidation rate is of second order with respect to
cobalt. The rate does not depend on dioxygen concentration and depends only
very insignificantly on the concentration of the compound being oxidized. To
elucidate the “cobalt-bromide catalysis”, a variety of schemes has been sug-
gested. The reaction undoubtedly follows the chain mechanism (though some
non-chain schemes were also suggested, some of them even without free
radicals). The catalytic effect of cobalt and bromide ions is connected with their
participation in chain propagation. Cobalt(Il) ions can interact with hydro-
peroxide radicals:

ROO+ + Co** —*> Co’" + ROO™

Cobalt(III) ions are again reduced to Co(Il) by Br ions, the latter converting into
bromide atoms:

Co" + Br —* Co* + Br

Bromine atoms further react with hydrocarbons causing H elimination and
forming a free radical:

Bre + RH —* HBr + Re

The bromide ions may enter the coordination sphere of Co(Il) as ligands,
facilitating the process of cobalt oxidation:

ROO- + Co(Il)Br —* Co(I)Br + ROO"

Then Br™ oxidation occurs in the coordination sphere of Co(IIl):

—

Co(IlDBr = Co(I)Bre

The reaction with hydrocarbons is suggested to proceed without Breatoms
leaving the coordination sphere of Co(I):

Co(INBrs + RH — Co(I) + HBr + Re
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Table IX. 1 gives the data on the relative rates of hydrocarbon oxidation
obtained in the mixed oxidation of two hydrocarbons (usually the second hydro-
carbon is ethylbenzene). For comparison, the relative reactivity for radicals and
bromine atoms is also given in this table.

Table IX.1. The relative reactivity of hydrocarbons (per one reactive H atom) in
the reaction with active species and in the autoxidation in the presence of Co(Il)
and Br™ in acetic acid.

Co(OAc), + NaBr  Cumylperoxy Br atoms

RH (60 °C) radicals (30 °C) (40 °C)
Cyclohexane 0.33 0.1 0.0074
p-Chlorotoluene 0.42

Toluene 1.00 1.00 1.00
Mesitylene 1.17

p-Xylene 1.50 1.60

Pseudocumene 2.54

p-Methoxytoluene 3.42

Durene 3.83

Ethylbenzene 8.33 9.3 17
Cumene 16.8 15.9 37
Tetralin 342 36.4

Kinetic studies, combined with measurements of chemiluminescence resul-
ting from the process of the recombination of two radicals ROOe, allow for the
proposal of a scheme where cobaltous, cobaltic and bromide ions enter the chain
propagation [19b, 20]:

k
(2') ROO+ + Co2* + H* -k—"—' ROOH + Co3+

4
3+ - ko 2+
(7YCo” + Br — Co” + Bre

k
(8) Bre —+ H + Br + Re
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The other stages are similar to those of the mechanism with participation of small
catalytic concentrations

(DR+ + 0, —* ROO-
k
(2)ROO+ + RH —>> ROOH + Re

(3")ROOH + Co® — RO+ + Co’* + HO"
k
(6) 2 ROO- —e products

Thus a slow reaction of chain propagation in the absence of the catalyst, or when
its concentration is small, is replaced by the more rapid reactions 2°, 7 and 8 (in
fact, reactions 2’, 7 and 8 are a catalytic pathway of the reaction 2) with catalyst
participation. In this case, the maximum rate is reached if

2ky [ROO+] [Co*"] = 2ks [ROO-]*
Hence, in agreement with the experimental results
= — d[0,]dt = (2k»*/ks) [Co™ T
Taking into account that hydroperoxide formation occurs in the reactions of

ROO-= not only with cobaltous ions but with hydrocarbons as well, we have, for
steady-state conditions

2k, [ROO¢] [RH] + 2k» [ROO¢] [C0™"] = 2ks [ROO-]?
and

v = (2/ks)(k; [RH] + ky [Co™])?

In accordance with the last formula, the relation is linear, with the slope of the
straight line corresponding to the ratio k2(2/ks)". The mechanism suggested is
also supported by the fact that, in the case of alkylbenzenes, the dioxygen
consumption rate coincides with that of the catalytic hydroperoxide decom-
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position. Moreover, the hydroperoxide radical recombination rate, measured by
the chemiluminescence technique, is practically the same as that of dioxygen
consumption.

In the suggested scheme, Br catalyzes an electron transfer from RH to
Co’":

Co* + RH — Co* + R- + H'

The mechanism via bromine atoms is supported by molecular bromine formation
in the interaction of Co®" with Br™ in the absence of a hydrocarbon (Br, is
apparently formed by bromine atom recombination). This mechanism is also
consistent with the fact that bromide ions, while catalyzing the oxidation in the
case of alkylaromatic compounds, are not particularly effective in the case of
simple alkanes. This corresponds to the difference of bromine atom reactivity
with respect to alkylaromatic and aliphatic hydrocarbons. The bond energy in the
H-Br molecule (85 kcal mole™) is practically equal to the energy of the C-H
bond in the a-position to the aromatic ring, so that the reaction

Bre + HR — HBr + Re

for alkylaromatic hydrocarbons is close to thermoneutrality. For aliphatic hydro-
carbons, this reaction is endothermic and its activation energy is considerably
higher with bromine ions ceasing to be an effective catalyst of electron transfer
from RH to Co™. The question arises as to why the reaction

Co" +RH — Co® + Re + H

proceeds much slower without the catalyst and why its rate is enhanced by Br~
ions. Probably the answer is that a direct electron transfer from RH to Co™*
requires a hydrocarbon molecule to approach Co’" with H" being synchronously
eliminated by the base. Apparently this is of rather low probability. At the same
time, a negative bromine ion can easily enter the coordination sphere of a positive
cobalt(Ill) ion and the bromine atom produced will react with the hydrocarbon
molecule without serious steric hindrance. It is obvious that such catalysis ref-
lects the characteristics of the Bre/Br™ pair for which the redox potential, for the
optimum case, must be close to those ofthe Co*"/Co** and (Re + H')/RH pairs.



384 CHAPTER IX (Refs. p. 421)
»* *

IX. 1.B. SOME NEW AUTOXIDATION PROCESSES

During the last decades some reactions between hydrocarbons and
molecular oxygen have been described. These processes are often chain radical
autoxidations, but in some cases the mechanisms of the reactions are not fully
clear.

A weakly solvated complex containing acetonitrile, [Co(NCMe)s](PFs),,
catalyzes the air oxidation of cyclohexane and adamantane at 75 °C and 3 atm
[21]. The commercial catalyst for cyclohexane oxidation does not function under
these conditions. The metal ion functions both as an initiator and as a hydro-
peroxide decomposition catalyst. The following steps have been proposed for the
oxidation reaction:

[Co(NCMe),]*" — Cooy (an oxidized cobalt species)
Coox + RH —* R+ + H' + [Co(NCMe),]*

Re + O, —* ROO-

ROO+ + RH — ROOH + Re

ROOH + Co(ll) — RO+ + Co(IlI)OH
Co(IOH + ROOH —> Co(IMOOR + H,0
Co(IHOOR —> Co(ll) + ROO-

Co(IHOOR —* Co(lI)OH + C:H;,0
Co(IIHOOR —> CoQO+ + RO-

RO+ + RH —* ROH + Re

Cobalt chloride in diglyme is a useful catalyst for benzylic [22a] and allylic
[22b] oxidation under mild conditions. The addition of sodium azide to oxi-
dations catalyzed by transition metal acetylacetonates, heteropolyacids, phtha-
locyanines, bis-(pyridylimino)isoindolines, porphyrins and Schiff bases signifi-
cantly enhances the rates of the low-temperature catalytic oxidation of alkanes
[22c]. Ethylbenzene is slowly oxidized by air in MeCN in the presence of
catalytic amount of chromium trioxide [23]. Complexes of Fe(Ill) and Co(II)
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with dipyridyl- and acetylacetone-functionalyzed polymers showed a high degree
of activity and selectivity in the oxidation of ethylbenzene by oxygen [24].
Limonene can be efficiently and selectively oxidized by molecular oxygen in the
presence of the PdCl,-CuCl, catalytic combination [25]:

PdCIz/CuCl2/L1Cl
CH,COOH, 02

X =0Ac. OH

The system Ru(IIl)-EDTA catalyzes the oxidation of cyclohexane by
molecular oxygen [26]. In the presence of manganese(Il) acetate and molecular
oxygen, alkenes and active methylene compounds react to yield cyclic peroxides
[27]. a-Substituted cycloalkanones are oxidized to oxo acids by the copper(II)
nitrate—dioxygen—acetic acid—water system [28a]:

COCOH

a-Hydroxy ketones can be cleaved with a catalytic amount of dichloroethoxy-
oxyvanadium under an oxygen atmosphere [28b]:

O
Me. OH Me COOEt
0,, EtOH, t, 0.5 h COOEt

VO(OEt)Cl,

Copper(Il) chloride, in combination with acetoxime, catalyzes the oxidation of a
methyl group in 2,4,6-trimethylphenol in alcohols, ROH, at ambient temperature
[29]:
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OH OH OH
Me Me Me Me Me Me

Me CH,0R CHO

Oxygenation Catalyzed by Metalloporphyrins

Halogenated metalloporphyrins are effective catalysts for selective air
oxidation of light alkanes [30] as well as of olefins [31]. The postulated mecha-
nism of the reaction (Scheme 1X.2) [30c] is similar to those proposed for biolo-
gical oxidation (by cytochrome P450 and methanemonooxygenase, see Chapter
XD).

HO- Fe

\__
N
L

Scheme IX.2. The mechanism postulated for the air oxidation of alkanes
catalyzed by halogenated metalloporphyrins.
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This mechanism involves the reduction of Fe(Ill) followed by the addition
of dioxygen to produce dioxo species IX-1. This species reacts with a second
molecule of catalyst (intermediate IX-2) giving two molecules of the monooxo
complex IX-3, which is capable of oxidizing the alkane. Species IX-3 abstracts a
hydrogen atom from the alkane to generate an alkyl radical and the hydroxy
derivative IX-4. However, the alternative mechanism does not consider Fe(I)-0,
species and assumes the conventional radical-chain autoxidation [30d]. Such a
mechanism is depicted in Scheme IX.3.

ROOH HO- RO-

t 5 : ROH
N i
ROOH

N34

Scheme IX.3. The alternative mechanism for the air oxidation of alkanes
assuming a radical—chain autoxidation.

Oxidations Catalyzed by Polymetalates

Heteropolyanions have been shown to effectively catalyze the oxidation of
alkanes into the corresponding alcohols and ketones [32]. Thus, the compound
[PW,057][Fe;Ni(OAc);]'* catalyzes [32b] the transformation of adamantane into
1-adamantanol (76%), 2-adamantanol (12%) and 2-adamantanone (12%) with a
total turnover number of 25 and a 29% conversion. The mixed-addenda hetero-
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polyanion [PV,Mo,404]"" catalyzes the aerobic oxidative dehydrogenation of o~
terpinene to p-cumene [32d]. Transition metal substituted Keggin type polyoxo-

molybdates have been shown to be catalysts for the autoxidation of cumene or

cyclohexene to afford alkylhydroperoxides which are used in the same reaction to

epoxidize alkenes [32e]. Alkylbenzenes and alkanes can be oxygenated by
dioxygen when ammonium molybdovanadophosphate is used as a catalyst [32f].
Finally, isophorone has been smoothly oxidized with Oin the presence of moly-

bdovanadophosphate supported on active carbon [32g].

O o O
NPMoV/C
+ -
O Toluene, 100 °C,20 h *
CHO 0

It is interesting that the regioselectivity of the oxidation is opposite to that of the
conventional oxidations.

The Ishii Oxidation Reaction

An oxidation of alkanes by molecular oxygen, which is catalyzed by N-
hydroxyphthalimide (NHPI) combined with Co(acac), (» =2,3) or transition
metal salts, has been described by Ishii and coworkers (see a review [33] and
original papers [34]; in some cases NHPI also efficiently catalyzes the oxidation
in the absence of metal derivatives [35]). For example, the oxidation of isobutane
in the presence of catalytic amounts of NHPI and Co(acac), under an air
atmosphere in benzonitrile at 100 °C gave fert-butyl alcohol (yield 84%) as well
as acetone (13%) [34d]. The co-catalytic effects of various metal compounds are
compared in Table IX.2. The proposed mechanism of the Ishii oxidation reaction
involves hydrogen abstraction from isobutane (or any other compound with
reactive C—H bonds) by the phthalimidooxyl radical (PINO) (Scheme IX.4)
[34d].

Direct conversion of cyclohexane into adipic acid has been achieved under
the Ishii oxidation reaction conditions [34e]. The selectivity of adipic acid
formation was 73% at 73% conversion in the presence of NHPI and Mn(acac),

at 100 °C for 20 h. The oxidation of other cycloalkanes is presented in Table
IX.3 [34e].
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Table IX.2. The aerobic oxidation of isobutane in the presence of NHPI and
various metal acetylacetonates °.

Yield, %
Catalyst (CH»):COH CH3COCH,
None 3 4
TiO(acac), 6 2
V(acac), 18 9
Cr(acac)y 52 9
Mn(acac), 28 8
Mn(acac); 48 12
Fe(acac) 52 9
Co(acac), 84 13
Co(acac); 58 10
Ni(acac), 25 6
Cu(acac); 47 11
Zn{acac), 2 1

? Reaction conditions: isobutane (5 mmol) was allowed to react in the
presence of NHPI (10 mol %) and metal acetylacetonate (0.25 %) under a pres-
sure of air (10 atm) in benzonitrile (10 mL) at 100 °C for 8 h.

Scheme IX.4. The mechanism of tert-butyl alcohol formation from isobutane
in the Ishii oxidation reaction.

389
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Table IX.3. The aerobic oxidation of cycloalkanes in the presence of NHPI and

Mn(acac), at 100 °C .

Products (%)
Substrate Conversion, % Cycloalkanone Dicarboxylic acid
Cyclohexane 70 Cyclohexanone (~0) Adipic acid (60) *
Cyclooctane 83 Cyclooctanone (2) ° Suberic acid (53) °
Cyclodecane 90 Cyclodecanone (2) b Sebacic acid (55)*
Cyclododecane ¢ 81 Cyclododecanone (3)® Dodecanedioic
acid (68)

? Selectivity.

® Yield based on substrate reacted.

“At70°C.

Oxygenation of Aromatic Hydrocarbons

Methods for hydroxylation of arenes by dioxygen to phenols have been
developed in recent years. For example, the liquid-phase oxidation of benzene
with molecular oxygen over the iron-heteropolyacid system gave phenol [36].
The following yields of phenol based on benzene have been obtained for various

catalysts (300K, 10 h):

Catalyst
FeClz

HiPW 204 + FeCly
Ho sFe1 2sPW 2040
Ho sFe1 2sPM012040
Ho sFe; 7581W 1204

Yield, %
Trace
27.0
14.0
4.2
25

Copper(I) chloride promotes the oxidation of benzene to phenols with mole-
cular oxygen [37a]. The active species is proposed to be a hydroxyl radical gene-

rated in the following manner:



Oxidation by Molecular Oxygen 391
* »*

2 CU(I) + 02 + ZI‘I+ — 2 CU(II) + H202
Cu(l) + H;0, + H* — Cu(l) + HO+ + H,0

Analogously, in the presence of silica-supported palladium catalysts, benzene is
oxidized under ambient conditions to give phenol, benzoquinone, hydroquinone

and catechol [37b]. Palladium chloride, used for the catalyst preparation, is

believed to be converted into metallic palladium. The synthesis of phenol from

benzene and molecular oxygen via direct activation of a C-H bond by the
catalytic system Pd(OAc),—phenanthroline in the presence of carbon monoxide
has been described [38]. The proposed mechanism includes the electrophilic
attack of benzene by an active palladium-containing species to to produce a o-
phenyl complex of palladium(II). Subsequent activation of dioxygen by the Pd-
phen—CO complex to form a Pd—OPh complex and its reaction with acetic acid
yields phenol. The oxidation of propenoidic phenols by molecular oxygen is

catalyzed by [N,N “-bis(salicylidene)ethane-1,2-diaminato]cobalt(II)[Co(salen)]
[39].

IX.2. COUPLED OXIDATION OF HYDROCARBONS

The oxidation of organic compounds by dioxygen, including hydrocarbons, is
known to be a strongly exothermic process with a large negative free energy. For
a certain mechanism to correspond to an appropriate reaction rate, the interme-
diate stages must be advantageous enough thermodynamically, i.e., they should
not require too much energy. The probability of this will be generally higher in
the case of overall strongly exothermic processes, including oxidation of
hydrocarbons by molecular oxygen, than in the case of less exothermic or ther-
moneutral process.

There are a number of mechanisms to provide a high rate of the whole
process in the case of oxidation of hydrocarbons, particularly in coupled
oxidation. They are mechanisms with chemically active species, such as free
radicals, readily reacting with hydrocarbons. These free radicals may be formed
as intermediates in metal ion oxidation.
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IX.2.A. EARLIER WORKS

The coupled oxidation was described first in the middle of the past century.
Schonbein discovered the phenomenon of so-called “active oxygen” [40], i.e.,
oxidation of some substances by molecular oxygen only when there is a parallel
oxidation of other substances present. For example, the formation of iodine from
potassium iodide or the discoloring of indigo are induced by zinc or a zinc
amalgam. Ferrous oxide is among the number of organic and inorganic
substances whose oxidation induces the oxidation of more inert substances. A
thorough review of the oxidation reactions known at that time is given in the
book by N. A. Shilov, which appeared in 1905 [41]. Several theories of active
oxygen already existed then. According to N. A. Shilov, “All of them come to an
assumption that the coupled oxidation by molecular oxygen is conditioned by the
formation of an intermediate product. Some authors consider this intermediate
substance to be free oxygen atoms or ion; the others, on the contrary, suppose
that the oxygen molecule in the first stage of the oxidation preserves the atomic
complex —O-O-, forming this or that holoxide. This last group of theories
elucidates the experimental evidence in the best way”. Here holoxide is a sub-
stance of the type:

|
~o

The suggestion of peroxide formation in the first stage of the oxidation by
molecular oxygen was made by Schonbein, their intermediate formation being
confirmed in the works of Traube, Bach, Engler and others. For the coupled
oxidation of a number of substances by strong oxidizing agents (for example,
H,CrO4 or HMnOy) in the presence of ferrous oxide, Manchot [42] suggested an
intermediate formation of high-valent iron oxide,. Fe;Os

According to Bach and Engler’s peroxide theory [43], the coupling in
oxidation reactions is explained in terms of intermediate formation of a peroxide.
If of two substances, A and B, only one (e.g., A) reacts with molecular oxygen to
give a peroxide (AQ,) (substance A is then called an “inductor”), then substance
B (“acceptor”) may be oxidized by this peroxide:
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B + AO; — AO + BO

However, later it became clear that in most cases the assumption of the
stable peroxide cannot by itself explain the phenomena observed. For example,
though benzaldehyde oxidation initiates the coupled oxidation of indigo, specially
synthesized peroxybenzoic acid can hardly oxidize indigo, and if so, the reaction
proceeds far slower than it does in the process of coupled oxidation.

The development of the chain theory has produced a simple explanation of
these facts in terms of the intermediate formation of radicals. The latter react
with molecules much more readily than stable hydroperoxide molecules. The
formation of free radicals was further established for many cases of oxidation of
metal ions and complexes.

Hydroxylation of Hydrocarbons Coupled with the Oxidation of Metal Ions
and Complexes

It is well-known that the biological oxidation of hydrocarbons (see Chapter
XI) catalyzed by monooxygenases is coupled with the oxidation of electron
donors, such as NADH or NADPH, in the presence of iron complexes. The
donor in biological oxidation is believed to transfer its electrons initially to the
metal ion, which is subsequently oxidized by an oxygen molecule. The fact of
metal ion participation in most enzyme systems, which hydroxylate organic
compounds, was the reason behind many attempts to create analogous purely
chemical systems. It turned out that metal ion oxidation by molecular oxygen
induces the oxidation of hydrocarbons (alkanes among them) introduced into the
system. The formation of alkane oxidation products, at least with low yields, has
been observed in many cases even in the oxidation of simple ions in various
media.

Udenfriend suggested a simple non-enzymatic system as a possible model of
monooxygenase [44]. It involves an iron(II) complex with EDTA and ascorbic
acid and is capable of hydroxylating aromatic compounds. Later, Hamilton found
that this system was able to hydroxylate cyclohexane (however, with very low
yield) and epoxidize cyclohexene [45]. Afterwards, a number of similar systems
were proposed. For example, Ullrich found two models which are more effective
than the Udenfriend system. One of them includes a Sn(II) phosphate complex
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dissolved in water [46a], and the other one an iron(II) complex with mercap-
tobenzoic acid in an aqueous solution of acetone [46b]. The reactions are analo-
gous to those catalyzed by monooxygenase: hydroxylation of alkanes and
aromatic compounds, and in some cases, epoxidation of olefins.

Ascorbic acid in the Udenfriend system may be replaced by pyrimidine
derivatives which resemble tetrahydropteridines; the latter may be used as donors
both in the model and enzyme systems. The reaction occurs at room temperature
at pH 7.

Hamilton suggested that the model systems (at least some of them) interact
with the substrates via a so-called oxenoid mechanism similar to that of mono-
oxygenase functioning. Since the reaction, in many aspects, parallels the
processes with carbenes (addition to the multiple bond, insertion into the C-H
bond), in the oxenoid mechanism an oxygen atom (oxene) inserts into the C-H
bond without an intermediate formation of free radicals:

AN é/ AN C.-'/

FermQO=—0Q + | — Fe=O0 + |
H OH

At the same time, there are some essential differences which may be noted
between biological oxidation and process occuring in the model systems. The
latter have no NIH-shift (migration of a hydrogen atom to the position next to the
point of oxygen insertion), which is characteristic of biological systems in the
hydroxylation of aromatic molecules. The model systems are mostly less
selective in the reactions with aromatic compounds (a large amount of meta-
substituted product is formed); they do not show stereospecificity in the
hydroxylation of alkanes (e.g., a mixture of both possible isomers in the
hydroxylation of cis- and frara-dimethylcyclohexane is formed). Evidently, the
participation of reducing agents, which are analogues of biological electron
donors, is not very essential. In effect, simple chlorides of some metallic ions are
already active enough in organic solvents.

Thus, the coupled oxidation of C,-C, alkanes and SnCl, was found to
proceed in acetonitrile at room temperature [47a]. The yields of alcohols, which
are the oxidation products, reach 7-15% per SnCl,. Comparatively high yields of
the products of cyclohexane oxidation are obtained in the presence of oxidizing
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tin(II) or iron(II) chlorides, when the reaction is carried out in acetonitrile as
solvent [47b]. The yield, if based on the amount of metal salt present, may be
further increased when the MCl, concentration is decreased. Under the optimum
conditions of [MCl,] —* 0, the yield of products grows up to 20% with SnCl,
and up to 30% with FeCl.

Table IX.4. Parameter 1° : 2° : 3° for the hydroxylation of isopentane by various

systems.

System Solvent 1°:2°:3°
Heme + MBA “ + O, CH3COCH4 + H,O 1:57:14
Fe* + MBA “+ O, CH:COCH; + H,0 1:41:12.8
SuCl, + O CHiCN + H,0 1:5.1:12.5
FeClz + 02 CH}CN 1:43:13.0
H202+hv CH]CN 1:45:11.2
CFyCOOOH RH 1:60:720
Pyridine-N-oxide CHyCl, 1:8:68

“ MBA = mercaptobenzoic acid.

Table I1X.4 gives the distribution of isopentane hydroxylation products in
various systems, including photochemical hydroxylation by hydrogen peroxide,
where free hydroxyl radicals are known to be formed as intermediates. It is clear
that the ratios of selectivities with respect to the site of attack (1° : 2° : 3°) in the
systems involving Fe*' and Sn*' ions are very close to each other and to the
selectivity observed for the attack by hydroxyl. This leads to the conclusion [47c]
that the same active species (presumably hydroxyl radicals) participates in all
these systems. This is also supported by a low isotope effect (ku/kp =~ 1.2-1.3,
when comparing reactions of C¢Hi; and CeDjy). The yield of cyclohexane
hydroxylation products depends on the nature of the solvent. The high yields in
acetonitrile as compared with the other solvents are to be expected, provided the
hydroxyl radicals are the intermediate active species. The rate constant of the
hydroxyl radical reaction with cyclohexane is 5 x 10° dm’ mol™ s', with
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acetonitrile 2.1 x 10° s, with acetone 8.1 x 107 dm® mol™ s™, and with

methanol 7 x 10° dm® mol™ s™' [48]. In the case of cyclohexane in acetonitrile,
this means that the reaction of HO* with the solvent at [CéH,z] > 1072 mol dm™
may be neglected. For the other organic solvents, it is necessary to take into
account the competitive reaction of HOe with solvent, which reduces the yield of
cyclohexane hydroxylation products.

In the case of iron salts, the accepted mechanism includes the formation of
hydroxyl radicals:

Fe* + 0, + H — F¢* + HOO-
Fe** + HOO- + H — Fe*' + H,0,
Fe’* + H,0, —* Fe¢'" + HO» + HO™
Fe’* + HO» —> F¢' + HO

2H + 2HO — 2H,0

4Fe” + 0, + 4H — 4F" + 2H,0

For stannous chloride, the scheme of unbranched chain reaction without the
participation of HOe radicals has been proposed [49a].

Sn** + 0, —> Sn** + HOO-
Sn** + HOO» —> Sn** + H,0,
Sn* + 0, —> Sn* + HOO-
So” + H,0, —* $Sn*0” + H,0

28n** — Sn® + Sn*

However, a detailed study of this reaction showed that it proceeds with chain
branching and that it involves hydroxyl radicals (see below). The yield of
oxidation products per metal ion may be increased if the reaction is carried out in
the presence of specially added simple inorganic reducing agents. For example, if
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the coupled oxidation of SnCl, and C¢H,, is carried out in the presence of
metallic tin, then the yield of cyclohexanol can be increased six times. For FeCl,-
containing systems, metallic mercury may be used as a reducing agent. This
increases the yield of hydroxylation products.

In the systems involving such donors of electrons as hydrazobenzene or o-
phenylendiamine (besides metal compounds), the yield of hydroxylation products
may exceed the amount of the metal compound taken [49b]. Cyclohexane
produces cyclohexanol and cyclohexanone, whereas cyclohex-1-ene-3-ol is
mainly produced in the case of cyclohexene (with epoxide formation).
Hydroxylation of 2-methylbutane produces isomeric alcohols, the selectivity with
respect to the site of attack following the order: 3° > 2° > 1° In toluene
hydroxylation, the formation of both benzyl alcohol and isomeric cresols is
observed, o- and p-isomers prevailing appreciably. An oxenoid mechanism of
hydroxylation has been suggested. However, it is difficult to reconcile this
mechanism with the fact that the yield of cyclohexane hydroxylation products
depends so insignificantly on the nature of the metal ion (for FeCl,, VCl;, MnCl,,
NiCl;, CuCl, the yield differs no more than 4 times; while for FeCl,, MnCl,,
VCl; it is almost the same). The formation of the same intermediate active
species, for example HOOe, seems to be a more natural alternative.

A particularly active system was observed when mixing copper dichloride
with phenylhydrazine in various organic solvents and water [49c]. Under
optimum conditions, the yield reaches up to 40% per oxidized phenylhydrazine
with the copper salt acting as a catalyst. The yield of products may correspond,
for example, to forty redox cycles per mole of Cu salt with one portion of the
reducing agent, and even several hundred cycles, if new portions of phenyl
hydrazine are added after the previous hydrazine has been oxidized.

The Mechanism of Stannous Chloride Autoxidation Coupled
with the Oxidation of Cyclohexane

A great number of species participating in the autoxidation of transition
metal compounds makes it difficult to select a hydroxylation mechanism. Only in
a small number of cases has this mechanism and the one of coupled hydrocarbon
hydroxylation been well established. Let us take as an example the coupled
oxidation of cyclohexane and stannous chloride.
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Tin(II) is a typical two-electron reductant since there are only two stable
oxidation states for the compounds, Sn(II') and Sn(IV). The redox potential of the
pair Sn(IV)/Sn(I) is +0.15 V in aqueous solutions. Thus Sn(Il) is a moderately
strong reducing agent. The estimation of the redox potential of the pair
Sn(III)/Sn(Il) givesavalue +0.8 V. That means that £, for Sn(IV)/Sn(Ill) is -0.5
V, i.e., Sn(III) should be both a strong reducing agent turning into Sn(IV) and a
strong oxidizing agent turning into Sn(II). The disproportionation of two Sn(III)
ions is assumed to occur readily upon collision:

Sn(Ill) + Sn(Il) — Sn(IV) + Sn(Il) + ~30 kcal mole™

The oxidation of tin(Il') salts by dioxygen displays some of the features of a chain
process; in particular, it is retarded by certain inhibitors and accelerated when the
solution is irradiated. The kinetic behavior of the oxidation reaction of Sn(II)
chloride has some peculiarities. The reaction, under certain conditions, has a
marked induction period followed by a period of practically constant rate,
provided the dioxygen concentration is kept constant. The study of the
dependence of the reaction rate on the dioxygen concentration shows that the
reaction rate under steady-state conditions can be described by a simple kinetic
expression:

— d[0,)/dt = k [0,)*

i.e., the reaction rate does not depend on the Sn(Il) concentration. It is clear that
such a kinetic expression, though very simple, cannot be explained by a simple
mechanism. To explain the kinetic data obtained, a branching chain scheme has
been proposed [49d,e]:

H,0O

(0)Sn(l) + O, —= Sa(lll) + HOO- initiation
H,0

(1)Sn(lll) + 0, —> HOO- + Sn(IV)

—ﬁb H202 + SH(IH)

(2) HOO+ + Sn(Il) — 1B HO Sn1V)
— . + n
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o
— HO+ + Sn(Ill) a
(3) H202 + Sl’l(H) —] 1—o
L H,0 + Sn(IV) b

(4)HO+ + Sn(Il) —> Sn(IIl)
(5) Sn(Ill) + Sn(Ill) —> Sn(Il) + Sn(IV)

Here o and P are the probabilities of one-electron reactions of Sn(I) with H,0,
and HOOe, respectively.
In steady-state conditions

ki [Sn(ID] [0,] = ks [Sn(IIN)]*
and the reaction rate is practically equal to that of chain propagation
— d[0,)/dt = k, [Sn(IIT)] [O,] = (aBk)/ks) [O4]*

and, in agreement with the experimental data, depends only on the dioxygen
concentration.

The branching chain mechanism is confirmed, for example, by the
sensitivity of the reaction to the inhibitor concentration. There exists some
limiting inhibitor concentration which practically stops the reaction (the induction
period increases to infinity on the addition of a definite amount of an inhibitor).
Hydrogen peroxide was detected during the oxidation of Sn(Il). Using the
reaction scheme, it was possible to estimate the rate constant of the reaction of
hydrogen peroxide with Sn(I) by the dependence of H,O,concentration on time.
The rate constant found coincided with the value obtained for the reaction of
H;0, with Sn(Il) determined in a separate investigation, thus confirming the
proposed mechanism. Though the probability (o) of a one-electron reaction of
hydrogen peroxide with Sn(I) to give a hydroxyl radical is not very high (a = 5
x 107 for the reaction in acetonitrile), it is quite sufficient for the reaction to
ensure the high rate of radical formation in a branched chain reaction under
steady-state conditions.

The rate of autoxidation is much lower in acidic aqueous solutions of Sn(II)
chloride that in organic solvents (though the addition of water is necessary
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because the HOs and HOOe radicals, as well as hydrogen peroxide, participate in
the reaction, their formation requiring protons). The rate decrease in aqueous
solutions is partially associated with the decrease of dioxygen solubility, which is
particularly important since the O, concentration enters the kinetic equation as a
second-order term. However, the kinetic equation in acidic aqueous media is also
different from that found for organic solvents:

W(05) = kegr [Sn(IT)]"? [0,

Detailed studies have shown that the different form of the kinetic equation
for aqueous solution is due to the reaction which takes place in water:

(6) Sn(lll) + H,0, —*> Sn(IV) + HO- + HO

and is nonessential for acetonitrile solutions. In other respects the mechanism is
the same. Therefore, the autoxidation of stannous salts in a variety of solvents
occurs by a branching chain mechanism with the participation of HOs and HOOe
radicals. Reactions of the radicals with hydrocarbons should naturally be taken
into consideration in the process of their oxidation coupled with the autoxidation
of tin(II) salts.

On the introduction of cyclohexane into a Sn(II) aqueous acetonitrile
solution, the rate of dioxygen consumption increases and the induction period
falls. An increase of cyclohexane concentration decreases the induction period
and even causes its complete disappearance. The higher the initial tin concen-
tration, the greater is the cyclohexane concentration necessary to cause the
disappearance of the induction period. The rate of hydrogen peroxide production
is also increased in the presence of cyclohexane. These data can be understood on
the basis of the above chain mechanism of Sn(Il) oxidation, where free hydroxyl
radicals HOe are intermediately formed. The rate constant of the interaction of
the hydroxyl radical with cyclohexane

HO« + CH);, —> H,O+ C¢Hyye

is 5 x 10° dm’ mol™' s™'. Thus all the hydroxyl radicals, with an appropriate
hydrocarbon concentration, will interact with the latter to produce hydrocarbon
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radicals. The radical very readily enters into an addition reaction in the presence
0f022

R + O, —> ROO-

In hydroperoxide oxidation reactions, the radicals usually disappear in a
bimolecular disproportionation process:

2RO0+ — R'COR"” + ROH + 0O,

However, in the presence of large Sn(Il) concentrations, practically all
hydroperoxide radicals interact with the tin in a similar manner to HOOe radicals

p
H,0
ROO- + Sn(Il) -

» ROOH + Sn(III)

RO+ + Sn(IV)

The interaction of hydroperoxide with Sn(I) is similar to that of hydrogen
peroxide

o
——= RO« + Sn(lll)
ROOH + Sn) — |
» ROH + Sn(IV)

ROe radicals react with RH and Sn(II):

RO- + RH —> ROH + Re
H,O
RO + Sn(l) —= ROH + Sn(Ill)

causing the formation of the alcohol, which is practically the only product.
Besides, in aqueous solutions, as in the case of hydroperoxide, it is necessary to
take into account the following reaction:

ROOH + Sn(llly —* RO+ + Sn(IV)
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Thus, the participation of Sn(Il) in the oxidation process ensures high
selectivity of the reaction to produce cyclohexanol as virtually the sole product. It
is important that the situation changes if the Sn(I) concentration is low; for
example, if instead of dioxygen we add hydrogen peroxide to the Sn(II) solution.
In this case Sn(II) quickly disappears, and the reaction of ROOe dispro-
portionation becomes dominant, yielding a variety of products different from
those observed for the oxidation by dioxygen. If we do not differentiate between
the differences in reactions with high and low Sn(Il) concentrations under the
conditions of oxidation, it may lead us to an incorrect conclusion about the non-
radical character of hydrocarbon oxidation coupled with Sn(Il) oxidation by
dioxygen.

It is interesting to note that, provided the RH concentration is sufficient for
RO radicals to disappear by the reaction with the hydrocarbon, the
stoichiometry of the reaction under specified conditions corresponds to the ratio
Sn(Il) : O, : ROH =1 : 1 : 1, which means that it will be the same as the stoichi-
ometry of oxidation in the presence of monooxygenase. This shows that the
stoichiometry of the process cannot be used as evidence for its mechanism. The
example with Sn(Il), treated here so extensively, is further evidence of the danger
of drawing conclusions about the models of biological oxidation based merely on
formal analogies.

[X.2.B. GIF SYSTEMS

Barton and co-workers have developed a family of systems for oxidation
and oxidative functionalization of alkanes under mild conditions exhibiting
“unusual” selectivity (see reviews [50], polemics [50d,e], the first publication
[51] and some recent publications[52], as well as the papers of other authors
concerning these systems[53]). These oxidations occur in pyridine in the presence
of an organic acid and are catalyzed by complexes of transition metals (mainly
iron). If dioxygen is used as an oxidizing regent, a reductant must also take part
in the reaction. The first such a system was invented in Gif-sur-Yvette [51]. Thus
their name: Gif systems. The systems with geographically based names are
mentioned in Table IX.5. All Gif systems have the same chemical peculiarities:

1) the major products of the reaction are ketones; it is important that alco-
hols are not reaction intermediates;
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Table IX.5. The nomenclature of Gif systems.

Electron
System Catalyst source Oxidant
Gif'" Fe(1l) Fe (metal) O
Gif'Y Fe(II) Zn (metal) 0,
GO (Gif-Orsay) Fe(l) Cathode 0
GoAgg' Fe(Il) KOy/Ar
GoAgg" Fe(Tll) H;0,
GoAgg" Fe(I)/Picolinic acid H,0,
GoChAgg Cu(Il) H,O,
CuY0, Cu(ly? Cu(0) O,

Scheme IX.5. The proposed mechanism for the Gif GoAgg" oxidation of
alkanes.
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2) the presence of an excess of some easily oxidizable compounds (e.g.,
alcohols, aldehydes) does not significantly suppress the alkane oxidation;

3) the selectivity of oxidation of branched hydrocarbons is secondary >
tertiary > primary;

4) secondary alkyl free radicals are not reaction intermediates;

5) olefins are not epoxidized,

6) addition of different trapping reagents diverts the formation of ketones to
the appropriate monosubstituted alkyl derivatives. For example, in the presence
of CBrCl; alkyl bromide is formed in quantitative yield.

It should be noted that despite of numerous works devoted to Gif systems
the mechanism of their action is not clear (see, for example, a discussion in
[50d,e]). The proposed [52a] catalytic cycle for GoAgg" reactions is shown in
Scheme IX.5.

IX.2.C. OTHER SYSTEMS INVOLVING O; AND A REDUCING
REAGENT

In recent years, numerous systems for alkane oxygenation based on
molecular oxygen, a reductant and a metal catalyst have been described. Some of
these systems will be considered in the present section.

Systems Based on Aldehydes

Olefins can be epoxidized by dioxygen in the presence of an aldehyde and
various metal complexes [54]. An analogous oxidation of alkanes gives alcohols,
ketones and alkyl hydroperoxides. Examples of oxidations by dioxygen in the
presence of various reducing agents catalyzed by transition metal complexes are
given in Table [X.6.

A RuO,-CH;CHO system catalyzes the oxidative cleavage of C-C double
bonds using molecular oxygen [55m]. Carbonyl compounds are formed selec-
tively.

Systems Based on Solid Metals as Reducing Agents

Metals added to various oxidation systems can serve both as reducing
reagents and catalysts. Usually transition metals (e.g., iron) are used. If non-tran-
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Table IX.6. Catalytic oxidation of hydrocarbons by dioxygen in the presence of

aldehydes.
Substrates Products Reducing agent Catalyst Ref.
Alkanes Alcohol+ketone  Heptanal FeCls, RuCl, 55a
Alkanes Alcoholtketone  Acetaldehyde  Cu(OH), 55b
Benzene Phenol Crotonaldehyde VO(1,3-diketonato), S5c
Alkanes Alcoholtketone  Acetaldehyde  Metalloporphyrins 55d
Alkanes Alcohol+ketone  2-Methyl- Co(Il) Schiff base
propanal complex 55e
Cyclohexane  Cyclohexanol +  Aldehyde Metalloporphyrins 55
cyclohexanone
Alkanes Alcohol+ketone  Acetaldehyde ~ Cu—Crown ether 55g
Alkanes, aryl-  Alcohol+ketone  2-Methyl- Mo, V-Heteropoly-
alkanes propanal oxometalates 55h
Alkanes Alcohol+ketone  Aldehydes Cu salts 551
Arylalkanes Ketone 2-Methyl- Co(II) cryptate 55§
propanal
Alkanes, aryl-  Alcohol+ketone  3-Methyl- M(acac)y, 55k
alkanes butanal M = Pd, Co, Fe, Ni, Cu

sition metals (e.g., zinc) are employed as reducing agents, the catalysts (tran-
sition metals complexes) are necessary. In all the reactions, proton donors
(carboxylic acids) take part to dissolve the solid metal. Examples of reactions
using metals as reducing agents are summarized in Table IX.7.

A binuclear Mn(IV) complex with the L4,7-trimethyl-1,4,7-triazacyclo-
nonane macrocyclic ligand initiates oxidation of cyclohexancarboxaldehyde with
atmospheric oxygen in acetonitrile under heating resulting in the formation of
cyclohexanecarboxylic acid and considerable amounts of oxidative decarbo-
xylation products, i.e., cyclohexane, cyclohexanol and cyclohexanone [551]. In
the presence of cyclooctane, the reaction gives rise also to the formation of
cyclooctanol and cyclooctanone. The following stages of the reaction have been
proposed (Cy = cyclohexyl; RH = cyclooctane):

CyCHO + Mn(IV) — CyCO- + Mn(lll) + H'
CyCOs + O, —> CyCOOO-
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CyCO00Os + CyCHO — CyCOOOH + CyCO-
CyCOOOH + CyCHO —— 2 CyCOOH

CyCOOOH —* CyCOQO+ + HOe

CyCO0+ —> Cy* + CO,

Cys + O, —* Cy00+ — cyclohexanol + cyclohexanone
Cye + RH —* CyH + Re

RH + CyCOO+ —* R+ + CyCOOH

RH + CyCO» —*> R+ + CyCHO

R- + O, —* ROO+ — cyclooctanol + cyclooctanone

Table IX.7. Catalytic oxidation of hydrocarbons by dioxygen in the presence of
solid metals as reducing agents.

Substrates Products Reducing agent Catalyst Ref.
Arenes Phenols Fe Fe(II) 56a
Cyclohexane Cyclohexanol +  Zn powder Fe(Il) on silica gel 56b

cyclohexanone
Alkanes, arenes Alcohols, phenols Zn powder [{Fe(HBpzs)(hfacac)},0] 56¢

Methane Methanol + Zn powder Fe(Il) on silica gel S6d.e
formaldehyde

Alkanes Alcohol+ketone  Zn powder Mn-Porphyrin Sef

Cyclohexane Cyclohexanol +  Zn powder SmCly 56g.h
cyclohexanone

Alkanes Alcohol+ketone  Zn powder EuCls 561-k

Methane Methanol Zn powder EuCl, 56l

Methane CF3COOCH;3 Zn powder VOs, VO(acac), S6m

Yamanaka et al. have demonstrated that aerobic hydroxylation of methane
in trifluoroacetic acid at 40 °C is catalyzed by NH,VO; or VO(acac); if zinc
powder is present [S6m]. Methyl trifluoroacetate is formed with a turnover
number ca. 10 after 1 h. The authors suggested that the active oxygen species in
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this system is not hydroxyl radicals and proposed that a reduced vanadium
species, V(II) or V(III), that was generated by reduction with Zn(0), works as a
catalyst for the activation of O, and hydroxylation of methane.

Systems Involving Other Reducing Agents

Various other reducing agents have been used in the aerobic coupled
oxidations of hydrocarbons. Some examples are presented in Table 1X.8.

Table IX.8. Catalytic oxidation of hydrocarbons by dioxygen in the presence of
various reducing agents.

Substrates  Products Reducing agent  Catalyst Ref.
Alkanes Alcohols Hydrazobenzene FepysCl, 57a
Arenes Phenols Hydroquinones  Catecholatoiron 57b—¢
complex
Benzene Phenol H; Pd-Ti Silicalites 57d
Alkanes Alcohol+ketone  H,S Complexes IX-5, IX-6 57e
Me
Me

IX-S Me IX-6
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A formal heterogeneous analog of alkane monooxygenases has been
described by Lin and Sen [57f]. The system involves a metal catalyst (palladium)
and a co-reductant (carbon monoxide). Ethane is transformed into acetic acid at
temperatures < 100 °C. The proposed mechanism for this reaction is shown in
Scheme 1X.6.

CH;3;CH;

H,0,
f Pd]

CH;COOH +H,0

(Pd]
H,0

{Pd]

CO; co

Scheme IX.6. The mechanism proposed for ethane oxidation in the presence
of CO.

In some cases, the hydrocarbon oxidation in the presence of a reductant
does not need a transition metal complex as catalyst. Thus, a cathode of a carbon
whisker has been found to be active for the oxidation of toluene into
benzaldehyde and benzyl alcohol during the H,-O, fuel cell reaction [58a].
During the electrolysis of water at room temperature, the epoxidation of hex-1-
ene and hydroxylation of benzene to phenol and hydroquinone occurs
simultaneously on the anode and the cathode, respectively [58b]. Finally,
selective oxidation of terminal isopropyl groups to the corresponding tertiary
alcohols have been carried out by an electrochemical method [58c], Using the
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TI(TFA); -hematoporphyrin-O,-cathode system, cholesterol was converted into
the corresponding alcohol:

OH

The authors assumed that TI** binds oxygen producing an activated oxygen-like
species (Scheme IX.7).

Cathode Hemato-
porphyrin

0,

— Hemato- R%
te porphyrin OH
'i"13 +

Scheme IX.7. The oxidation of tertiary C-H bonds by the TI(TFA)—
hematoporphyrin-O;—cathode system.

IX.3. PHOTOINDUCED METAL-CATALYZED OXIDATION
OF HYDROCARBONS BY AIR

A new photochemical catalytic method for the transformation of alkanes and
arylalkanes into hydroperoxides has been developed in the recent decade.
Iron(III) chloride has been found to be an efficient photocatalyst of alkane
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oxidation with atmospheric oxygen [59, 60]. Kinetics of the cyclohexane
photooxidation in the presence of a catalytic amount of FeCl; as well as some
other compounds (see below), are shown in Figure IX. 1 [60g].

Other transition metal chlorides, for example CuCl, (Figure IX. 1) [60d,g,
61a,b], AuCly” (Figure IX.1) [60d,g, 61c,d], PtCle> [60d, 61d.,e], and CrCl;
[6If] also photocatalyze the aerobic oxygenation of alkanes in acetonitrile,
methylene chloride or acetic acid (Table 1X.9). Methanol (0.018 x 102 mol
dm™) and formaldehyde (0.17 x 10 mol dm™) were formed upon the slow
bubbling of methane and air through a solution of HAuCls in MeCN under
irradiation [61c].

Table IX.9. Photocatalytic aerobic oxidation of hydrocarbons in the presence of
chloride and bromide metal salts.

Photocatalyst Substrate Solvent Ref.
FeCl, Toluene CH3COOH 59
FeCl; +

phenanthroline Toluene CH3COOH 59
FeCls Alkanes, arylalkanes CH;CN, CH3COCH; 60a
FeCls Alkanes Alcohols 60e.f
CuCl, Alkanes CH,CN 60d,g,61a,b
HyPtCl Cyclohexane CHi3CN 60d
HAuCl4 Alkanes, methane CH;CN, CH,Cl, 60d,61c.d
RhCl; Cyclohexane CHiCN 60c
RuCls Cyclohexane CHi:CN 60c
CrCl; +

PhCH,NEt:Cl Alkanes CH3CN 61f
FeBr, Arylalkanes CH,CN 60c
Na,PtBr, Cyclohexane CHiCN 60c

The first step of this process is apparently the photoexcitation of the iron
chloride species to stimulate homolysis of the Fe—Cl bond [60h]. The chlorine
radical (free or in the solvent cage without entering to the solvent) attacks the
alkane. The iron(Il) derivative that is formed can be oxidized either by molecular
oxygen or the alkylperoxo radical (Scheme IX.8).
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Figure IX.1. The aerobic photooxygenation (A > 300 nm) of cyclohexane
(0.46 mol dm™) catalyzed by various metal chlorides (5 x 107 mol dm™) in

MeCN at 10 °C .
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Scheme IX.8. The mechanism proposed for the FeCly-photocatalyzed
oxygenation of alkanes, RH, into alkyl hydroperoxides, ROOH.

0=0
1 e
LFe C\_
Cln l/
~ -0—0
IX-7
LRS! \ S~

IX-8

Scheme IX.9. Possible interactions between photoexcited iron chloride, C-H
bond of the alkane and molecular oxygen.
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It can be assumed that in one of the possible channels of the alkyl hydroperoxide
formation, electron transfer CI — Fe™ and reorganization of bonds occurs
within a six-membered structure IX-7 or IX-8 (Scheme 1X.9).

Bromide complexes are also efficient in the photooxidation. However, FeBr;
photocatalyzes the oxygenation of only alkylbenzenes (Figure 1X.2) [60c] and are
not effective in the oxidation of alkanes. One can assume that the bromine radical
is an active species in this reaction.

¢ x 102, | Photocatalyst; FeBr,
mol dm3
PhCOMe
15
1.0 .
PhCH(OH)Me
05
PhCHO

2 4 6 8

Irradiation time, hours

Figure IX.2. Kinetics of aerobic photooxidation (A > 300 nm) of ethylben-

zene (0.41 mol dm™) in MeCN in the presence of FeBrs (5.0 X 107" mol dm™).
The samples were not reduced with PPh; before GC analysis.

Kinetics of the photooxidations catalyzed by platinum complexes are shown
in Figure IX.3 [60c]. A very long induction period can be noticed in the case of
catalysis by PtBrs>

Mechanisms of the photooxygenation reaction in the cases of other than iron
metal seems to be different from that postulated for the FeCls-catalyzed process
[60h]. Low-valent species are apparently involved in the oxidation. These species
can possibly add an oxygen molecule to produce metal peroxo radicals and peroxo
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#* *
3
c x 10,
mol dm3 PtBrg2- \
6 p—
4
, L P
| | | |
5 10 15 20

Irradiation time, hours

Figure IX.3. Kinetics of aerobic photooxidation (A > 300 nm) of cyclo-
hexane (0.46 mol dm™) in MeCN in the presence of Na;PtCls.4H;0 (5.0 X 107

mol dm™>) (circles) or Na;PtBrs.6H;O (5.0 X 107 mol dm™) (squares). Concen-
trations of cyclohexanol (closed symbols) and cyclohexanone (open symbols)
determined by GC before the reduction with PPh;.

complexes. Such a mechanism has been proposed for the photooxidation of
alkanes in acetonitrile in the presence of a catalytic amount of cyclopentadie-
nyliron(Il) complexes and bis(arene)iron(Il) [62]:

Fe" + 0, —= Fe"-00-

Fe"-00 + RH — Fe"-OOH + R-
Re + O, —> ROO- —> .
F¢"-OOH + R+ —* Fe" + ROOH

Unlike the oxygenations catalyzed by chloride complexes, the aerobic
photooxidation of cyclohexane in the presence of a catalytic system CrCl—
PhCH,NEL;Cl in MeCN produces the ketone as a main product and only a small
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amount of the alcohol [6If], Adding benzene, methylene chloride or ethanol to
the cyclohexane solution raises the oxygenation rate and changes the ketone :
alcohol ratio. In the presence of a small amount of hydroquinone, the formation
rate of cyclohexanone (but not of cyclohexanol) sharply decreases. The kinetic
isotope effect in the oxidation of CsHjzand CsDi2is ca. 1.0 for cyclohexanol and
ca. 2.9 for cyclohexanone. Cyclohexanol formation has been assumed to follow a
mechanism that does not involve free radicals. Free radicals can participate in the
route toward the ketone [6If].

It is interesting that the irradiation of an aqueous cyclohexane emulsion in
the presence of an iron(Ill) salt, e.g. Fe(ClO.)s, gives rise [63a] also to the
formation of cyclohexanone instead of its mixture with cyclohexyl hydroperoxide
and cyclohexanol. Likewise, the photooxidation of cycloalkanes by dioxygen
catalyzed by the polyhalogenated porphyrinatoiron(Ill)-hydroxo complex, Porph-
Fe—OH, has been reported to produce predominantly cycloalkanones [63b]. The
proposed mechanism involves the formation of hydroxyl radicals and an Fe''-o-
alkyl complex [63b]:

PorphFe"-OH —-ll—) PorphFe" + HO-

HO+ + -CH- — H,0 + —CH--

—CHe- + PorphFe" — —CH(Fc"Porph)-

~-CH(Fe""Porph)- + O, —> -CH(OOFe"Porph)- —*
—-C(=0)- + PorphFe"-OH

Examples of “unusual” selectivity in alkane oxygenation (when a ketone is
a predominant product) have been discussed above (Gif-type systems) and will
be given below when describing alkane ketonization with peroxides and dio-
xygen. Another photooxidation of alkanes catalyzed by Fe(Ill)- or Mn(IIl)-
porphyrin occurs in the presence of a reducing agent (triethanolamine) and
photosensitizer and gives rise to the “usual” formation of a mixture of alcohol
and ketone (the ratio is in the region 0.8-2.7) [63c]. The photocatalytic
oxygenation of alkenes with dioxygen and porphyrinatoiron(Ill) complexes,
which affords allylic oxygenation products and/or epoxides, has been proposed to
involve the oxoiron(IV) complex, PorphFe'V=0, as the catalytically active
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species. This species abstracts an allylic hydrogen atom to initiate autoxidation
and “direct” oxygen-transfer reactions [63d]. For other oxygenation reactions by
photoexcited iron porphyrins see in refs. [63e,f].

Some other transition metal complexes, e.g., trifluoroacetates of palladium
and copper [64a], some platinum derivatives [64b], are known to promote aero-
bic alkane photooxidation. Mechanisms of these transformations are not clear in
detail.

The irradiation of an alkane solution in acetonitrile with visible light in the
presence of catalytic amounts of quinone and copper(Il) acetate gives rise to the
formation of almost pure alkyl hydroperoxide which is decomposed only very
slowly under these conditions to produce the ketone and alcohol [64c,d]. It has
been proposed [64d] that the first step of the reaction is a hydrogen atom
abstraction from the alkane, RH, by a photoexcited quinone species to generate
the alkyl radical R+ and semiquinone. The former is rapidly transformed into
ROOe and then alkyl hydroperoxide, while the latter is reoxidized by Cu(II) into
the initial quinone (Scheme IX. 10).

Alkanes and arylalkanes can be transformed into alkyl hydroperoxides as
well as ketones and alcohols if their solutions are irradiated in the presence of
catalytic amounts of metal oxo complexes. These complexes are hetero-
polymetalates in methylene chloride [65a], acetic acid, alcohols, acetone,
acetonitrile [65b,c], polyoxotungstate Wo0s* in acetonitrile [65d-f] or water
[65¢g] (Table IX. 10). Oxo compounds such as K;Cr,O7 in the two-phase solvent
water—1,2-dichloroethane [66a], CrO; [23], complexes (n-BusN).Cr,0, (n-
BusN),Cr;0y0 and (n-BusN)CrsOy; [66b], and UO,Cl, [66c] also catalyze the
photooxygenation of alkanes. Photooxygenation of alkanes catalyzed by
molybdenum or tungsten carbonyl begins apparently from the transformation of
the carbonyl into an active oxo species [66d,e]. Some other chromium and
vanadium complexes have been reported to be catalysts of alkane photooxidation
[66f-]].

The mechanism of aerobic alkane photooxidation catalyzed by metal oxo
complexes includes the formation of a photoexcited species which is capable of
abstracting a hydrogen atom from an alkane. The alkyl radical thus formed
rapidly adds a molecule of oxygen. An alkyl hydroperoxide is partially decom-
posed to produce a ketone and an alcohol:

1
M"=0 —%— M'-0-
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MY-0- + RH —*> M'-OH + R

Rs + 0O, —> ROO-

ROO- + M'-OH — ROOH + M"=0
M'-OH + 0, — M"=0 + H,0

CulOAc Cull(OAc),

N

H —~~ OAc—

Scheme IX.10. Selective aerobic photochemical alkane hydroperoxidation

catalyzed by the system “quinone-copper(Il) acetate”.
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Table IX.10. Photocatalytic acrobic oxidation of hydrocarbons in the presence of

metal oxo complexes.

Photocatalyst Substrate Solvent Ref.
CrO; + picolinic acid Ethylbenzene CH;CN 23
Oxometalate (NaVOs, Cyclohexane CHoCl, 65a
HiPW 2,049, NagV1002s,
N35H7M05V5030,
H3PMo0,204,
HaSiMo12040)
+ PhCH,NEt;Cl
PW 204", Alkylbenzenes CH;COOH, Me,CHOH, 65b
PMo; VO4"*, CH;OH, CH3COCH;,
PMogVs036'2 CHsOH
("BudN)YW 503, Cyclohexane CH;CN+CH.Cl, 65f
K2CryQ7 + "BuNBr Toluene CH,Cl,-H,O 66a
("BusN)CrqO13 Cyclohexane CHiCN, CH,Cl, 66b
UO,Cl, Alkylbenzenes,

alkanes CH;COOH, CH.CN 66¢

Oxidation photocatalyzed by polyoxometalates [66k] has been applied to the
fimctionalization of 1,8-cineole (structure IX-10) [661], widely distributed in the
plant kingdom. The photooxygenation of IX-10 gave a mixture of ketones and
alcohols which were transformed by the subsequent action of pyridinium chloro-

chromate into 5- and 6-keto derivatives in the rati

laser flash photolysis study of the mechanism has been carried out for the deca-

tungstate anion catalyzed reaction [66m].

(BU4N)4W10032

oIX-11 : IX-12=2.5:
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Cobalt(IlI)-alkylperoxy complexes also promote photooxidation of alkanes
[67a]. Irradiation causes homolysis of the Co-0 bond of the Co—O-O-Bu‘moie-
ties in these complexes to generate ‘BuOO» radicals. Both ‘BuOO« and ‘BuO- are
responsible for the oxidation of the C-H bonds:

[Co(BPIYOAC)(OOtBu)] —> [Co(BPI)(Oac)] + ‘BuOO-
‘Bu00- + Cy» —> 'BuOOCy

‘BuOs + CyH — ‘BuOH + Cy

‘Bu00s —* ‘Bu0O+ + %20,

2 'Bu00- — '‘BuOOQOBY’ — ‘BuOOBvu’ + 0,

Here BPI is 1,3-bis(2"-pyridylimino)isoindoline, CyH is cyclohexane. Stable final
products are formed according to the equations:

Cys + O, —* Cy00+ —* CyOH + Cy=0 + O,
Cy00e — CyOOH

Thermal aliphatic C-H bond oxygenation has been achieved by Co(Il)-
peroxo species [67b]. This oxygenation may proceed via homolysis of the O-O
bond of the Co(II)-peroxo species.

Finally, orthometalated (arylazo)aryl(acetylacetonato)palladium(Il) comp-
lexes, IX-13, can be oxidized by atmospheric oxygen to give the corresponding
acetato derivatives, IX-19, upon irradiation of their acetone solutions with even
long-wavelenght visible (A > 500 nm) light [68]. The proposed mechanism
(Scheme IX.11) includes the light absorbtion by the arylazo chromophore
("antenna") in complexes IX-13. Light energy absorbed by the transition of the
azobenzene fragment is intramolecularly transferred to the metal center. The
excited palladium ion is capable of promoting electron transfer from an
acetylacetonate ligand to produce structures IX-14 or IX-15 and the radical-like
acetylacetonyl fragment in IX-15 reacts rapidly with the molecular oxygen
present in the solvent to give peroxides IX-16, or/and IX-17, or/and IX-18.
These peroxides decompose through C-C and O-O bond cleavage, affording
complexes IX-19.
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Scheme IX.11. The mechanism proposed for the photochemical C-C bond

splitting under the action of dioxygen.
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CHAPTER X

HOMOGENEOUS CATALYTIC OXIDATION
OF HYDROCARBONS BY PEROXIDES AND OTHER
OXYGEN ATOM DONORS

long with oxidation with molecular oxygen, the reactions of hydrocarbons

and other organic compounds with peroxides, first of all with hydrogen
peroxide, are of great importance. They may be a basis for creating new
technologies for direct selective transformations of alkanes and aromatics into
valuable oxygen-containing products. It is noteworthy that despite numerous
works of iron-promoted oxidations by hydrogen peroxide there are many
questions concerning the mechanisms [1] of such processes. For example, the
following scheme of the interaction of Fe(Il) with H,O, (well-known Fenton's
reagent [2]) to produce hydroxyl radicals is adopted [1]:

Fe** + H,0, —*> F¢* + HO™ + HO-
Fe* + HO+ — Fe’* + HO™

H,0, + HO+ — H,0 + HOO

F¢’* + H;0, —> F¢* + HOO» + H'
Fe’* + HOO» —* Fe* + 0, + H'
Fe** + HOO» — Fe&'" + HOO™
HOO + H = H,0,

HOO- + HOO» — H,0, + O,

The interaction of 2,4-dimethylaniline with hydroxyl radicals generated by
Fenton's reagent can be expected to produce aminophenols:

430
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W *
NH2 NHZM
Me . e
@ Addition of HO - HO @
Me Me

However, it has been found recently [2g] that thermal or photochemically
enhanced Fenton reactions, in the presence of 2,4-dimethylaniline, yield primarily
2,4-dimethylphenol as an intermediate product, the genesis of which may only be
explained by an electron transfer mechanism:

NH, OH

@Me Electron transfer @Me
H,0

Me Me

Books [3] and reviews [1, 4] have appeared in recent years on metal-cata-
lyzed oxidations by peroxides. This chapter deals with hydrocarbon oxidations
by peroxides. We will also consider briefly oxygenations by other oxygen atom
donors.

X.1. OXIDATION BY HYDROGEN PEROXIDE

X.1.A. ALKYL HYDROPEROXIDES AS PRODUCTS
Formation of Alkyl Hydroperoxides in H,O; Oxidations ofAlkanes

One can read in many publications that various metal-catalyzed oxidations
of alkanes by hydrogen peroxide afford corresponding alcohols and carbonyl
compounds (ketones or aldehydes) which are usually determined by GC analysis.
However, it has been demonstrated [5] that H,O, oxidations of alkanes catalyzed
by FeSO4 (in MeCN-H,O in the presence of H,;S04), LMnCl [L = tetra-
kis(2,3,4,5,6-pentafluorophenyl)porphyrinate] (in MeCN-CH,Cl, in the presence
of imidazole), PdA(OCOCF;), (in MeCN), and "BusNVOjpyrazine-2-carboxylic
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acid (in MeCN) give substantial amounts of the corresponding alkyl hydro-
peroxides (in addition to usually smaller concentrations of alcohols and ketones).
The method of alkyl hydroperoxide determination by GC analysis of samples
before and after the reduction with PPhs has been used [5]. The oxidation
process was monitored by withdrawing aliquots at specific intervals and
analyzing them not only without any treatment but also after reduction with
triphenylphosphine. One of the merits of this method is the possibility to estimate
the concentration of the alkyl hydroperoxide formed from the alkane in the
presence of an excess of an oxidant (hydrogen peroxide, alkyl hydroperoxide or
metal peroxide). This very simple method was used in studies of hydrogen
peroxide oxidations (see below) as well as in oxygenations with molecular
oxygen (see, for example, [6]).

Estimation of Alkyl Hydroperoxide Content by GC Analysis of
the Reaction Solution Samples Before and After Reduction with PPhj

If an excess of solid triphenylphosphine is added to a solution of alkane (for
example, cyclohexane) oxidation products 10-20 min before the GC analysis, the
resulting chromatogram differs drastically from that of a sample not subjected to
the reduction with triphenylphosphine. After the reduction, the cyclohexanol peak
rises markedly while the intensity of the cyclohexanone peak decreases. The sum
of alcohol and ketone concentrations in the reduced sample is approximately
equal to the total concentration of products in the solution untreated with
triphenylphosphine. These results can be explained by the fact that the mixture of
products of the reaction under discussion contains cyclohexyl hydroperoxide as
the main component.

Indeed, it is known that cyclohexyl hydroperoxide is usually totally decom-
posed in the chromatograph to produce cyclohexanol and cyclohexanone:

C'C6H|1OOH — C-C6H|10H + C'C5H|00 + .. (Xl)

The cyclohexyl hydroperoxide is readily and quantitatively reduced by triphenyl-
phosphine to yield cyclohexanol:

C-C6H|)OOH + PPh3 — C'C6H11OH + OPPh3 (XZ)
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Thus, by comparing the data of chromatographic analysis of the reaction solution
before and after reduction with triphenylphosphine, the amounts of cyclohexyl
hydroperoxide, cyclohexanol and cyclohexanone present in the solution at a given
moment can be estimated.

Generally, the oxidation of cyclohexane can give rise to the formation of
cyclohexyl hydroperoxide [real current concentration in the reaction solution is
(Cpred)***"], cyclohexanol [(C,;)“**"] and cyclohexanone [(Cone)****"]. Cyclo-
hexyl hydroperoxide decomposes in the injector of the chromatograph to produce
additional amounts of cyclohexanol (the increment AC,) and cyclohexanone
(AC,ne). The ratio ® = AC,/AC,,. can usually vary in the interval ~ 0.7—1.5 and
seems to depend on the solvent, components of the solution and the chromato-
graph used. In this case:

(Cprxd)madmn = ACoI + ACone = mACone + ACane = (m+l)ACune (X3)

The value of the coefficient co can be determined for the chromatograph used and
for the solvent in which CyOOH is dissolved. By chromatography either of the
solution of pure authentic CyOOH or of the reaction solution in the initial period
of the reaction when almost pure CyOOH is present in the solution and concen-
trations of ketone and alcohol are very low.

If it is assumed that the alkyl hydroperoxide decomposition in the injector
gives the two products in approximately equal amounts, (that is AC, = AC,,,
the concentrations are

(Cored) ™™ = ACs + ACome % 2 ACqpe. (X.4)

Total concentrations of detectable stable products (cyclohexanol and cyclo-
hexanone) in the chromatogram of the sample unreduced with PPhs will be (C,; +
AC,)*"* and (Cone + ACone)*™™, respectively. Triphenylphosphine reduces the
alkyl hydroperoxide to yield, quantitatively, cyclohexanol. So the concentrations
of ol and one determined by GC in the sample treated with PPh; will be (C,; +
C,,,,td)'ed and (Cone)™, respectively. The real amount of ketone present in the
reaction mixture may thus be determined by measuring the concentration (Cone)™
of this product in the reduced sample.

(Cone)reaction — (Cone)red (X 5)
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Then, since (Cone) " = (Co))“***"/o, we can calculate the concentration of the
alkyl hydroperoxide present in the reaction solution:

(Cp’x‘i)reactmn — (Cal)md_ (Co,,e)’ed/(!) (X6)

The second way to determine the real concentrations of the products in the
solution is based on measuring values AC,; and AC,,.

ACone = (Conc)u"md_ (Cone)red (X7)
ACol — (COI)unrcd_ (Cal)rcd (X8)

Using equations (X.7), (X.8) and (X.3), it is possible to calculate (Cprma)®*“*" as
well as (Cone) ™" and (Co)“**". If the values determined by the two ways are
similar, it testifies that these concentrations are the real concentrations of the
products in the solution.

However, if there is only one channel of the o/ and one formation in the
course of the oxidation, i.e., gradual decomposition of the alkyl hydroperoxide to
produce both products again in approximately equal amounts, the concentrations
of ol and one in the chromatogram of the untreated sample should be equal. This
situation has been noticed in many cases of alkane oxidation. If the concen-
trations of ol and one, determined by GC, in the untreated sample are different, it
testifies that the real amounts of products are not equal and either the alkyl
hydroperoxide decomposes to produce predominantly the alcohol (or, on the
contrary, the ketone) or there is an additional channel leading to cyclohexanol or
cyclohexanone. This third simplified (without determination of @) method can
give relatively precise values of the real concentrations of the alkyl hydro-
peroxide (as well as cyclohexanol and cyclohexanone) only if all conditions
mentioned above are valid. For example, if the chromatogram of a solution
before the reduction exhibits two peaks of approximately equal area for
cyclohexanol and cyclohexanone, and after the reduction only cyclohexanol is
determined by the GC, these data testify that only cyclohexyl hydroperoxide is
present in the solution and its concentration can be determined precisely.

It should be noted, that the approximate equality of alcohol and ketone
yields determined in the untreated sample generally by no means can be inter-
preted as evidence for the presence of the alkyl hydroperoxide in the reaction



Oxidation by Oxygen Atom Donors 435
* »*

solution. The alkyl hydroperoxide may be decomposed in the course of a reaction
to produce approximately equal amounts of alcohol and ketone; this equality
could, in certain cases, arise through the coincidence of competitive reactions.
Only on the basis of the comparison of the chromatograms of the initial and
treated with PPh; samples, one may testify to the formation of an alkyl
hydroperoxide as well as estimate its concentration. In any case, the difference
between the chromatogams of the reaction solution samples before and after the
reduction with PPh; can unambiguously certify the formation of an alkyl
hydroperoxide in the course of the reaction. In order to determine the concen-
trations of all components of the reaction mixture in the oxidation of branched
alkanes, it is necessary to measure the ratio ketone:alcohol (coefficient w)
separately for the decomposition of each isomer of the alkyl hydroperoxide
formed. Principally, it is possible to do this if the reaction time is short enough
and only isomeric hydroperoxides are present in the solution.

In some cases, using a quartz-lined injector and quartz columns in the GC,
it is possible to find peaks due to alkyl hydroperoxides. These peaks disappear
completely after the treatment of the solution with PPhs;, while peaks of the
corresponding alcohols grow [7].

X.1.B. METAL-CATALYZED OXIDATIONS WITH H,0,

Various metal complexes catalyze efficient oxygenations of organic
compounds with hydrogen peroxide (see, e.g., [8]). Tables X.I and X.2 sum-
marize some examples of hydrocarbon oxidations with hydrogen peroxide
catalyzed by transition metal complexes.

Mechanisms of metal-catalyzed oxidations by hydrogen peroxide may be
different for alkanes and arenes as well as for different metal complexes. For
example, for the oxidation of alkanes by the complex [Ru(dmp)x(S).](PFs):
(where S = MeCN or H,0) a mechanism analogous to the “oxygen rebound”
radical mechanism, assumed for cytochrome P450 and its models (see Chapter
XI), has been proposed (Scheme X.I) [13b].

0] OH
v . v
+ RH — Ru/ R — Ru =0 + ROH
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Table X.1. Oxidation of saturated hydrocarbons or fragments with hydrogen
peroxide catalyzed by metal complexes.

Substrates

Catalyst

Ref.

Alkanes, arylalkanes

Mn-porphyrin + imidazole

9

Alkanes Mn-porphyrin + carboxylic acid + heterocyclic

base 10a
Adamantane Mn-porphyrin 10b
Cyclohexane, ethylbenzene  CrO;, ("BuiN)CrOs, ("BusN)Cr,0s,

("BuaN),CrqO13 11
Cycloalkanes Iron salts 12
Methane cis-[Ru(dmp),S2](PFe)," 13a
Alkanes cis-[Ru(dmp),S;|(PF¢)," 13b
Alkylaromatics Polyoxometalates 14a
Alkylaromatics HsPVaMo10040 14b
Alkanes [y-SiW 10 {Fe(OH,)} 03] l4c
Arylalkanes PZnMo;WyOso> 14d
Alkanes (BusSn0),CrO, 14e
Alkanes FeSO4, PA(OCOCF3),, CrOs,

LMnCl *+ imidazole 5
Alkanes V derivative + pyrazine-2-carboxylic

acid 57,15
Cyclohexane VO(PA); ¢ encapsulated into NaY

zeolite 16a
Cyclohexane Cu(1ll) complexes 17
Cyclohexane, ethylbenzene  p-Oxo diferric complexes 18a
Alkanes Iron(IT) complexes 18b,c
Cyclohexane Peroxide adduct of Fe(Il) 18d
Cyclohexane Fe-porphyrin 18e
n-Hexane Zeolite TS-1 19a,b
Cyclohexane Ti silicate 19¢
Toluenes Ce(1ll) + Br~ 20a
Toluenes Co(Il) acetate + bromide source 20b
Arylalkanes Cu(Il) nitrate on clay 21
Alkanes [LaMn;Os)(PEsh (X-1) ¢

+ carboxylic acid 16p.,q, 22

* dmp = 2,9-dimethyl-1,10-phenanthroline, S = HO or MeCN. ® L =
tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrinate. © PA = picolinic acid anion.
1. = 1,4,7-trimethyl-1,4-7-triazacyclononane.
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Table X.2. Oxidation of arenes with hydrogen peroxide catalyzed by metal
complexes.

Substrates Catalyst Ref.
Benzene a-Pyrrolidonate-bridged 23a
tetranuclear Pt complexes
Arenes (P-P)Pt(CF3)X ¢ 23b
Benzene Iron salts 24
Methylnaphthalene CH3ReOs 25a
Arenes CH:ReO; + pyrazine-2-carboxylic acid 25b
Arenes CH3ReOs 25¢
Arenes VO(OXPAYH,0), 26a
Phenol Ti silicalite 27
Phenol Metallosilicalite xerogels 28
Arenes Ti silicate molecular sieve 29
Phenol Fe(Il)-1,10-phenanthroline 30
Benzene Hexagonal silicas 31
Benzene [PMoy; VO] * 32

@ P-P = tetraaryldiphosphine, X = OH, OPh. ® PA = picolinic acid anion.

Analogously, the oxidation of alkanes catalyzed by manganese(Ill) tetra-
arylporphyrins in the presence of carboxylic acids and heterocyclic bases can
involve the formation ofa Mn(V) derivative and proceed via the oxygen rebound
mechanism (Scheme X.2) [10a].

Meanwhile, the mechanism proposed for the hydroxylation of aromatics
catalyzed by cationic complexes of platinum(Il) involves an electrophilic meta-
lation of the aromatic ring to yield platinum-aryl intermediates followed by
oxygen transfer from a platinum-hydroperoxy species (Scheme X.3) [23b].
Finally, the oxidation [26a] of aromatic compounds by hydrogen peroxide
catalyzed by the peroxovanadium complex VO(O,)(Picolinate)(H,O), is propo-
sed to occur via oxygenation of the arene by this complex, which is restored
under the action of HyO».
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H,0

H;0,

H,0

H;,0,

//O
VI
Ru
A o RH
v ROH
Ru =0
Rull

Scheme X.1. The mechanism proposed for the H,O, oxidation of alkanes,
RH, catalyzed by a Ru complex.

+
Mnlll
ROH
RH
0]
|| +
MnV

H,0, HY
]\I,Inlll
PhCOOOH
C PhCOOH
H+
H,0

O-OCOPh

i Mnlll

PhCOO—

Scheme X.2. The mechanism proposed for the H;O, oxidation of alkanes,
RH, catalyzed by Mn(IIl) porphyrins.
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~Pte,
O 2 <O

Scheme X.3. The mechanism proposed for the H,O; oxidation of aromatic
compounds catalyzed by cationic Pt complexes.

An efficient oxidation of alkanes by the reagent “0O, — H,O, - vanadium
complex — pyrazine-2-carboxylic acid” has been described [15] (the kinetics of
the cyclohexane oxidation are shown in Figure X.I). Any soluble vanadium
derivative [vanadate-anion in the form "BugNVO;, or VOSOQ., VCl;, VO(acac),]
can be used as a catalyst. The reagent also oxygenates arenes to phenols,
alcohols to ketones and hydroperoxidizes the allylic position in olefins. At low
temperatures in acetonitrile, the predominant product of alkane oxidation is the
corresponding alkyl hydroperoxide (alcohols and ketones or aldehydes are formed
simultaneously in smaller amounts). This alkyl hydroperoxide then slowly deco-
mposes to produce the corresponding ketone and alcohol. The amounts of alkyl
hydroperoxide, alkanol and alkanone were estimated by comparing the data of
chromatographic analysis of the solution before and after reduction with
triphenylphosphine (see above), as well as by directly measuring the intensities of
peaks corresponding to ROOH [15]. It has been demonstrated that atmospheric
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40 80 120 160
Time, min

Figure X.1. Kinetic curves of cyclohexyl hydroperoxide (1) formation and its
decomposition to yield cyclohexanol (2) and cyclohexanone (3) in the oxidation
of cyclohexane (0.46 mol dm™) by the reagent ‘O; — H,O, — vanadium complex
— pyrazine-2-carboxylic acid’ in MeCN at 50 (top) and 70 °C (bottom).

oxygen takes part in this reaction; in the absence of air the oxygenation reaction
does not proceed. The cyclohexane oxidation under an '*Q, atmosphere unam-
biguously showed a high degree of '*O incorporation into the oxygenated
products. Thus it may be concluded that in alkane oxidation, hydrogen peroxide
plays the role of a promoter while atmospheric oxygen is the true oxidant. The
oxidation of n-heptane by the reagent under consideration exhibits low
selectivity, C(1): C(2) : C(3) : C(4) = 1:4:4:4. This parameter is close to that
found for the oxidation of n-heptane by H,O, in MeCN under UV irradiation (1.0
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: 3.4 :3.2:3.0). Itis interesting that the oxidation of higher linear alkanes yields
some amounts of C-C bond splitting (lower alcohols, especially methanol). The
selectivities of the reactions with branched alkanes (2- and 3-methylhexane, cis-
and trans-decalin) are also very similar to those observed with hydroxylation of
the alkanes with hydrogen peroxide under UV irradiation. Methane, ethane,
propane, n-butane and isobutane can be also readily oxidized in acetonitrile by
the same reagent. In addition to the primary oxidation products (alkyl hydro-
peroxides), alcohols, aldehydes or ketones, and carboxylic acids are obtained
with high total turnover numbers (at 75 °C after 4 h: 420 for methane and 2130
for ethane) and H,0, efficiency. Methane can also be oxidized in aqueous
solution, giving in this case methanol as the product (after 20 h at 20 °C the
turnover number equals 250).

It has been proposed that the crucial step of the oxidation by the reagent
“0, - H,0, - VO;™ — pyrazine-2-carboxylic acid” is the very efficient generation
of HOe radicals [15]. These radicals abstract a hydrogen atom from the alkane,
RH, to generate the alkyl radical, Re. The latter reacts rapidly with an O, mole-
cule affording the peroxo radical, ROOe. This radical is then transformed
simultaneously into three products: alkyl hydroperoxide, ketone, and alcohol. The
relative content of the last two products is increased if the reaction temperature is
higher.

The proposed mechanism involves the reduction of V(V) by the first
molecule of H,0, to give a V(IV) derivative. The possible role of pyrazine-2-
carboxylic acid is its participation (in a zwitter-ionic form) in the proton transfer
which gives the hydroperoxy derivative of vanadium (Scheme X.4) [15p,q]. No
oxidation occurs in the absence of pyrazine-2-carboxylic acid.

Picolinic acid also accelerates the H,0, oxidations but less efficiently than
pyrazine-2-carboxylic acid. It has been demonstrated recently that the vanadium
complex with picolinic acid, VO(PA),, encapsulated into the NaY zeolite retains
solution-like activity in the liquid-phase oxidation of hydrocarbons [16a]. It is
noteworthy that pyrazine-2-carboxylic acid accelerates the hydrocarbon oxida-
tion catalyzed by CH3ReQj; [25b]. Employing a (+)-camphor derived pyrazine-2-
carboxylic acid as a potential co-catalyst in the CH3;ReQ;-catalyzed oxidation of
methyl phenyl sulfide with urea-H,O, adduct, the corresponding sulfoxide was
obtained with an e.e. of 15% [16b].
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Scheme X.4. The simplified mechanism proposed for the oxidation of
alkanes, RH, by the reagent “O, — H,O, — vanadium complex — pyrazine-2-

carboxylic acid”.
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It is interesting that oxidations of alkanes by Gif systems (see Chapter IX,
as well as certain recent publications [33]) can afford in pyridine-acetic acid

mixture, not only products of ketonization but also carboxylic acids (PA =
picolinate):

RH + Fe(PA)3 + P(OMC)3 + CO + H202 — RCOOH [34a]
RH + Fe(CO)s +H,0, —> RCOOH (34b]

and products of dehydrogenation and peroxidation (Scheme X.5) [35].

H* H,0,
Felll + H,0, — FelllO-OH — FeV=0 + H,0 ———» HO-FeV-O-OH

l

Fell_OH + O, + H*

ON O—Fev

Scheme X.5. The mechanism proposed for the peroxidation of ergosterol
acetate by HO,-FeCl; in pyridine.
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FCHLZ

FelDPAH), + O, s== (DPAH)DPA)FelVOOH 2 Felll DPA)(DPAH)

HOOH

FCHLz

Fel(DPAH), <=2 [L,FellOOH + pyH*] 2 Felll(DPA)YDPAH)

"Fenton reagent”

0, py. 2 H,0O
OOH
11
LoFe -~ + pyH’
™\ oo-

"oxygenated Fenton reagent"”

HOOC COO

FCHL2

2 Felll(DPA)(DPAH)

>
2H,0

Scheme X.6. The mechanism proposed for the ketonization of alkanes, RH,
catalyzed by iron complexes (“oxygenated Fenton chemistry”).
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Sawyer et al. have developed “oxygenated Fenton chemistry”: the iron-,
cobalt- and copper-induced activation of hydrogen peroxide (along with dioxy-
gen) for the oxidation of organic substances, especially alkanes [36]. The main
feature of these reactions is the predominant formation of ketones from cyclo-
alkanes. The ketonization is carried out in a pyridine-acetic acid solution and so
is relevant to the oxidation by Gif-type systems. For example, it has been found
that the combination of Fe(DPAH), (DPAH, = 2,6-dicarboxypyridine) and
dioxygen in a pyridine-acetic acid (2:1) mixture results in rapid autoxidation to
produce hydrogen peroxide and the complex Fe(DPA)(DPAH). The hydrogen
peroxide thus formed reacts with an excess of the starting iron(Il) compound to
yield “a Fenton reagent”, [(DPAH),-FeOOH + pyH']. This species adds
dioxygen and then attacks a cyclohexane molecule to produce cyclohexanone as
shown in Scheme X.6. It should be noted, however, that according to the results
obtained by Ingold et al. [37a] and Walling [37b], “oxygenated Fenton che-
mistry” in organic solvents (and by implication in water) involves simple free-
radical-mediated chemistry. It is not radical-free as Sawyer has suggested [37a].

Recently, a highly efficient alkane oxidation has been described [15p,q, 22]
for the system consisting of hydrogen peroxide, the manganese(IV) salt
[L:Mn2O5](PFe), (X-1) (L = 1,4,7-trimethyl-1,4-7-triazacyclononane) as the
catalyst, and a carboxylic acid as an obligatory component of the reaction
mixture (Scheme X.7).

0, + H0

(in the absence of CH;COOH)
Catalyst: X-1, CH;CN
RH + H,0, CH;COOH;

/ \
<\ N _o ,N/> 7\
Voo TV ROOH + R-OH + R'=0

Me—N "‘I’VIH\ /MI!"" 'N—Me (PF6)2

X-1

Scheme X.7. Different routes of the alkane oxidation by H,O; catalyzed by
complex X-1 in the absence and presence of acetic acid.
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Higher and light (methane, ethane, propane, normal butane and isobutane)
alkanes can be easily oxidized by this system at room temperature, at 0 °C and
even at —22 °C if acetonitrile (or nitromethane) is used as a solvent. Turnover
numbers of 3300 have been attained and the yield of oxygenated products is 46%
based on the alkane. The oxidation initially affords the corresponding alkyl
hydroperoxide as the predominant product, however this compound decomposes
later to produce the corresponding ketones and alcohols (see Figure X.2 [15p,q]).

yyi
mol dor3 44
CH3;-CH-CH;
0.04 — I(I)
0.03 —
CH3-CH-CH3
D
0.02 — OOH }(
001 — CH3-CH—CH;
C
WA .
0.5 1 1.5 2 16 21
Time, h

Figure X.2. Kinetic curves of the formation of 2-propyl hydroperoxide, 2-
propanol, and acetone from the oxidation of propane (1 bar) by the system “H,O,
(0.5 mol dm™) — complex X-1 (1.0 x 107" mol dm™) — acetic acid (0.25 mol
dm™Yy” in MeCN at 0 °C.

Regio and bond selectivities of the reaction are high: C(l) : C(2) : C(3) :
C4) =1:40:35:35and 1°:2°:3°is 1 : (15-40) : (180-300). The reaction
with cis- or trans- isomers of decalin gives (after treatment with PPh;) alcohols
hydroxylated in the tertiary position with a cisltrans ratio of ~2 in the case of
cis-decalin, and of ~30 in the case of trans-decalin (i.e., in the latter case the
reaction is stereospecific). The authors [15p,q, 22] believe that the alkane
oxidation by the system under consideration begins with hydrogen atom
abstraction from the alkane by an oxygen-centered radical or radical-like species.
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The active oxidant is probably a manganese complex, possibly an oxomanganese
species, and the reaction occurs in a cage or via an “oxygen-rebound mecha-
nism”, both these routes would afford products with retention of stereochemistry.
Further, alkyl radicals (Re) that escape from the solvent cage react with dioxygen
to generate ROOe and subsequently ROOH with some loss of stereochemistry.
An alternative route, abstraction of the alkane H atom by a species Mn—00- to
produce Re and Mn—OOH, followed by the interaction of the two latter particles
to give ROOH with retention of configuration cannot be excluded.

X.2. OXYGENATIONS BY ALKYL HYDROPEROXIDES

The oxidation of saturated hydrocarbons by alkyl hydroperoxides catalyzed by
various metal complexes yields alcohols, carbonyl compounds (ketones and
aldehydes) and peroxides. Examples of recent works devoted to these reactions
are given in Table X.3. Usually fert-butyl hydroperoxide is employed for these
oxidations. Other hydroperoxides, e.g., cumyl hydroperoxide [38a, 42a], have
been also reported to oxygenate alkanes.

Scheme X.8 illustrates the proposed [53] mode of alkane oxidation with
both peroxo and oxo groups bound to chromium(VI). This scheme also shows a
possible way to regenerate an active Cr(VI) species starting from Cr(IV).

It has been shown [54] that the complex VOf{acac), under the action of
alkyl hydroperoxide, ROOH, is initially transformed into the alkylperoxo comp-
lex VO(acac);OO0R and the alkoxo complex VO(acac);OR, which further decom-
poses to yield VO(OR); and two other vanadium(V) species (an alkylperoxo
complex X-2 and an alkoxo complex X-3). Complex X-2 does not react directly
with cyclohexane, but produces a free radical:

—_—

VYO(OOR) == VYO + ROO-

The peroxo radical thus formed initiates the oxidation of cyclohexane.

The complex [Fe(PMA)J*" also efficiently catalyzes the oxidation of alkanes
with tert-butyl hydroperoxide in acetonitrile at room temperature [55]. The
mechanism proposed by the authors for this reaction involves the formation of
free alkyl radicals and their subsequent reaction with O, (Scheme X.9). The
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cyclohexanol and cyclohexanone in equal amounts, along with molecular oxygen:

2 R,CHOO-

J—
_—

—_

R,CHOOOOHCR;

R2CHOH + RzC:O + 02

Table X.3. Hydrocarbon oxidation with fert-butyl hydroperoxide catalyzed by

metal complexes.

Substrates Catalyst Ref.
Alkanes RuCl,(PPhj)s 38a
Cyclohexane [RuLO»(CF3CO,)]ClO4 ° 38b
Alkanes Ks[Ru(H,0)PW;,03) 39a
Cyclohexane, adamantane Transition-metal-containing 39b
heteropolycomplexes
Benzylic C-H CrOs 40
Cyclohexane Co(III) complexes 4la
Nitriles VO(OAc), 41b
Cyclohexane Fe(TPA)® complexes 42
Cyclohexane Fe biomimetic complexes 43
Alkanes, arylalkanes Gif conditions 44
Cyclohexane Binuclear Fe and Mn oxo-bridged complexes 45
Cyclohexane Fe(Il) and Cu(ll) complexes 46a
A’-Steroids Cu(II) and Cu(l) salts and Cu metal 46b
Cyclooctane Cu and Co complexes of 46¢
tetraazacyclotetradecane bearing highly
fluorinated tails
Cyclooctane, adamantane Mn carboxylates 47a
Alkanes [Mn304(dipy)a(OH2)2J(Cl04)a 47b
Cyclohexane etc. [Mn(bipy);](BFa), 47c
Alkanes Mn clusters 47d
Ethane M 02(O,CPh)Abipy) 47¢
Alkanes, arylalkanes Polynuclear Mn Schiff base complexes 48
Cyclohexane Binuclear Mn and Fe complexes 49
Cycloalkanes Mn?"-exchanged clay catalyst 50
Benzylic C-H VAPO-S s1
Cyclooctane Ru colloids 52

® L = NN N-trimethyl-1,4,7-triazacyclononane. ® TPA = tris(2-pyridyl-

methyl)amine.
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Scheme X.8. The alkane oxidation by alkyl hydroperoxide catalyzed by
chromium oxo complexes.

In conclusion, it is useful to cite the papers by Meunier [56]:

“..many hydroxylation reactions with alkyl hydro-
peroxides in the presence of transition-metal complexes
are not due to a metal-centered active species, but to a
free-radical process initiated by ROe”

and by Ingold et al. [37a]:

“We urge all investigators who would like to claim that
tert-butyl hydroperoxide-derived high-valent metal-oxo
species are the effective oxidizing agents in their systems
to check that the mechanistic probe hydroperoxides we
have described yield the same results as fert-butyl
hydroperoxide before they draw any mechanistic con-
clusions”.
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[FellPMA)]2+ + fByOOH —* [(PMA)Felll-O-O Bu+

l Homolysis of O-O bond

[(PMA)Fell-Os}* 4 fBuO»

l
[(PMA)Fe IV =O]+

BuOOH

CyH + tBuOOH
l BuQOH

[(PMA)Fell-OH |+ + fBuOO+ fBuOO+ + Cy» — /BuOOCy

r 72+
K\Hz
[Felll(PMA)]2+- /‘4 N— Fe— N
Lo \H

Scheme X.9. The alkane oxidation by alkyl hydroperoxide catalyzed by the
iron complex [Fe(PMA)J*".

The formation of free radicals in alkane oxidations by ‘BuOOH, for example, via
a route:

Fe(Il) + ‘BuOOH — Fe(lll) + ‘BuO+ + HO™
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which are responsible for the free radical initiation process, has also been
proposed in the papers by Minisci [44] (for the "Gif catalysis") and Fish [43]
(for the oxidations in the presence of "biomimetic methane monooxygenase
enzyme complexes").

X.3. OXYGENATIONS BY PEROXYACIDS

Soluble derivatives of various metals catalyze the alkane oxidation by peroxy-
acids (or by H;0; in strong acids as solvents). Examples of these reactions are
summarized in Table X.4.

The mechanism proposed for the rhodium-catalyzed oxidation of alkanes
with H,0Q; in trifluoroacetic acid is demonstrated in Scheme X.10 [56], The
rhodium oxo derivative is assumed to be a key intermediate in this process.

H,0

H,0, + CF3COOH2‘ CR:C000H  « e,
/
S el — = RO
) )

HY CF,C00-

R-OH R-H

Scheme X.10. Rhodium-catalyzed oxidation of an alkane by H,O; in
CF;COOH.

X.4. OXIDATIONS BY OTHER OXYGEN ATOM DONORS

Some oxygen-containing oxidizing reagents, A=0O, can functionalize
hydrocarbons in the presence of transition metal complexes (see, for example,
[62]). Usually the oxygen atom transfer from an oxidizing reagent to a metal-
complex catalyst, M, gives rise to the formation of a high-valent oxo complex.
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Table X.4. Hydrocarbon oxidation by peroxyacids catalyzed by metal complexes.

Substrates Oxidant Catalyst Ref.

Alkanes H,0,-CF;COOH [RhsO(OAc)s(H20)3]0Ac 56
ha(OAC)4, RhCl],
Rh(acac)s, RhCI(PPh;)s,
Pd(OAC)z, RuClg,
HthC]s, FeClg

Alkanes Peroxyacetic acid Ru derivatives 57

Adamantane, m-Chloroperoxybenzoic  Ru complexes 58

cyclooctane, acid

ethylbenzene

Alkanes H,0,—CF;COOH Vanadium derivatives 59

Cyclohexane, m-Chloroperoxybenzoic ~ Fe p-oxo-di-p-acetate 60

methylcyclo- acid complex

hexane,

adamantane

Cyclohexane Peroxy acids Binuclear Mn and Fe 49
complexes

Alkanes Peroxyacetic acid, [LaMn;04](PFe); (X-1) ¢ 16p,q, 22

m-chloroperoxybenzoic  + carboxylic acid
acid
Alkanes Hy0,—CF;COOH Cu complexes 61

“L = 1,4,7-trimethyl-1,4-7-tnazacyclononane.

This complex then is capable of oxidizing the alkane, RH, for example, via the

"oxygen rebound" radical mechanism:

A=0 + M —> A + M=0

M=0 + RH —

[M—OH Re]

—> M + ROH
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Table X.5. Oxidation of hydrocarbons with iodosylbenzene catalyzed by metal

complexes.

Catalyst Substrate Ref.
Manganese porphyrins Alkanes 63a
as insoluble zinc phosphonates

Metalloporphyrins; soluble and Cyclohexane 63b—d

on imidazole propyl gel

Iron porphyrin

Iron porphyrins

Iron porphyrins

Iron porphyrin
Manganese porphyrin

MnLy(u-OAcy)* (L:
N,N'-dimethyl-N, N"-bis(2-pyri-
dilmethyl)ethane-1,2-diamine

Mn-Salen complex

Chiral Mn-Salen complexes
Chiral Mn-Salen complexes
Chiral Mn-Salen complexes
Racemic Mn-Salen complexes
Ru(I) diphosphino complexes

PaW 706 (M™ Br)? !V (M™ =
Mn*, Fe¥, Co®, Ni¥", Cu®")

Cr0s, VOCl,

a-Alkylbenzyl alcohols (to form C-H  64a
and C-C bond cleavage products)

Alkanes 64b
Cyclohexane 64c
Cyclohexane 64d
Cyclohexane 65a
Cyclohexane, adamantane 65b

2,3-dimethylbutane

Benzylic C-H bond 66a
Meso-Pyrrolidine derivatives 66b
Benzylic C-H bond 66¢
Alkanes 66d
Benzylic C-H bond 66e
Adamantane, hexane 67a
Cyclohexane, heptane, 67b
adamantane

Cyclohexane, ethylbenzene 67c
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Table X.6. Oxidation of hydrocarbons with monopersulfate (HSOs") catalyzed
by metal complexes.

Catalyst Substrate Ref.
Mn porphyrins Ethylbenzene 68a
Metalloporphyrins 4-(1-Hydroxy-1-methylethyl)benzoic ~ 68b
acid
Mn porphyrins Alkanes 68¢
Mn, Fe porphyrins 2-Methylnaphthalene 68d
SiRu(H20)W,, 03> Adamantane, cyclohexane 69a
Ru complexes Ethylbenzene 69b

Examples of hydrocarbon oxidations by some oxygen atom donors which
are catalyzed by metal complexes are given in Tables X.5, X.6, and X.7.

Highly efficient oxygenation reactions have been described by Higuchi,
Hirobe and Nagano [74]. Alkanes and other C-H compounds can be oxidized by
aromatic jV-oxides (usually by 2,6-dichloropyridine N-oxide) under catalysis with
ruthenium porphyrin complexes in the presence of strong mineral acids. The
oxidation of adamantane under mild conditions gives a turnover number of up to
120000. The reaction occurs via the mechanism depicted in Scheme X.11 [74b]
and allows for the hydroxylation of steroids with retention of configuration at the
asymmetric center, giving novel steroids (Scheme X.12) [74d].

It is important to note that alkane oxidation reactions by various oxygen
atom donors in cases when a metal-complex catalyst is a metalloporphyrin (or
even any other complex) can be considered to be a model for biological
hydrocarbon oxidation. The next chapter will be fully devoted to the oxidations
of alkanes and arenes in living cells and modeling these processes using metal
complexes.
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Table X.7. Oxidation of hydrocarbons with various oxygen atom donors

catalyzed by metal complexes.

Oxygen atom donor  Catalyst Substrate Ref.

Sodium percarbonate (n-BuiSnO)CrO, Benzylic methylene groups 70a

(Na2003' 1 .5H202)

Magnesium Mn porphyrins Alkanes 70b

monoperoxyphthalate

Magnesium Fe porphyrin 1,2-Dimethoxyarenes 70c

monoperoxyphthalate

NalO4 SiRu(H,0)W ;056> Adamantane, cyclohexane 7la

LiClO4 Ru(Il) complexes Adamantane, decane, 71b

cyclohexane

HC104 Polyphenylferrosiloxane 1,4-Dimethylcyclohexane  71c

Hypochlorite RuCly Substituted xylenes 72a

KBrO; Ce salts Alkyl benzenes 72b

Me:NO L,Cu® Aromatics 73

2,6-Dichloropyridine Ru porphyrins C-H Compounds 74

N-oxide

2,6-Dichloropyridine Ru pentafluoro Alkanes 75

N-oxide phenylporphyrin

(Ad=Ad +'0y)* metalloporphyrins Adamantane, cyclohexane 76a

XeOs CrOs; Mn, Fe Benzene, alkylbenzenes 76b
porphyrins

Ozone Fe porphyrins Ethylbenzene 76¢c

° L: 2-(N-amido)-4-nitrophenolate. * Ad=Ad: adamantalydeneadamantane;

'0,: singlet oxygen.

455



456 CHAPTER X (Refs. p. 458)

HO-

HCI N

I\
R-OH X L’ X

|

o

g

<
J—
“+

v
—EI
<

J—

+

Scheme X.11. The mechanism proposed for the hydroxylation of alkanes,
RH, by aromatic N-oxides under catalysis with ruthenium porphyrin complexes
in the presence of strong mineral acids.
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!
OH
OH OH
)
(@) 0O
OH
OH
0 0 0

Scheme X.12. The hydroxylation of 5o-cholestan-3-one by 2,6-dichloro-
pyridine N-oxide catalyzed with ruthenium porphyrin.
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CHAPTER XI

OXIDATION IN LIVING CELLS AND ITS CHEMICAL MODELS

O ne of the main pathways of alkane functionalization is their oxidation. In
the living nature, this problem has been successfully solved in two ways:

through aerobic oxidation, which involves molecular oxygen, and anaerobic

oxidation. The corresponding natural enzymic systems still remain unsurpassed

in regards to the rate and the selectivity of alkane oxidation. Alkanes, arenes and
other organic compounds can be surprisingly easily oxidized by dioxygen in the
cells of bacteria, fungi, plants, insects, fish, and mammals, including man. Some
recent examples of various biotransformations (see, e.g., references [1-10]) in-
cluding biodegradations of poisonous compounds [11-13] are shown in Schemes
XLI and XI.2.

Therefore, the biomimetic approach, that is the creation of chemical ana-
logues of enzymes, seems to be especially promising in this respect. The creation
of chemical models of the enzymatic oxidation of alkanes and arenes makes it
possible not only to understand its mechanisms better, but also to develop what
are likely to be fundamentally new processes for the conversion of the hydro-
carbon raw material.

The current views about aerobic biological oxidation of alkanes and arenes
involving various oxygenases. Its chemical simulations are discussed in this
chapter, which gives only a brief survey of the most recent data for biological C-
H activation and hydrocarbon oxidation. It is noteworthy that, somewhat unex-
pectedly, important and profound analogies exist between chemical activation by
metal complexes and biological C-H oxidation. It is necessary to note that many
books [14] and reviews [15] have been devoted to enzymatic oxidations and
processes that more or less closely model these oxidations.

The term “monooxygenases” is generally applied to the group of enzymes
catalyzing the hydroxylation of C-H compounds by molecular oxygen. Monooxy-
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Scheme XL1 (part 1). Examples of hydrocarbon biotransformations which
occur in the living cells of various organisms as well as under the action of some
enzymes. Reference numbers are in brackets.
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Scheme XL1 (part 2). Examples of hydrocarbon biotransformations which
occur in the living cells of various organisms as well as under the action of some
enzymes. Reference numbers are in brackets.
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genases can induce the insertion of only one oxygen atom from O, into the C-H
bond, while the second oxygen atom is reduced with formation of water:

I |
—(lz—H + 0, + AH, — —?—0H+ H,0 + A

In this case the enzymes are referred to as monooxygenases. The hydrogen
donors AH, are NADH, NADPH, the ascorbate anion, and other biological
reductants. In virtually all the biological oxidations of hydrocarbons, hydro-
xylation is preceded by the activation of oxygen on the metalloenzyme. Many
monooxygenases contain metals as constituents, namely iron and copper. Two
equivalents of a reducing agent, which is needed for the monooxygenase cycle to
be accomplished, come from an organic component that must always be present
in the system. The role of this compound is to transfer electrons to the metal
atom of the enzyme, which passes into the reduced state, and thereby acquires the
ability to react with molecular oxygen and activate it for further interactions with
alkanes. Hence, according to the current concepts, activation of molecular
oxygen resulting in the formation of metal peroxo- and oxo-complexes is the
basic mechanism of the catalytic effect of monooxygenases. The chemistry of
these complexes and their reactions with alkanes have attracted the keen attention
of investigators in the past decade.

The group of enzymes called dioxygenases can oxidize substrates, XH,
according to the equation:

XH + 02 —_— X(Oz)H

Dioxygenases can incorporate the two oxygen atoms into separate substrates
(intermolecular dioxygenases) or into a single molecule (intramolecular dioxy-
genases) [16a].

The monooxygenases of the bacterium Pseudomonas putida hydroxylate
camphor, while the monooxygenases from mitochondria and microsomes in the
adrenal cortex cause the side chain of cholesterol to be split off with subsequent
hydroxylation of the saturated C-H bonds. In the presence of liver microsomes,
alkanes and aliphatic acids are hydroxylated predominantly at the terminal ()
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carbon atom. The C-H bonds at the neighboring (w-1) carbon atom of the
aliphatic chain are much less reactive. Thus the oxidation of decanoic acid
results in the formation of 92% of 10-hydroxydecanoic and 8% of O9-
hydroxydecanoic acid. Since the oxidation in the ®-and (e-1)positions is inhi-
bited by carbon monoxide to different extents, presumably the C-H bond
activation processes in these positions are catalyzed by different monooxyge-
nases. At the same time, monooxygenases are known (for example those isolated
from rat liver microsomes) which hydroxylate alkanes with the “usual”
selectivity (thus 1°:2°:3°=1: 154 : 113 for isopentane). In many cases, the
characteristic feature of the oxidation in the presence of monooxygenases is the
retention of the configuration of the substrate. The hydroxylation of aromatic
compounds proceeds as an electrophilic substitution (the ratioo : m : p =59 : 13
: 28 for toluene) and is accompanied by the so-called NIH shift. This pheno-
menon, consisting of the transfer of a hydrogen (deuterium) atom to a neigh-
boring position relative to that at which hydroxylation takes place, is depicted

below:
—» JEE
Cytochrome
P450

XI.1. HEME-CONTAINING MONOOXYGENASES

Many oxygenases contain the heme prosthetic group which usually is protoheme
IX (Scheme XI.3). For example, similarly to other porphyrin metal complexes,
four coordination sites in the iron involved in the active center of cytochrome
P450 are coupled by nitrogen atoms from the porphyrin molecule. The fifth
position is ocuupied by a sulfur atom from the cyctein molecule. This distinguish
cytochrome P450 from hemoproteins involved in other enzymes, such as
catalases and peroxidases (where the fifth position is occupied by a nitrogen
atom of the histidine molecule).
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Scheme X1.3. Structure of protoheme IX.

XI.1.LA CYTOCHROME P450

Among monooxygenases, the suprafamily of cytochrome P450 has been
known for the longest time. Cytochrome P450 is a widely distributed enzyme in
living nature. It is capable, in particular, of oxidizing alkanes, arenes, and their
derivatives (for example, prostaglandins and aliphatic acids). Some examples of
oxidations in the presence of this enzyme are shown in Scheme X1.4. Cytochrome
P450 also catalyzes the epoxidation of alkenes, O- and N-dealkylation, and other
reactions. About 500 representatives of the cytochrome P450 suprafamily are
currently known. They differ from one another in the structure of their globular
protein in the region of the active center, but have identical prosthetic groups.
Cytochrome P450 is the component of a multienzyme system which also contains
electron transfer enzymes. In mitochondria and most bacteria, electrons are
transferred from NADH and NADPH to the enzyme by FAD-dependent
reductase via iron-sulfur ferredoxin. In systems of the microsomal endoplasmic
reticulum devoid of Fe,S;-ferredoxin, the electrons are transferred from NADPH
by cytochrome P450 oxidoreductase, a flavoprotein that contains FAD and
FMN.

A number of books [17] and reviews [18] provide a description of cyto-
chrome P450. Also see recent papers devoted to its reactions [19], theoretical
studies [20], and mechanism of action [21], as well as certain biochemical
investigations [22].
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Scheme XI.4. Examples of oxidation by cytochrome P450. Reference num-
bers are in brackets.
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The catalytic cycle proposed for alkane oxidation by dioxygen in the
presence of cytochrome P450 is shown in Scheme XI.5. The oxidation of an
alkane, RH, includes at least eight steps. The formation of the complex XI-2 in
the first step converts cytochrome P450 from the low-spin form into the high-
spin form. Reduction takes place in the second step of the process, after which a
dioxygen molecule is coordinated to iron(II) atom.

The X-ray structure of cytochrome P450 is known for camphor hydro-
xylating P450.,, with and without the substrate. The structure confirms that the
iron atom of the porphyrin ring is open to O, addition and activation and the
substrate molecule is in close vicinity to the iron core to be directly involved in
C-H hydroxylation. An X-ray diffraction analysis of the complex of myoglobin
with dioxygen showed that oxygen was coordinated in such a way that the
molecular axis of O; forms an angle of 120° with the plane of the porphyrin ring
(Pauling’s structure XI-4). The fourth and fifth steps terminate with the
reduction of the complex and the elimination of a water molecule. This results in
the formation of the oxenoid XI-6. The sixth step consists in the cleavage of a C-
H bond in the substrate molecule. Transfer of the second electron to oxycy-
tochrome P450 results in the formation of an Fe*'0,> or Fe**0Q,> species. In the
absence of a substrate, decomposition of these species yields a superoxide, the
rate constant being 29 min™'. Binding of a substrate with the enzyme inhibits this
process; the rate constant for the formation of oxidation products is about 30
min~' and it changes depending on the nature of the substrate and the enzyme.
The intermediate steps following the oxycytochrome reduction occur too fast for
the intermediates to be detected by spectral methods. The mechanism of
transformation of the substrate—reduced oxycytochrome complex is the least
understood in the catalytic cycle of cytochrome P450. It is usually assumed that
the known oxidation products are formed through heterolytic or homolytic
cleavage of the O-O bond in the iron peroxo-complex. Different versions of this
mechanism agree only with certain parts of the experimental data available.
Presumably, the operation of a particular mechanism depends on the nature of

the substrate and the enzyme.

Most of investigators postulate the pentavalent iron oxene complex, P450-
Fe'=0, as the direct oxidant of a substrate by analogy with the reactive
intermediates of the catalytic cycle of peroxidase, which have the oxoferryl
group, Fe''=0, in their active center. However, the Mossbauer and Raman spec-
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Scheme XLS. The catalytic cycle proposed for alkane oxidation by O,
promoted by cytochrome P450 (PP;: NADPH-cytochrome P450 reducatase;, PP,
NADH-cytochrome bs reductase; S: cysteine residue).
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tra of cytochrome P450 recorded under catalytic conditions suggest the presence
of iron-superoxide structures similar to oxyhemoglobin HbO,", but different from
the ferryl species of peroxidase. Probably the superoxidecomplexes are formed as
intermediate products in the activation of oxygen on cytochrome P450. Unfor-
tunately, the iron oxene species postulated for the catalytic cycle of cytochrome
P450 has not been identified yet by any of the existing physical methods. At the
same time, the oxene species in peroxidase systems are relatively stable well-
characterized intermediates. The formation of reactive species in the conversion
of H,0, by peroxidase occurs under conditions of acid-alkaline catalysis in the
imidazole fragment of histidine localized in the distal region of the enzyme heme.
In contrast to peroxidase, thiolate is the proximal ligand of the cytochrome P450
heme. Presumably, the effect of the thiolate ligand and the presence of a substrate
in close proximity to the reactive oxygen of cytochrome P450 decrease the
lifetime of the active species and prevent their registration.

According to calculations, the P450-Fe=0 complexes must be electrophilic.
In practice, the reactions catalyzed by this enzymic system suggest either the
electrophilic or the nucleophilic character of the reactive species. The role of the
nucleophile in the catalytic cycle of cytochrome P450 can be played by iron
peroxide, whereas iron oxene and iron hydroperoxide (or hydroxide) are the
possible candidates for the electrophilic reactive intermediates. Electron density
calculations demonstrate that the oxygen atom that is directly bound to the heme
in peroxo-ferryl complexes with thiolate ligands, bears a partial positive charge,
whereas the external oxygen atom bears a partial negative charge. It may thus be
assumed that peroxo-complexes function as monooxygenating species. The cata-
lytic activity of ferrocytochrome P450.,, with superoxide is additional evidence
in favor of this hypothesis. The peroxo intermediate is regarded as a direct
oxidant in the oxidation of lauric acid and in the oxidative deformylation of
aldechydes by aromatase. However, the formation of epoxides in these reactions is
inconsistent with reactive peroxide or superoxide intermediates and attests to the
involvement of oxene species. Thus the nature of monooxygenating reactive spe-
cies in the catalytic cycle of cytochrome P450 is still open to discussion.

XI.1.B. OTHER MONOOXYGENASES

Secondary amine monooxygenase (SAMO) from Pseudomonas asino-
vorans catalyzes the oxidative N-dealkylation of secondary aimines [16a]:



Oxidation in Living Cells and Its Models 477
* *

(CH;),NH, + NADPH + O, + H' —*
CH;NH; + NADP" + HCHO + H0

Like peroxidase, and unlike cytochrome P450, SAMO contains the imidazole
moiety of hystidine in the fifth axial (proximal) position of the heme; however,
similarly to cytochrome P450, it oxygenates the C-H bonds of methylamines.
The intramolecular kinetic isotope effect (KIE) observed for the methyl group of
1,1,17°,1"-tetradeuteriodimethylamine (1.7) is close to the KIE for the analogous
reactions of cytochrome P450 and chloroperoxidase. Heme-containing chloro-
peroxidase and dehaloperoxidase catalyze the halogenation of phenols and deha-
logenation of halophenols, respectively [23a], as well as the halogenation of
activated C-H bonds [23b].

XI1.2. NONE-HEME IRON-CONTAINING MONOOXYGENASES

Non-heme iron-containing monooxygenases, such as methane monooxygenase
and -hydroxylase, analogously to cytochrome P450, can transfer the oxygen
atom from molecular oxygen to the C-H bonds of alkanes [24].

XI.2.A. METHANE MONOOXYGENASE

The enzymes isolated from methane oxidizing bacteria are known under the
general name of methane monooxygenases (MMO) [25, 26]. The oxidation takes
place in accordance with the equation:

CH, + O, + NADP)H + H' —%

CH;OH + NAD(P)" + H,0

Depending on the growth conditions, the enzyme can exist both in the
membrane-bound and the cytoplasmic (soluble) form. Water-soluble MMO from
Methylococcus capsulatus has been studied in the most detail. Methane mono-
oxygenases catalyze the oxidation of alkanes, methane showing the highest
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activity among them in this reaction [27]. The rate of oxidation falls on going
from methane to butane. Specific activity (milliunits/mg) [28a] for higher alkanes
is the following: pentane (22), hexane (16), heptane (12), neopentane (8), 2-
methylpropane (33), 2,3-dimethylpentane (20), and adamantane (3). Aromatic
hydrocarbons are not oxidized. It has been shown [28b] that MMO isolated from
Methylococcus capsulatus contains 4 atoms of non-heme iron and 1 atom of
copper per molecule with a molecular weight of 240000. The enzymes also
include cytochrome ¢, but its presence does not influence the activity of MMO.
The active center of MMO contains a binuclear iron complex [28c—f]. X-ray
structural analysis has confirmed the binuclear structure of the MMO active
center. One of the methane oxygenation mechanisms [29] proposed for this
binuclear MMO center is similar to that of cytochrome P450 hydroxylation and
involves hydrogen abstraction preceding hydroxylation (Scheme XI.6).

A theoretical study of the three possible oxygen coordination modes, p-
n'm'-0.>, -0, and p-n*n*-0,% of Fey(n-OH)(u-OOCH)(OH)s has been car-
ried out [29g]. The calculations suggested that the p-n'm'-0,> mode is the most
favorable.

H H
I' Fe" o Fe - "“ o Fe o I.'I"‘ Fe"‘... ..... 't Fe o
~ \o—o7/ N - \\g// M 72
0, ¢ : :
‘/() \ /O (,\ O/(,)
Nt CH cH
pnlinl-02- p-Ox2™ u-n2m2-0,2-

According to Shteinman’s concept [30], activation of dioxygen occurs with
the formation of p-n*m*peroxide as a result of laterial binding of the O,
molecule. This intermediate is further converted into the bis-p-oxo-Fe'",
intermediate, which reacts with methane and is an alternative to ferryl. Unlike
ferryl, the oxygen atom in this intermediate occupies the bridging position
between two iron atoms and thus ensures its more efficient stabilization. The
interaction of the oxygen atom of the bis-u-oxo-Fe'";intermediate with the C-H
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The active site of MMO

Homolytic cleavage of peroxide

Scheme XL6. The catalytic cycle proposed for alkane oxidation by O, pro-
moted by the binuclear methane monooxygenase center.

bond of methane, which has the smallest length, allows an additional nucleophilic
assistance ofthe second O-bridge.
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The transient kinetics of the reduced Fe"Fe" hydroxylase reaction with
dioxygen was studied by Lipscomb et al. and by Lippard et al. Three
consecutive intermediates, termed compounds P, Q and T, were identified during
one catalytic cycle of the MMO in the work for Methylosinus trichosporium
OB3B. The colorless intermediate P is formed immediately after mixing of
reduced hydroxylase with O,and then slowly transforms into the colored inter-
mediate Q. Substrates were found to have little effect on the rate of compound Q
formation, but they greatly accelerate their decay. The decay rate depends upon
both the concentration and the type of substrate present. Therefore compound Q
may be the activated form of the enzyme that leads directly to substrate
hydroxylation or its immediate precursor. The compound Q was trapped by the
rapid freeze quench technique and characterized by Mossbauer spectroscopy.
The results indicate that the iron atoms of compound Q are in Fe'¥ oxidation
level. The spectra recorded at 4.2 and 50 K show that Fe' sites of compound Q
are diamagnetic and the Fe'' spectrum originates from clusters containing two
indistinguishable coupled iron atoms. A huge kinetic isotope effect (50-100) was
reported [31] for the reaction of Q with CH4 as compared with CD4 and proton
tunneling was proposed for the explanation. It is interesting that ku/kpis only ca.
4 for ethane (C;Hg vs. C;Ds)

Studies by Chan and Floss et al. [32a] with another kind of MMO, the so-
called particulate form pMMO from Methylococcus capsulatus (Bath) (which is
membrane bound and contains copper), confirmed that the rate controlling step of
methane hydroxylation has a very high KIE, while ethane produces only a
moderate KIE. The data obtained in this work “point to a mechanism in which
C-H bond cleavage is preceded by bond formation at the alkyl carbon, i.e., one
proceeding through a pentacoordinated carbon species” [32a].

Floss and Lippard et al. [32b] studied the oxidation of tritiated chiral
alkanes by soluble MMO from Methylococcus capsulatus (Bath). The product
alcohol displayed only a 72% retention of stereochemistry at the labeled carbon
for (S)-[1-°H,,1-H]ethane and (R)-[1-’H,,1-’H]ethane. These results are best
accounted for by a nonsynchronous concerted process, which is shown conventi-
onally in Scheme XI.7 with intermediate Q depicted as a diiron(IV) dioxo spe-
cies. The alkane molecule can be doubly activated by one iron and its bound
oxygen atom, thus leading to retention.
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Scheme XL7. The oxidation of tritiated chiral alkanes by soluble MMO.

Many other recent works have been devoted to the mechanisms of
oxidations catalyzed by non-heme monooxygenases [33]. See also a special issue
of Journal of Biological Inorganic Chemistry (JBIC) containing papers on the
mechanism of methane monooxygenase [30d, 34].

XI1.2.B. OTHER NONE-HEME IRON-CONTAINING OXYGENASES

Toluene monooxygenases catalyze the transformation of toluene into o-, m-,
and p-cresoles. These enzymes can also oxidize other hydrocarbons. The active
center of toluene monooxygenase is comprised of two irom atoms linked together
by a hydroxyl bridge. Toluene monooxygenase catalyzes the oxidation of
substrates by either molecular oxygen in the presence of a reducing agent or
H;0; [35].
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w-Hydroxylases, which contain one iron atom in their active center, mediate
targeted hydroxylation of the methyl group of n-alkyl chains of various
compounds including alkanes. Non-heme «-hydroxylase from Pseudomonas
aeruginosa oxidizes n-alkanes into the corresponding acids via the primary
alcohols [36]. The efficiency of oxidation is lower for branched alkanes. The
methyl group in 1,4-dimethylcyclohexane is oxidized only when it occupies the
equatorial position. It was concluded that a hydrophobic cavity exists in the
vicinity of the enzyme active center. The presence of such a cavity in this
particular enzymic system, as well as in other monooxygenases, may account for
the unusual substrate specificity and regioselectivity observed in the oxidation of
hydrocarbons.

XI.3. MECHANISMS OF MONOOXYGENATIONS

The electronic structure of atomic oxygen is similar to that of the bivalent carbon
compounds (carbenes) and by analogy it is termed oxene. Like carbenes, oxene in

the triplet state reacts with alkanes as a free radical and abstracts hydrogen. In

the singlet state, it can also be inserted into the C-H bond to yield an alcohol.
Studies of the gas-phase reactions of singlet oxene with alkanes resulting in the
generation of the hydroxyl radicals showed that this reaction can occur by two

different routes, which are interpreted as the insertion of the oxygen atom into the

C-H bond and the abstraction of the hydrogen atom. The insertion mechanism
predominates if small molecules with strong C-H bonds are subject to attack,
whereas hydrogen abstraction takes place predominantly in the reaction with
higher hydrocarbons that are either sterically hindered and/or contain weaker C—
H bonds [37a). The oxygen atom in the active center of monooxygenase may be
bound with the metal complex and its capacity to be inserted into the C—H bond
or to detach the hydrogen atom is maintained. Such compounds, oxenoids, are

related to the oxo-salts of transition metals. These compounds are also thought to

be the intermediates possessing the superoxide properties.

Two alternative mechanisms have been proposed for the crucial step of the
oxidation process: the oxenoid mechanism of direct oxygen atom insertion and
the radical mechanism of C-H bond cleavage with subsequent recombination in
the cage (“oxygen rebound” radical mechanism) (Scheme XI.8).
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Scheme XL8. Two alternative mechanisms proposed for C-H bond acti-
vation by cytochrome P450.

The synchronous insertion mechanism is supported by the following experi-
mental data. In the monooxygenase reaction, alkanes yield alcohols and retention
of the original configuration of the asymmetric carbon atom, where the oxidation
involves the C—H bond, is a characteristic feature in many cases. It may therefore
be assumed that this reaction proceeds without the intermediate formation of free
radicals, which might lead to racemization. Migration of a group bound to the
aromatic ring (the NIH shift) is consistent with this conclusion. However, the
oxygen rebound mechanism for heme and non-heme monooxygenases has recen-
tly received the most ample recognition. This mechanism is usually supported by
the following facts: (a) the large primary kinetic isotope effect in the cytochrome
P450-catalyzed hydroxylation is attributed to the linear structure of the transition
state (Fe"O"H"R); it is assumed that the insertion of the oxygen atom into the
C-H bond must be characterized by a small KIE; (b) partial or complete isomeri-
zation of the original compound occurs in some cases; presumably, this takes
place in the intermediate alkyl radical; (c) in the case of methane oxidation by
MMO, the use of radical traps allowed for the identification of the methyl radical
[37b]. There are other facts in favor of the oxygen-rebound mechanism. Allylic
oxidation in a system with cytochrome P450 resulted in the formation of isomeric
allylic alcohols, which can be accounted for by the generation of the intermediate
radical [37¢]: C=C-CH. <—> +C-C=CH.
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However, in both biological and model chemical systems, the oxygen
rebound mechanism, which is proposed as an alternative to the traditional free
radical mechanism, at present gives rise to serious doubts. First, the evidence
usually given for this mechanism no longer looks very convincing. A very high
KIE was explained as due to involvement of proton tunneling which does not
necessarily require a linear transition state. When the KIE values become smaller
(e.g., in more polar media) and can be attributed to the classic picture with a
linear transition state, actually the tunneling can still be involved, since it is more
likely that its contribution is decreased gradually than it suddenly completely
disappears.

There are other data which are in conflict with the oxygen rebound
mechanism. For example, hydroxylation of the stereoisomers of deuterium-
substituted camphor by cytochrome P450,, is accompanied by partial isomeri-
zation and transfer of deuterium atoms from the exo- to the endo-position and
vice versa [37d]. This phenomenon is considered as a proof of the radical
mechanism. However, the camphor molecule at the active center of the enzyme is
fixed by a hydrogen bond and thus cannot rotate, which follows from the
selectivity of this reaction (only 5-exo-hydroxycamphor is formed). This means
that isomerization owing to the rotation of the molecule is impossible. It was
suggested that a certain radical exists which can migrate freely and attack the
camphor molecule at both the exo- and the endo-positions of the ring. It must be
noted that the presence of this radical in the enzymic reaction is hardly probable.
The isomerization observed in biological and model chemical systems, while
demonstrating the stepwise character of the process, is not necessarily due to free
radicals as intermediates. Epoxidation of olefins as well as hydroxylation of
aromatics is often accompanied by isomerization, but the origin of the
isomerization is not formation of free alkyl radicals. Rather, the oxygen atom
bound to metal adds to a double bond or to an aromatic molecule, giving
intermediates capable of isomerizing. If a similar addition of the oxygen atom
takes place also in the case of a C-H single bond, then the intermediate formed
might be able to isomerize without free radical formation. Different from a free
radical (which is a three-coordinate carbon compound), the product of oxygen
atom addition to the C-H bond is a five-coordinate carbon intermediate, and A.
F. Shestakov and A. E. Shilov proposed to call this mechanism a "five-coordinate
carbon mechanism" [37¢,f| shown below:
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Within the framework of the pentacoordinated carbon mechanism [37g], the
unusual stereoselectivity of the hydroxylation of the isotopically substituted cam-
phor in a system with cytochrome P450.,, has received natural interpretation
without any recourse to improbable speculations [37gh]. The existence of an
intermediate with pentacoordinated carbon has also been postulated in reference
[32a]. The analysis of the isomerization results published in the literature from
the point of view of the oxygen rebound mechanism and from the mechanism of
five-coordinate carbon often witnesses in favor of the latter, for both biological
and model systems. A remarkable case of ethylbenzene hydroxylation by iodosyl-
benzene with chiral binaphthyl iron porphyrin has been described by Groves and
Viski [37i]. Ethylbenzene afforded 1-phenylethanol. Both (R)- and (S)-(1-deute-
rioethyl)benzenes give all possible isomers of 1-phenylethanol, (R)- and (S)-
enantiomers, each containing either deuterium or protium next to the hydroxyl
group. The major product in both cases (with retention of configuration) is
virtually pure monodeuteriophenylethanol, whereas the second (minor) product,
with the inverse configuration, contains nearly equal amounts of hydrogen and
deuterium. This result leads to a natural explanation in the framework of the five-
coordinate carbon mechanism. If the insertion of the oxygen atom is accompanied
by a considerable H-D isotope effect, then in the case of the C—H bond the inser-
tion can be much faster than the isomerization, while in the case of the C-D bond
insertion and isomerization can occur in parallel with comparable rates.
Therefore, in the case of C-H hydroxylation, there will be retention of configura-
tion at the carbon atom, while for C-D hydroxylation there will be partial inver-
sion, leading to racemization. The ratios of the products obtained for both (R)-
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and (S)-isomers make it possible to calculate the rate constant ratios for
elementary steps in the hydroxylation. The obtained values of the parameters
from the results of, for example, the (R)-enantiomer allow us to predict the distri-
bution of the products for the (S)-enantiomer without any additional postulate.
The results obtained in this way are in very good agreement with those from
experiment [37g]. This example helps us to understand how, even for similar
systems, one can observe both full retention of configuration and a considerable
extent of isomerization. Thus, whereas for soluble SsMMO, considerable isomeri-
zation is observed for chiral ethane substituted by D and T atoms in one of the
methyl groups, for particular MMO (pMMO) there is 100% retention of configu-
ration. It is more likely that the insertion-to-isomerisation rate constant ratio
changes with some structural and polar effects changes than that the mechanisms
are completely different for pMMO as compared with sMMO.

A paradoxal situation has been observed for N-dealkylation. The isotope
effect (8-10) was high for peroxidases, the mechanism of which involved an
electron transfer, but it was small (1-3) for various forms of cytochrome P450,
chloroperoxidase, and N-methylaminomonooxygenase, where the activated
oxygen atom directly reacts with the C-H bond. This paradox can also be over-
come by assuming a two-step mechanism involving intermediates with pentaco-
ordinated carbon (structures XI-9 and XI-10) for cytochrome P450 and its
analogues. The first step results in the formation of the intermediate XI-9, which
is further converted into the intermediate XI-10. If the rate of this reaction is
limited by the first stage, the isotope effect will be small. The formation of an
intermediate complex of the metal-bound oxygen atom with the carbon atom of
an unsaturated molecule is beyond doubt for the epoxidation of alkenes and the
hydroxylation of aromatic compounds. At the same time, the absence of
saturation in the case of alkane hydroxylation apparently rules out the possibility
of the formation of an analogous intermediate complex. This hypothesis is
attractive in that it unifies the mechanisms of atomic oxygen transfer to the C-H
bonds of saturated compounds as well as to alkene and aromatic C=C bonds.

H

Fe=O + CH 3NHCH ; — Fe=O----CNHCH3
H
H 2

LAY

Fe=0---Ct--- NHCH; — HCHO + H ,NCH
H, X110

XBH
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Analysis of the results described here as well as those published in the
literature for monooxygenases and their chemical analogues shows that, besides
the traditional radical mechanism of C-H hydroxylation in the presence of metal
complexes, another, five-coordinate, carbon mechanism exists which involves
addition of an oxygen atom to a C-H bond, followed by insertion into the C-H
bond to form an alcohol. However, the exact nature of the latter mechanism
remains to be elucidated and may be somewhat different for different systems.

XI4. OTHER OXYGENASES CONTAINING IRON

Some of other mono- and dioxygenases [38] which are capable of activating the
C-H bond also contain non-heme iron sites. Examples are discussed below.

Phenylalanine hydroxylase [39] catalyzes the first step of phenylalanine
degradation in mammals. Phenylalanine is converted into tyrosine (Scheme XI.9).
The enzyme has one tightly bound, non-heme iron atom per subunit. Tyrosine
hydroxylase catalyzes [40] the hydroxylation of tyrosine to produce dihydroxy-
phenylalanine (DOPA), the first step in the biosynthesis of catechol-amine neuro-
transmitters (Scheme X1.9). This enzyme also contains one ferrous iron atom per
subunit. These two enzymes, together with tryptophane hydroxylase (Scheme
X1.9) [41], constitute a family of tetrahydropterin-dependent aromatic acid
hydroxylases (monooxygenases) [42]. Other dioxygenases catalyze the
hydroxylation of arenes [43].

Non-heme iron dioxygenases, catechol-2,3-dioxygenase [44], gentisate 1,2-
dioxygenase [45], and phthalate dioxygenase [46] from Pseudomonas, catalyze
the oxidative cleavage of catechol, gentisic acid (Scheme XI.10) and phthalate
respectively. Comamonas testosteroni T-2 oxidizes toluene-p-sulphonate by mo-
nooxygenation of the methyl group to the alcohol and then 4-sulfobenzoate 3,4-
dioxygenase induces the following degradation of p-sulfobenzoate [47]:

SOy~ OH .
OH Ring
. cleavage
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Scheme XIL.9. Oxygenases which are capable of activating a C-H bond.
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Scheme XI.10. Non-heme iron-containing dioxygenases.
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Scheme XI.11. Products formed from arachidonic acid under the action of
different lypoxygenases.

Lipoxygenase is a dioxygenase which incorporates one molecule of oxygen
at a certain position of an unsaturated fatty acid [48], for example arachidonate
15-lipoxygenase peroxidizes the carbon-15 of arachidonic acid as depicted in
Scheme XI. 11 (which shows a variety of products formed under the action of dif-
ferent lypoxygenases). Lypoxygenases contain non-heme iron. Thus the purified
12-lipoxygenase of porcine leukocytes contains 0.45 atoms of iron per mole of
enzyme, the rabbit reticulocyte 15-lipoxygenase contains about one atom of iron.

a-Ketoglutarate-dependent dioxygenases [49] catalyze various oxidation
reactions of non-activated C-H bonds, a-ketoglutarate being consumed simulta-
neously with the substrate and molecular oxygen. The substrate is transformed
into the hydroxylated derivative; a-ketoglutarate gives rise to the formation of
succinate and carbon dioxide.
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Scheme XIL.12. The mechanism proposed for the o-keto acid-dependent
enzymes.
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In this manner, y-butyrobetaine hydroxylase catalyzes the terminal step in
carnitine biosynthesis, the hydroxylation of 4-N-trimethyl-aminobutyrate. o-
Ketoglutarate-dependent dioxygenases act as oxygenation catalysts only in the
presence of iron ions. Formation of thermodynamically stable CO, helps to
produceahigh-valent Fe'YO center (Scheme XI. 12) [38a].

The importance of high-valent Fe=O in the molecular mechanism of action
of antimalarial trioxane analogs of artemisinin has been demonstrated [50]. It is
interesting that chloroperoxidase is able to catalyze not only the chlorination of
organic compounds, but it is an oxygenase which can also oxidize indoles [51].

XL5. COPPER-CONTAINING ENZYMES

Some enzymes capable of oxidizing C-H bonds contain copper ions [52]. For
example, tyrosinase [53a] contains a coupled, binuclear copper active site which
reversibly binds dioxygen as a peroxide that bridges between the two copper
ions. This enzyme catalyzes the orthohydroxylation of phenols with further oxi-
dation of catechol to an ortho-quinone [53b—d], The mechanism proposed for
phenolase activity of tyrosinase is shown in Scheme XI. 13 [521].

In bacterial (Chromobacterium violaceum) pterin-dependent phenylalanine
hydroxylase, a cupric ion is in a tetragonal coordination environment with several
nitrogen donors [54]. Dopamine P-monocoxygenase takes part in the biosynthetic
pathway for the production of epinephrine from tyrosine [55]:

HO Dopamine HO
+ monooxygenase +
Ho—@— CH,CH,NH, s % g+ - HO—@ CHCH,NH;
02,26_,21‘{ .—Hzo cl)H

It is assumed that the oxidation by dopamine B-hydroxylase, containing a
mononuclear active copper site, occurs via an intermediate copper peroxo
complex Cu-OOH which generates a hydroxyl radical [521]:

. e 0. O
Cut + 0 ——» cu2?®” TOH — Cuf + *OH
H+
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Scheme X1.13. The mechanism proposed for tyrosinase.

XL6. MOLYBDENUM-CONTAINING ENZYMES

The pterin-containing molybdenum enzymes catalyze particularly the oxidation
of C—H compounds [56, 57]. For example, xanthine oxidase transforms xanthine
into uric acid according to the equation:

OH
NN NN
Ls | Y—H +H0 —» L ! Y—H +2H' +2¢
HO N HO N
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Scheme XI.14. Two mechanisms proposed for the molybdenum hydro-
xylases.
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Two alternative reaction mechanisms (A and B) proposed for the
molybdenum hydroxylases [58] are shown in Scheme XI. 14. The first mechanism
is based on the assumption that the catalytically labile oxygen might be a hydro-
xide/water rather than an oxo group.

XI.7. MANGANESE-CONTAINING ENZYMES

Manganese is a constituent of some enzymes capable of oxygenating C-H
compounds (see [59]). For example, chlorocatechol 1,2-dioxygenase from
Rhodococcus erythropolis 1CP, capable of oxidizing different catecholes, is a
protein which contains one atom each of iron and manganese per homodimer
[60]. The biodegradation of lignine, one of the main polymeric constituent of
plants, occurs with the participation of manganese peroxidase [61].

XIL.8. VANADIUM-CONTAINING ENZYMES

Vanadium ions take part in some an important processes occurring in biological
systems [62]. One vanadium-containing enzyme, bromoperoxidase, has been
isolated from several species of marine brown algae. This enzyme catalyzes the
oxidation of the bromide anion by hydrogen peroxide, resulting in the bromi-
nation of organic compounds:

Bromoperoxidase

RH + H202 + Br > RBr + Hzo + HO™

For example, the bromination of monochlorodimedone proceeds according
to the following equation:

Cl Cl Br

0. OH . 0) OH
t? + Br + H,0, + H' Bromoperoxidase . + 2H,0

In the catalytic cycle proposed for the oxidation by bromoperoxidase, hydrogen
peroxide coordinates first, followed by bromide oxidation (Scheme XI.15) [62b].
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Scheme XL 15. The bromination of an organic substrate, RH, by H,0O, and
Br™ and catalyzed by bromoperoxidase.

XL.9. CHEMICAL MODELS OF ENZYMES

There is the increasing interest of investigators not only in the enzymatic
oxidation of alkanes but also in the construction of chemical models of these
reactions. The progress in the chemical simulation of enzymes demonstrates that
novel efficient, highly selective catalytic systems for alkane oxidation will
hopefully be created based on them in the future.

XI1.9.A MODELS OF CYTOCHROME P450

The iron porphyrin complex is present not only in monooxygenases, but
also in the dioxygen carriers (hemoglobin, myoglobin) and enzymes (catalase,
peroxidase). One of the reasons for such a wide occurrence of the porphyrin
system in living nature is its stability. In addition, the porphyrin ring can play the
role of an electron donor owing to its ability to generate the radical cation and
thus become an active participant of the catalytic process. Therefore, it was
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natural to employ metal porphyrins as catalysts in the simulation of heme
monooxygenases. In modeling cytochrome P450 (see reviews [15s] and [63]),
porphyrin complexes of iron(IIl) as well as manganese(Ill), chromium(IIl), and
ruthenium(III) are usually employed as models of active centers of enzymes (see
[64]). For example, it has been shown that the oxidative aromatization of alde-
hydes by a peroxo iron(Ill) porphyrin complex, [PorphFeOO]", suggests that
direct nucleophilic attack by a ferric peroxo heme enzimatic intermediate on an
aldehyde substrate is feasible [65], Thus, a mechanism proposed previously for
both cytochrome P450 2B4 and aromatase [66] has been supported.

CHO
+ PorphFe(IINOO~ — «(:O + HCOO™ + PorphFe(IIDOH
TRO TRO ohfedih

In this case, a ferric porphyrin peroxo complex plays the role of the analogue of
the reactive intermediate implicated in the third oxidative step of aromatase, the
enzyme responsible for the conversion of androgens to estrogens (Scheme XI. 16).

CI‘I3 CH3
CH, 0] CH,OH O
—_— —_—
~Z
0% 0
Androstendione
CH3 CI—‘3
CHO (] 0O
D — [
0] HO
Estrone

Scheme X1.16. The oxidative aromatization of androstendione into estrone
under the action of aromatase.
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If molecular oxygen is the oxidant in model reactions, a reducing agent is
required whose role can be played by an electric current [67a,b]. Thiosalicylic
acid [67c], molecular hydrogen [67d], metallic zinc [67¢e] and ferrocene [67f]
(also see [67g]) can also serve as the reductant. Alkane oxidation in the presence
of molecular oxygen and an electron (and proton) source occurs at normal
temperature and pressure. The selectivity and the rate of the reaction depend on
the nature of the metalloporphyrin as well as on the electron and proton donors.
The product yield with respect to the reducing agent is usually low. The best
yield (37%) was obtained in the oxidation of hydrocarbons having weak C-H
bonds (indane and tetralin) with zinc as the reducing agent [67h].

In non-enzymic systems, it is difficult to obtain high yields of the reaction
products with respect to the reducing agent, since the reactive oxidant formed in
this process reacts with the substrate and the reducing agent with equal ease.
Model systems based on molecular oxygen and the reducing agent are usually
less selective than the systems in which active oxygen donors play the role of the
oxidant. Nevertheless, the obvious advantage of such systems is a high oxidation
rate, which sometimes exceeds that of enzymic reactions by more than one order
of magnitude. The experimental results lead to a conclusion about a single
mechanism of the generation of reactive species in the systems based on iron and
manganese porpyrins with molecular oxygen and proton and electron donors. The
candidates for the reactive intermediates in these systems are high-valent oxo-
complexes of metalloporphyrins formed by reductive activation of molecular
oxygen in the presence of a proton donor via a catalytic cycle that is similar to
that of cytochrome P450. The reactive species in these systems, as well as in the
systems with different active oxygen donors, may differ from each other
depending on the starting reagents.

Instead of the dioxygen—reductant pair, one can employ oxo componds con-
taining an oxygen atom which is already partly reduced: H,O, [68], ROOH [69],
PhIO [70], NaOCl [71], KHSOs [72], amine N-oxides [73], and magnesium
monoperoxyphtalate [74] (see also Chapter X). One of the most efficient (in
terms of reaction rate and turnover number) systems is the combination of ruthe-
nium porphyrin and 2,6-dichloropyridine N-oxide [73]. A simplified mechanism
of alkane oxidation with iodosylbenzene catalyzed by iron porphyrinate is demo-
nstrated in Scheme XI. 17.
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Scheme XL17. The mechanism proposed for the alkane oxidation with
iodosylbenzene catalyzed by iron porphyrinate.

In many cases, other metal complexes can be considered as models of an
enzyme active center (e.g., [75]). Free radicals are definitely the intermediates in
some reactions [76], particularly for hydrocarbons with weak C-H bonds,
however, similarly to their biological analogs there is certainly a mechanism of
direct oxygen atom insertion, possibly preceded by coordination of the alkane to
form a five-coordinate carbon intermediate. In the case of chemical models with
active oxygen atom donors, the formation of the (Porph"s Fe''=0) intermediates
was recorded by low-temperature spectroscopy for the interaction of iron
tetramesitylporphyrinate with m-chloroperoxybenzoic acid [77a] and for a
PorphFe"™-0,-Ac,0 system [77b.c]. The stable Mn"=0 complexes known so far
contain macrocyclic tetraamide, porphyrin or N,N’-bis(salicylidene)ethylene-
diamine dianion as the ligands (see [77d-f]). It is interesting that the high-valent
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iron—oxo intermediate of thiolate-ligated porphyrin has a stronger hydrogen-
atom-abstracting ability than that of chloride anion- or imidazole-ligated porphy-
rins [78]. Thus, the preferred structure of the active oxidizing intermediate of the
thiolate-ligated porphyrins is of the oxygen radical type.

One of the ways of increasing the selectivity and the stability of catalysts is
the simulation of the microenvironment of the active center of enzymes through
the construction of organized molecular systems. This term refers to
multicomponent catalytic systems with an optimum spatial arrangement and
energetic and orbital compatibility between the components of the catalytic
system and the substrates, some general principles for the design of organized
molecular species have been formulated in order to achive optimum rates and
selectivity of the monooxygenase reaction [79a]. The selectivity of cyclohexane
oxidation in an iron tetrakis(p-hexadecyloxyphenyl)porphyrinate—cyclodextrin—
PhIO microheterogeneous system is higher than that of the homogeneous
analogue but the rate of the reaction decreases [79b]. The selectivity of
microheterogeneous systems is close to that of the most regioselective isoform of
cytochrome P450, > (CYP2B4). Apparently, the molecules of hydrophobic iron
porphirynate and alkane in these organized molecular systems are specifically
arranged relative to one another in such a way that the reaction at the terminal
methyl group of normal alkanes becomes preferential. Breslow et al. have shown
recently that a metallophorphyrin carrying a PB-cyclodextrin group on
tetrafluorophenyl rings XI-11 catalyzes the selective hydroxylation of an
androstandiol derivative with complete positional selectivity (Scheme XI.18)
[79c].

Another approach to the simulation of the catalyst’s microenvironment is its
immobilization on a solid support, i.e., the formation of heterogeneous oxygenase
systems. Immobilization of a metalloporphyrin on porous glass [80] or polyvinyl-
pyrrolidone [81] markedly increases the selectivity of alcohol formation. Immo-
bilization of an iron—porphyrin complex on zeolites [82], SiO, [83] and espe-
cially on graphite, strongly increases the steric effects, which are observed in
hexane oxidation in model systems with active oxygen species [84]. The effect of
the matrix is not confined to the increase in the steric hindrances around the
active oxidant. It can also be accompanied by a sieve effect, which is well-known
for zeolites and accounts for the differences in the substrate specificity.
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As expected, the heterogenation of metalloporphyrin catalysts is
accompanied by a decrease in the rate of hydrocarbon oxidation. At the same
time, heterogeneous systems have significant advantages over their homogeneous
analogues. Immobilization of metalloporhyrins on various supports not only
enhances the selectivity of the reactions catalyzed by them but also increases
their stability in the majority of cases. For example, immobilization of iron
porphyrinate on porous glass increased the number of reaction cycles nearly 200-
fold [80]. It is generally accepted that the reactive species in systems with
metalloporphyrins immobilized on supports are similar to those in solution.
Apparently, in most cases this conclusion reflects the real situation; however, it
should be kept in mind that binding of the catalyst with the support can change
its coordination properties and the ability to produce reactive intermediates.

Heterogeneous systems of alkane photooxygenation by molecular oxygen in
the presence of iron and manganese porphyrins immobilized on TiO,-modified
montmorillonite have been developed by Bagrii and Nekhaev [85]. Finaly, Inoue
et al. [86] reported the homogeneous photochemical oxygenation of cyclohexene
coupled with two-electron oxidative activation of water as an axial porphyrin
ligand.

OH

hv (420 or 550 nm)
O + H,0 + KyPtClg > + 2 HCl + KPtCl,
[PorphSbV(OH),]PFs

A metal-oxo type complex is supposed to be a key intermediate in the
oxygenation reaction which could be called a “photochemical P450 reaction”.

X1.9.B. MODELS OF IRON-CONTAINING NON-HEME OXYGENASES

Various systems oxidizing hydrocarbons and containing iron ions have been
described which can be considered as models of non-heme mono- and dioxy-
genases [87] (see also Chapter X). Mononuclear iron derivatives have been used
as catalysts in oxidations modeling the action of methane monooxygenase [88].
For example, a mononuclear iron carboxylate complex immobilized on a
modified silica surface catalyzes oxidation of hexane in the presence of mercap-
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tane, acetic acid, triphenylphosphine and molecular oxygen at ambient conditions
[88c]. However, usually binuclear iron complexes were employed as MMO
active site model [30, 89a-af]. One of the most effective functional models of
MMO was discovered recently by Panov et al. They have shown that so-called
a-oxygen, formed in the high-temperature reaction of nitrous oxide, N,O, with
iron compounds in the ZSM-5 zeolite, readily reacts with methane at room and
lower temperatures (even at =50 °C) producing methanol in nearly quantitative
yield [89ag]. So far, the reaction is not catalytic since the product (methanol) is
very tightly bound to the zeolite and can be removed from it only by extraction
with acetonitrile; which destroys the system. However, the fact of selective
alcohol formation speaks for a non-radical mechanism presumably similar to that
of methane reaction in the presence of MMO.

Complexes of iron ions with various ligands [90] as well as ruthenium(III)
derivatives [91 ] were investigated as catalysts in oxidation reactions which mimic
other iron-containing monooxygenase and dioxygenase oxidations. Iron(III)
perchlorate or bis(salycilidene ethylenediamine) iron(III) complex in the presence
of dioxygen, reductant (zinc amalgam), mediator (methylviologen) and effector
(pyruvic acid) have been found to be a model of a-ketoglutarate-dependent
dioxygenases [92]. A manganese porphyrin bound to bovine serum albumin
modified with poly(ethylene glycol) has been reported to exhibit enzymatic
tryptophan  2,3-dioxygenase-like activity [93]. Metal complexes and their
reactions relevant to catechol dioxygenases [94], lipoxygenases [95], tyrosine
hydroxylase [96] and other enzymes [97] have been described recently.

X1.9.C. MODELS OF OTHER ENZYMES

Numerous papers have been published in recent years which are devoted to
the synthesis and reactions [98], structural [99], spectroscopic [100], theoretical
[101], and mechanistic [102] studies of copper complexes, especially
multinuclear copper complexes which are related to aromatic and aliphatic
hydroxylation enzymes (also see reviews [103]). The reactions between
molecular oxygen and such complexes give rise usually to the formation of
hydroxylated compounds [104]. Two examples of intramolecular hydroxylation
are shown in Scheme XI. 19. Copper ions and their complexes are known to cata-
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lyze the oxygenation and even oxidative rupture of the aromatic ring in phenols
[105].

Recent papers describe models for molybdenum-containing enzymes [106].
Certain vanadium complexes have been described to mimic the binding site
reactions of vanadium haloperoxidases [62, 107]. Scheme XI.20 demonstrates
the mechanism of active species formation in bromoperoxidase proposed on the
basis ofthe investigation of model reactions [108].

i

o)
= + H+
L\<

OBr
0 / 0
|

I |
LV\—O—/() + H+ + Br- — LV\\ + Brt + HO-

(0]

l — HOBr

Scheme X1.20. The formation of the active species in the bromoperoxidase
oxidation.

Oxidation with H,0, catalyzed by MoQ,> also has been shown to mimic the
action of vanadium-containing enzymes [109].

XL.10. ANAEROBIC OXIDATION OF ALKANES

Aerobic oxidation of alkanes requires dioxygen, hence it was originated only
after plant photosynthesis thereby producing most part of the dioxygen on earth.
Meanwhile methane is produced in anaerobic methanogenesis, therefore
apparently this biological process existed before when life on earth was
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essentially anaerobic. Does it mean that in anaerobic conditions methane was
only produced and not biologically consumed?

It turned out that the anaerobic oxidation of alkanes exists in living nature
as well, although until recently biochemists were in doubt about its existence and
importance. Now anaerobic biological oxidation of alkanes, including methane,
was confirmed and the scale of this process is probably larger than it was
expected. According to the recent findings, the oxidant in the anaerobic alkane
oxidation can be sulfate which is of course unable to react directly with alkanes.
Recently some evidence was found that the last steps of biological metha-
nogenesis are reversible, therefore methane can be activated at the same complex
on which it is produced in methanogenesis. This complex is factor-430 and
contains nickel included in the porphynoid ring [110]. Thus a similar complex,
perhaps at more positive redox potential, could be a catalyst for methane
oxidation.

Nickel is an analogue of platinum and its oxidation state at which methane
is produced is Ni(II) with a d® electronic configuration, that is the same as that of
Pt(I) which activates methane and other alkanes (see Chapter VII). Evidently the
activation of methane on platinum complexes may be considered a conditional
model for biological anaerobic oxidation of alkanes. It is of importance that
Ni(II) as well as Pt(Il) is a so-called “soft” acid and could prefer to react with
methane (“soft” base) rather than with such strong ‘“hard” base as water,
therefore surrounding water does not prevent this reaction.
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CONCLUSION

D uring the three decades which have elapsed since the discovery of the first
reactions of alkanes in solutions of metal complexes, this field of chemistry
has developed vigorously. There is no doubt that one may expect the discovery of
new, especially catalytic, processes with the participation of methane and its
homologues, which will find practical applications. In turn, this will intensify the
interest in alkanes from the standpoint of their involvement in selective chemical
processes. The new chemistry of alkanes thus established will be in line with the
ever more urgent need for economy in the consumption of the existing resources
of this chemical raw material on our planet.

The biomimetic approach for the search and development of new important
reactions is a fruitful method at present and promising in the future. The
existence in living nature of catalytic reactions unknown in chemistry encourages
the search for their non-enzymatic analogues. More and more complicated
enzymatic systems functioning in living organisms will be understood using new
methods of investigation, and we will leam how to mimic these complicated
systems in chemical laboratories. Eventually, when the origin of life and the
chemical evolution of the biological systems will be understood sufficiently well,
self developing and self perfecting catalysts can be visualized.
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ABBREVIATIONS

AIBN = azobis(isobutyronitrile)

BDE's = bond dissociation enthalpies.

Cp = cyclopentadienyl. Cp* = pentamethylcyclopentadienyl.
KIE = kinetic isotope effect.

M= multiple exchange factor denoting the average number of hydrogen atoms exchanged within
one contact.
MMO = methane monooxygenases.

NIH shift = transfer of a hydrogen (deuterium) atom to a neighboring position relative to that at
which hydroxylation takes place (NIH = National Institute of Health).

NHPI = N-hydroxyphthalimide.

Organyl group = alkyl, aryl, vinyl, acyl, etc. group which is bound to M via a carbon atom.

Ox = oxidant. Red = reductant.

PINO = phthalimide N-oxyl

Porph = porphyrinate.

Rad, R =radical. Alk = alkyl radical. Ar = aryl radical.

SET = single-electron transfer.

Tp = hydridotris(pyrazolyl)borate, HB(Pz);. Pz = pyrazolate. Tp* = hydridotris(3,5-dimethyl-
pyrazolyl)borate, HB(3,5-Me,Pz)s,

C(1): C(2): C(3): C(4) = the relative normalized (taking into account the number of hydrogen
atoms at each of the carbon atoms) reactivities of hydrogen atoms at carbon
atoms 1, 2, 3 and 4 of the linear hydrocarbon chain.

1°: 2° : 3° = the relative normalized (taking into account the number of hydrogen atoms at each
of the carbon atoms) reactivities of hydrogen atoms at primary, secondary, and tertiary
carbon atoms of the branched alkane

5/6 effect = the normalized ratio of the rate constants for cyclopentane and cyclohexane.

“ —= ” = agostic bond.

* = a vacant site.
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Pseudomonas fluorescence
Pseudomonas putida
pterin-containing Mo enzymes
pterin-dependent phenylalanine hydroxylase
pyrazine-2-carboxylic acid
pyrolysis

porphyrin complex of thodium(III)
pyridinium chlorochromate

pyrrol ligand

pyruvic acid

Q

Quantum tunneling

quinones

R

Radical-chain autoxidation

radical chain mechanism

336
467
108
472
472

487
482
476
468
468
491
490

53

21
325
418
326
501

244
36

371

Links
469 470
439 442

22
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radical nitration 34
radiolysis 24
reagent “O,-H,0,—vanadium complex—pyrazine-2-

carboxylic acid” 439 442
rechelation 237
reticulocyte 15-lipoxygenase 489
rhenium alkoxide complexes 158
rhoda-thiaboranes 223
rhodium(II) porphyrin complexes 175
Rhodococcus erylhropolis 1CP 493
Russell-type termination 448
ruthenium trichloride 357
S
Secondary amine monooxygenase 477
shirt [1,3]-H 243
silane 36
silane complexes 224
silica-supported Ti hydride complex 185
silylidyne 36
skeletal isomerization 83
skeletal rearrangement 185
sodium azide 384
sodium bismuthate 358
sodium percarbonate 455
solid superacids 68
sonication 350
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splitting of C—H bond
steroid compound
styrene
sulfated zirconia
syngas
system:
“hydrogen peroxide — Mn(IV) — carboxylic acid”
“quinone—copper(Il) acetate”
CrCl;-PhCH,Net;Cl1
2,6-dichloropyridine N-oxide—Ru porphyrin
Pd(OAc),- phenathroline
Ru(1ll) - EDTA
Pt(IT)—alkane complex
“TI(TFA);— hematoporphyrin — O, — cathode”
“copper(I]) nitrate - dioxygen — acetic acid-water
PdCh-CuCl,
RuO,—CH;CHO
“H, — Rex(CO)yp — A1,05”
VO(acac),/K,S,05
Yb(C)Ac);/Mn(OAc),/NaClO/H,O
La,0; + MoOs/H-ZSM-5
Mn-ZSM-5
Mo/H-ZSM-5
“PH(IV)+PH(IT)”
Pd~CH,4
Pd - H,
CH4O,
KND,/A1,0;

tE)

10
59
104
88
98

445
417
414
454
391
385
296
409
385
385
404
181
345
345
109
100
105
275
232
233
220

83
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system (Continued)

naphthalene-sodium 82

CBrVNaOH 32

sodium perborate — trifluoromethanesulfonic acid 64
staimous chloride autoxidation 397
steroids 448
superoxide 475
4-sulfobenzoate 3,4-dioxygenase 487
superacid media, xii
superelectrophilic reagents 67
T
Taft correlation equation 266 339
terephthalic acid 109
tetrabromooctalin 32
tetrahydropteridines 394
tetramethylsilane 154
tetramethyltin 288
2,3,5,6-tetraphenylphenoxide 326
thermodynamics of oxidative addition 239
thermolysis 229
thiosalicylic acid 496
titanium silicalites 97
Ti0,-modified montmorillonite 500
tolan 138
tolualdehyde 109 170
toluene monooxygenase 481
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transarylation

transfer dehydrogenation
transmetalation
4-N-trimethylaminobutyrate
trimethylbenzene
tris-triphenylphosphine cobalt trihydride
tryptophane hydroxylase
tungstenacylobutane intermediates
tyrosinase

tyrosine

tyrosine hydroxylase

U

Udenfriend system
Ullrich system
unstable adducts

uric acid

\%

Vanadyl pyrophosphate
van der Waals radii
VAPO-5

Vaska-type complex

vibrationally excited coordinatively unsaturated species

4-vinylcyclohexene
vinylidene-metal complexes

2-vinylpyridines

307
166
307
490

84
159
487

89
490
487
487

393
393
224
491

91
221
448
238
236
101
147
138

Links
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Weak coordination

Wheland complexes

X
Xanthine

xanthine oxidase

219
307

491
491
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