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 important 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
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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].

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]:
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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, manganese, 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 Willstäter [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:

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 noncatalytic oxidation. For example, naphthenates of cobalt, chromium and manganese 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]:

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

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

For the chain termination of the second order, the chain reaction rate is

which leads to:
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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

The rate constant of the reaction of cobalt(III) 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
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 decomposition of intermediately formed hydroperoxides (see, e.g., [10]).
As early as 1932, Haber and Weiss [11] suggested a mechanism of interaction between hydrogen peroxide and iron(II) ions where electron transfer to
the peroxide molecule led to the formation of a free hydroxyl radical:

The reaction of iron(II) ions with hydroperoxides proceeds similarly [12]:

Other ions, such as

and

can react in the same way:

The newly formed high-valent ions can further react with hydroperoxide, e.g.,

Therefore transition metal salts, in particular those of cobalt, can catalyze
the decomposition of hydroperoxides into free radicals:
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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(II) stearate, which can be present in
solution in small concentrations:

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

will be reached under the condition that

that is [13]:

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, ethylbenzene, diphenylmethane, etc.) [14a].
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The maximum rate of dioxygen consumption

was found to be independent of the catalyst concentration and the value
was
found to coincide quantitatively with the parameter
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 compounds 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

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 concentration. 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(III) 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

It is noteworthy that the reaction rate increases sharply on the addition of

sodium acetate, which may mean that the primary interaction of Co(III) with
toluene, which the authors of [16d] represented as electron transfer from toluene
to Co(III), actually proceeds through electron transfer with synchronous elimination of the proton with the participation of a base (in this case, acetate). Since
can rather effectively oxidize a number of hydrocarbons, the following
catalytic pathway:

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 interaction of Co(III) with hydrocarbons.
Butane oxidation in the presence of cobalt(III) 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(II) acetate
in acetic acid gives adipic acid in one step as the main product with 75% selectivity 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(III) participation

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(III) acetate in trifluoroacetic acid proceeds selectively 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(III) 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 suggested. 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(II) ions can interact with hydroperoxide radicals:

Cobalt(III) ions are again reduced to Co(II) by
bromide atoms:

ions, the latter converting into

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

The bromide ions may enter the coordination sphere of Co(II) as ligands,

facilitating the process of cobalt oxidation:

Then

oxidation occurs in the coordination sphere of Co(III):

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

atoms
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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 hydrocarbon is ethylbenzene). For comparison, the relative reactivity for radicals and
bromine atoms is also given in this table.

Kinetic studies, combined with measurements of chemiluminescence resulting from the process of the recombination of two radicals ROO•, allow for the
proposal of a scheme where cobaltous, cobaltic and bromide ions enter the chain
propagation [19b, 20]:
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The other stages are similar to those of the mechanism with participation of small
catalytic concentrations

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

Hence, in agreement with the experimental results

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

and

In accordance with the last formula, the relation is linear, with the slope of the
straight line corresponding to the ratio
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,

catalyzes an electron transfer from RH to

The mechanism via bromine atoms is supported by molecular bromine formation
in the interaction of
with
in the absence of a hydrocarbon
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
is practically equal to the energy of the C–H
bond in the position to the aromatic ring, so that the reaction

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

proceeds much slower without the catalyst and why its rate is enhanced by
ions. Probably the answer is that a direct electron transfer from RH to
requires a hydrocarbon molecule to approach
with
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(III) ion and the bromine atom produced will react with the hydrocarbon
molecule without serious steric hindrance. It is obvious that such catalysis reflects the characteristics of the
pair for which the redox potential, for the
optimum case, must be close to those of the
and
pairs.
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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,
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 hydroperoxide decomposition catalyst. The following steps have been proposed for the
oxidation reaction:

Cobalt chloride in diglyme is a useful catalyst for benzylic [22a] and allylic
[22b] oxidation under mild conditions. The addition of sodium azide to oxidations catalyzed by transition metal acetylacetonates, heteropolyacids, phthalocyanines, bis-(pyridylimino)isoindolines, porphyrins and Schiff bases significantly 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(III) 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
catalytic combination [25]:

The system Ru(III)–EDTA catalyzes the oxidation of cyclohexane by
molecular oxygen [26]. In the presence of manganese(II) acetate and molecular
oxygen, alkenes and active methylene compounds react to yield cyclic peroxides

[27]. Substituted cycloalkanones are oxidized to oxo acids by the copper(II)
nitrate–dioxygen–acetic acid–water system [28a]:

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

Copper(II) 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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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 IX.2) [30c] is similar to those proposed for biological oxidation (by cytochrome P450 and methanemonooxygenase, see Chapter
XI).
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This mechanism involves the reduction of Fe(III) 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
species and assumes the conventional radical-chain autoxidation [30d]. Such a
mechanism is depicted in Scheme IX.3.

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
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
catalyzes the aerobic oxidative dehydrogenation of
terpinene to p-cumene [32d]. Transition metal substituted Keggin type polyoxomolybdates 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
in the presence of molybdovanadophosphate supported on active carbon [32g].

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 Nhydroxyphthalimide (NHPI) combined with
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
under an air
atmosphere in benzonitrile at 100 °C gave tert-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
at 100 °C for 20 h. The oxidation of other cycloalkanes is presented in Table
IX.3 [34e].
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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 (300 K, 10 h):

Copper(I) chloride promotes the oxidation of benzene to phenols with molecular oxygen [37a]. The active species is proposed to be a hydroxyl radical generated in the following manner:
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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
–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 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 thermoneutral 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.
Schönbein 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 substance of the type:

The suggestion of peroxide formation in the first stage of the oxidation by
molecular oxygen was made by Schönbein, 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,
or
) in the presence of ferrous oxide, Manchot [42] suggested an
intermediate formation of high-valent iron oxide, .
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
(substance A is then called an “inductor”), then substance
B (“acceptor”) may be oxidized by this peroxide:
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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 mercaptobenzoic acid in an aqueous solution of acetone [46b]. The reactions are analogous 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 monooxygenase 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:

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 metasubstituted 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
alkanes and
was found to
proceed in acetonitrile at room temperature [47a]. The yields of alcohols, which
are the oxidation products, reach 7–15% per
. 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
concentration is decreased. Under the optimum
conditions of
the yield of products grows up to 20% with
and up to 30% with

Table IX.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
and
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 (
when comparing reactions of
and
). 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
, with
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acetonitrile
, with acetone
, and with
methanol
[48]. In the case of cyclohexane in acetonitrile,
this means that the reaction of HO• with the solvent at
may be neglected. For the other organic solvents, it is necessary to take into
account the competitive reaction of HO• 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:

For stannous chloride, the scheme of unbranched chain reaction without the
participation of HO• radicals has been proposed [49a].

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
and
is carried out in the presence of
metallic tin, then the yield of cyclohexanol can be increased six times. For
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:
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

the yield differs no more than 4 times; while for
it is almost the same). The formation of the same intermediate active
species, for example HOO• , 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
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(II) is
V in aqueous solutions. Thus Sn(II) is a moderately
strong reducing agent. The estimation of the redox potential of the pair
Sn(III)/Sn(II) gives a value
V. That means that for Sn(IV)/Sn(III) is
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:

The oxidation of tin(II ) 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:

i.e., the reaction rate does not depend on the Sn(II) 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]:
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Here and are the probabilities of one-electron reactions of Sn(II) with
and HOO•, respectively.
In steady-state conditions

and the reaction rate is practically equal to that of chain propagation

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(II) . Using the
reaction scheme, it was possible to estimate the rate constant of the reaction of
hydrogen peroxide with Sn(II) by the dependence of
concentration on time.
The rate constant found coincided with the value obtained for the reaction of
with Sn(II) determined in a separate investigation, thus confirming the
proposed mechanism. Though the probability
of a one-electron reaction of
hydrogen peroxide with Sn(II) to give a hydroxyl radical is not very high (
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 HO• and HOO• 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
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:

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:

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 HO• and HOO•
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 concentration, 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(II) oxidation, where free hydroxyl
radicals HO• are intermediately formed. The rate constant of the interaction of
the hydroxyl radical with cyclohexane

is
. 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
of :

In hydroperoxide oxidation reactions, the radicals usually disappear in a
bimolecular disproportionation process:

However, in the presence of large Sn(II) concentrations, practically all
hydroperoxide radicals interact with the tin in a similar manner to HOO• radicals

The interaction of hydroperoxide with Sn(II) is similar to that of hydrogen
peroxide

RO• radicals react with RH and Sn(II):

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:
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Thus, the participation of Sn(II) 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(II) 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 ROO• disproportionation 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(II) concentrations under the
conditions of oxidation, it may lead us to an incorrect conclusion about the nonradical character of hydrocarbon oxidation coupled with Sn(II) 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(II) :
which means that it will be the same as the stoichiometry 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(II) , treated here so extensively, is further evidence of the danger
of drawing conclusions about the models of biological oxidation based merely on
formal analogies.

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 alcohols are not reaction intermediates;
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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
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
reactions is shown in
Scheme IX.5.
IX.2.C. OTHER SYSTEMS INVOLVING
REAGENT

AND A REDUCING

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 IX.6.
A
system catalyzes the oxidative cleavage of C–C double
bonds using molecular oxygen [55m]. Carbonyl compounds are formed selectively.

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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sition metals (e.g., zinc) are employed as reducing agents, the catalysts (transition 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 l,4,7-trimethyl-1,4,7-triazacyclononane 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 decarboxylation 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
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Yamanaka et al. have demonstrated that aerobic hydroxylation of methane
in trifluoroacetic acid at 40 °C is catalyzed by
or
if zinc

powder is present [56m]. 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 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 IX.8.
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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 IX.6.

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
fuel cell reaction [58a].
During the electrolysis of water at room temperature, the epoxidation of hex-lene 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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–hematoporphyrin– –cathode system, cholesterol was converted into
the corresponding alcohol:

The authors assumed that
species (Scheme IX.7).

binds oxygen producing an activated oxygen-like

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
, as well as some
other compounds (see below), are shown in Figure IX. 1
Other transition metal chlorides, for example
(Figure IX. 1) [60d,g,
61a,b],
(Figure IX. 1) [60d,g, 61c,d],
[60d, 61d,e], and
[6If] also photocatalyze the aerobic oxygenation of alkanes in acetonitrile,
methylene chloride or acetic acid (Table IX.9). Methanol
and formaldehyde
were formed upon the slow
bubbling of methane and air through a solution of
in MeCN under
irradiation [61c].

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(II) derivative that is formed can be oxidized either by molecular
oxygen or the alkylperoxo radical (Scheme IX.8).
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It can be assumed that in one of the possible channels of the alkyl hydroperoxide
formation, electron transfer
and reorganization of bonds occurs
within a six-membered structure IX-7 or IX-8 (Scheme IX.9).
Bromide complexes are also efficient in the photooxidation. However,
photocatalyzes the oxygenation of only alkylbenzenes (Figure IX.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.

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
Mechanisms of the photooxygenation reaction in the cases of other than iron
metal seems to be different from that postulated for the
-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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complexes. Such a mechanism has been proposed for the photooxidation of
alkanes in acetonitrile in the presence of a catalytic amount of cyclopentadienyliron(II) complexes and bis(arene)iron(II) [62]:

Unlike the oxygenations catalyzed by chloride complexes, the aerobic
photooxidation of cyclohexane in the presence of a catalytic system
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
and
is 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(III) salt, e.g.
, 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(III)-hydroxo complex, PorphFe–OH, has been reported to produce predominantly cycloalkanones [63 b]. The
proposed mechanism involves the formation of hydroxyl radicals and an
alkyl complex [63b]:

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 dioxygen. Another photooxidation of alkanes catalyzed by Fe(III)- or Mn(III)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(III) complexes,
which affords allylic oxygenation products and/or epoxides, has been proposed to
involve the oxoiron(IV) complex,
, 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 aerobic 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(II) 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
and semiquinone. The former is rapidly transformed into
ROO• 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 heteropolymetalates in methylene chloride [65a], acetic acid, alcohols, acetone,
acetonitrile [65b,c], polyoxotungstate
in acetonitrile [65d-fJ or water
[65g] (Table IX. 10). Oxo compounds such as
in the two-phase solvent
water–1,2-dichloroethane [66a],
[23], complexes
and
[66b], and
[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-j].
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 decomposed to produce a ketone and an alcohol:
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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 chlorochromate into 5- and 6-keto derivatives in the ratio IX-11 : IX-12 = 2.5 : 1. A
laser flash photolysis study of the mechanism has been carried out for the decatungstate anion catalyzed reaction [66m].
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Cobalt(III)-alkylperoxy complexes also promote photooxidation of alkanes
[67a]. Irradiation causes homolysis of the Co-0 bond of the
moieties in these complexes to generate
radicals. Both
and
are
responsible for the oxidation of the C–H bonds:

Here BPI is l,3-bis(2´-pyridylimino)isoindoline, CyH is cyclohexane. Stable final
products are formed according to the equations:

Thermal aliphatic C–H bond oxygenation has been achieved by Co(II)–
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(II) complexes, 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 ( > 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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