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Abstract

This brief review describes recent findings by the author and his co-workers in the field of catalytic systems for the oxidation
of saturated and aromatic hydrocarbons with molecular oxygen (from air), hydrogen peroxide and some other compounds. These
systems are based on metal complexes as catalysts and often include obligatory co-catalysts, such as amino acids, nitrogen-
containing bases or weak carboxylic acids. Some of these reactions can be considered as biomimetic models of corresponding
oxidation processes occurring in living cells. In some cases, aerobic oxidations considered here occur in some cases under the
action of light. Some features of these reactions and their mechanisms are presented and digcasséhis article: G.B.
Shul’pin, C. R. Chimie 6 (2003).
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Résumé

Cette revue décrit les travaux récents de l'auteur et de ses collaborateurs concernant les systémes catalytiques relatifs a
I'oxydation d’hydrocarbures saturés et aromatiques avec de I'oxygene moléculaire, du peroxyde d’hydrogene et d’autres
oxidants. Ces systemes dérivent de complexes métalliques, qui nécessitent la plupart du temps des co-catalyseurs, par exemple
des acides aminés, des bases azotées ou des acides carboxyliques faibles. Certaines de ces réactions sont des modeles
biomimétiques de réactions d’oxydation s’effectuant dans des cellules vivantes. Les oxydations anaérobiques considérées ici
s'effectuent, dans certains cas, sous I'action de la lumiére. Quelques aspects de ces réactions sont considérés et leur mécanisme
discuté.Pour citer cet article : G.B. Shul’pin, C. R. Chimie 6 (2003).
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1. Introduction oxide, alkyl hydroperoxides, peroxy acids) are practi-
cally very important reactions since many industrial
processes are based on these transforms [1]. As
these processes use inexpensive non-poisonous oxi-
~ E-mail address shulpin@chph.res.ru (G.B. Shul'pin). dants and in many cases also environmentally benign

Oxidations of hydrocarbons with molecular oxygen
and various donors of an oxygen atom (hydrogen per-
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solvents (for example, water), they belong to ‘green
chemistry’ .

Such reactions can be considered as processes of
C-H bond activation . Generaly, all these pro-
cesses can be divided into three types. Reactionswhere
organometallic derivatives (i.e., compounds contain-
ing an metal—carbon o-bond) are formed as an inter-
mediate or asthefinal product are assigned by usto the
first type. The first group includes reactions involving
‘true’, ‘organometallic’ activation of the C—H bond. In
the second group, we include reactions in which the
contact between the complex and the C-H bond isonly
achieved via a complex ligand during the process of
C—H bond cleavage, and the c-C-M bond is not gen-
erated directly at any stage. In these reactions, the
function of the metal complex usually consists in ab-
stracting an electron or a hydrogen atom from the
hydrocarbon. Finaly, in the processes that belong to
the third type, the complex does not initialy activate
the hydrocarbon, but the other reactant (for example,
hydrogen peroxide or molecular oxygen). The reactive
speciesformed (for example, hydroxyl radical) attacks
then the hydrocarbon molecule without any participa-
tion in the latter process of the metal complex. The
metal catalyst does not take part in the direct ‘activa-
tion’ of the C—H bond by theradical. From amechanis-
tic point of view, reactions described here belong to the
second or/and third type.

2. Alkane oxidation: estimation of alkyl
hydroperoxide content by GC analysis

of the reaction solution samples before and after
reduction with triphenylphosphine

In 1992, we described a very simple method to
demonstrate that H,O, oxidations of alkanes
catalysed by some transition metal complexes give
substantial amounts of the corresponding alkyl hydro-
peroxidesin addition to usually smaller concentrations
of alcohols and ketones. This method (which we used
in all our further works on akane oxidations) is based
on comparison of the chromatograms of the reaction
solution made before and after the treatment of the
sample with triphenylphosphine. If an excess of solid
triphenylphosphine is added to a solution of akane
oxidation products 10-20 min before the GC analysis,
the resulting chromatogram usually differs drastically
from that of a sample not subjected to the reduction

with PPhs. In the case of cyclohexane oxidation, the
cyclohexanol peak rises markedly after the reduction
while the intensity of the cyclohexanone peak de-
creases. Usually the sum of a cohol and ketone concen-
trations 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 investigation contains cyclohexyl
hydroperoxide as the main component. Cyclohexyl
hydroperoxide can totally decomposein the chromato-
graph to produce cyclohexanol and cyclohexanone.
Alky! hydroperoxides are known to be readily and
quantitatively reduced by triphenylphosphine to yield
corresponding alcohols. In the case of cyclohexyl hy-
droperoxide, the reduction gives cyclohexanol. After
treatment of the reaction solution with PPh;, the GC
analysis will give the amount of cyclohexanone that
correspondsto thereal concentration of thisproduct in
the reaction solution. The amount of cyclohexanol will
give the sum of real concentrations of cyclohexyl hy-
droperoxide and cyclohexanol.

Thus, by comparing the data of chromatographic
analysisof the reaction solution before and after reduc-
tion with triphenylphosphine, the amounts of cyclo-
hexyl hydroperoxide really present in the solution at a
given moment can be estimated quantitatively. 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, per-
oxy acid or metal peroxide). It should be emphasized
that the method described above is not a simple
‘quenching the reaction’ (indeed, works which deter-
mine alcohol and ketone concentrations only after ad-
dition of PPh; give absolutely no information about the
existence or non-existence of the corresponding alkyl
hydroperoxidesin the solutions).

3. Photo-induced metal-catalysed oxidations
of alkanes by atmospheric oxygen

3.1. Photocatalysis by metal chlorides

In 90s we have described a new photocatalytic
method for the transformation of alkanes and arylal-
kanes into corresponding hydroperoxides. Various
metal chlorides were used as catalysts, but iron(l11)
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chloride has been found to be the most efficient photo-
catalyst of alkane oxidation with atmospheric oxygen
14-22]| Hal ogenides of other transition metals CuCl
18, 21, 23, 24]] AuCl,” PtCIGZ‘
26, 27)| PtBre=", RhCl,;, RuCl; [17]] and CrCl; +
PhCH,NEt,Cl [ 28]| also fficiently catalyse the aerobic
oxygenation of alkanesin acetonitrile, methylene chlo-
ride or acetic acid under light irradiation. Methanol and
formal dehyde were formed upon the slow bubbling of
methane and air through a solution of HAuUCI, in
MeCN under irradiation|[25]}

The proposed mechanism for the oxidation cataly-
sed by iron(I11) chloride includes as the first step the
photo-excitation of the metal-containing species to
stimulate homolysis of the Fe—Cl bond Thechlo-
rine radical attacks further the akane. The formed
iron(l1) derivative can be oxidized either by molecular
oxygen or the alkylperoxo radical.

Bromide complexes are also efficient in the photo-
oxidation; however, in these cases the oxygenation of
only alkylbenzenes (and not of alkanes) can be carried
out. This can be dueto lower reactivity of the bromine
radical, which playstherole of an active speciesin this
reaction. Mechanisms of the photooxygenation reac-
tion in the cases of other than iron metal seem to be
different from that postulated for the FeCl ;-catalysed
process. L ow-valent metal-containing species are
apparently involved in the oxidation. It is interesting
that the aerobic cyclohexane photooxidation in the
presence of acatalytic system CrCl;—PhCH,NEt;Cl in
MeCN produces not the corresponding cyclohexyl hy-
droperoxide but givesthe ketone asamain product and
only asmall amount of the alcohol

3.2. Photocatalysis by oxo complexes

In our earlier works, we demonstrated that the oxi-
dation of alkanes and aromatic alkyl-substituted com-
pounds by oxo derivatives of chromium(V1) is greatly
accelerated by light irradiation . Later we
found that oxo compounds such as K,Cr,0; in the
two-phase_solvent water-1,2-dichloroethane ,
CrO; [35], complexes (n-Bu,N),Cr,0, (n-
Bu,N),Cr,0,, and (n-Bu,N)Cr,0,5|[36]| and UO,Cl,

catalyse the photooxygenation of akanes. More-
over, catalytic amounts of heteropolyoxometalates in
methylene chloride, acetic acid, alcohols, acetone, ac-
etonitrile transform alkanes and arylalkanes
into the corresponding alkyl hydroperoxides aswell as

ketones and alcohols. Photooxygenation of akanes
catalysed by molybdenum or tungsten carbonyls be-
gins apparently from the transformation of the carbo-
nyl into an active oxo speci&. Some other
chromium and vanadium complexes have been re-
ported to be catalysts of akane photooxidation
w The mechanism of aerobic alkane photooxi-
dation catalysed by metal oxo complexes includes the
formation of a photo-excited species, which is capable
of abstracting a hydrogen atom from an alkane.

3.3. Photocatalysis by other complexes

The photooxidation of alkanesin acetonitrile occurs
also in the presence of acatalytic amount of cyclopen-
tadienyliron(ll) complexes and bis(arene)iron(l1) @
The irradiation of an aqueous cyclohexane emul-
sion in the presence of aniron(l11) salt, e.g. Fe(ClO,),,
givesrise also to the formation of cyclohexanone
instead of its mixture with cyclohexyl hydroperoxide
and cyclohexanol. Palladium trifluoroacetate oxidizes
alkanes under light irradiation[[50]]

3.4. Aerobic photooxidations catalysed by
the ‘ quinone-copper acetate’ system

Under the irradiation with visible light, an acetoni-
trile solution of an alkane and catalytic amounts of
quinone and copper(l1) acetate produces amost pure
alkyl hydroperoxide, which decomposes only very
slowly under these Condition Thefirst step of
the reaction is a hydrogen atom abstraction from the
alkane, RH, by a photo-excited quinone species to
generate the alkyl radical, R, and semiquinone. The
former israpidly transformed into ROO™ and then into

alkyl hydroperoxide, while the latter is re-oxidized by
Cu(ll) into the initial quinone.

4. Aerabic oxidations in the presence
of a reducing agent

4.1. Catalysis by metaloporphyrins

Porphyrin complexes of some transition metals are
used as models of heme monooxygenases. The por-
phyrin 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 pro-
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Fig. 1. Proposed mechanism of the formation of hydroxyl radicals.

cess. If molecular oxygen is the oxidant in model
reactions, a reducing agent is required whose role can
be played, for example, by metallic zinc, thiosalicylic
acid or molecular hydrogen. We employed in our in-
vestigations ferrocene and benzylferrocene as the re-
ductant and tetraphenylporphyrinate complexes of co-
balt(11) or iron(ll) Alkane oxidation in the
presence of air and an el ectron source occurs at normal
temperature and pressure. In the cyclohexane oxida-
tion, cobalt-containing catalyst turned out to be more
efficient than iron porphyrin, and the product yield was
higher when benzylferrocene was used instead of fer-
rocene.

4.2. Catalysis by complexes of vanadium, gold
and manganese

Metal porphyrinates can be replaced in biomimetic
studies by simple salts of transition metals. We have
found that FeCl;, CuCl, and NaAuCl, induce aerobic
oxygenation of benzene, ethylbenzene, styrene, cyclo-
hexane and n-hexane in aqueous acetonitrile if ascor-
bic acid is added to the sol uti on However, unfor-
tunately turnover numbers (moles of products per one
mole of the catalyst) did not exceed 3. When D-glucose
was used instead of ascorbic acid, only ethylbenzene
have been oxygenated, CuCl, exhibited the highest
activity.

Vanadium is known to play the important role in
biology. Some complexes have been used as model s of
natural vanadium-containing compounds (see, for ex-

ample,[[54]). Recently we demonstrated [55] that va-
nadium complexes (particularly vanadate anion) catal-
yse aerobic hydroxylation of benzene to phenol in
acetonitrile in the presence of solid ascorbic acid and
with obligatory participation of pyridine, pyrazine-2-
carboxylic acid and acetic acid as mediators of proton
and electron transfer. If some water is added to the
system containing ascorbic acid, this compound is dis-
solved in agueous acetonitrile and no hydroxylation
occurs. The oxidation of toluene under the same con-
ditionsgave amixtureof isomeric cresolswith theratio
o:m:p = 60:16:24. Naphthalene gave isomeric naph-
thols (a:p=4:1). Ascorbic acid can be replaced with
zinc powder. The zinc-based system hydroxylates not
only benzene and aromatic ring and methyl group in
toluene (o:m:p = 47:28:25) but also C-H bonds in
cyclohexane with total turnover number being 78. A
mechanism of the formation of hydroxyl radicals by
these systems has been proposed . Initial vana-
dium(V) species, conventionally depicted in the
scheme as 1, is reduced to a catalytically active V(1V)
form 2 by ascorbic acid or Zn°. The latter species adds
molecular oxygen and after reduction is converted to a
hydroperoxy V(1V) species (5). A homolytic splitting
O-0 bond in this species gives rise to more stable oxo
derivative of V(V), 6, and hydroxyl radical. Finaly,
step 6 leads to theinitial catalytically active species 1.
In this sequence of stages, PCA can facilitate proton
transfer, for example intermolecular transfer between
two HO groups or between proton donors from the
reaction mediaand oxo or hydroxy groups at the vana-
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diumion. Protonated pyridine apparently playstherole
of ahydrogen atom mediator and isamodel of NADH.
Reduction of V(V) by NADH in biological systemsis
known Thus we can conclude that these sys-
tems mimic generation of hydroxyl radicalsin certain
vanadium-dependent biological processes.

The oxidation of cyclooctane by air at room tem-
perature catalysed by NaAuCl, in the presence of
Zn/CH3;COOH as a reducing agent and methylviolo-
gen aselectron-transfer agent gave cyclooctanol (TON
= 10) A binuclear Mn(IV) complex with the
1,4,7-trimethyl-1,4,7-triazacyclononane macrocyclic
ligand (compound 21; see below) initiates oxidation of
cyclohexanecarboxal dehyde 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[[59)) In
the presence of cyclooctane, thereaction givesrisealso
to the formation of cyclooctanol and cyclooctanone.

4.3. Dioxygenase-like vanadium-catalysed splitting
C—C bonds

Brégeault and co-workers have shown that vana
dium complexes catalyse aerobic oxidation of ketones
with splitting C-C bonds; particularly, 2-hydroxy-

clohexanone can be easily oxidized to adipic acid
Very recently, we used the mononuclear an-
ionic dioxo vanadium (V) species, [{ Ph;SIO},VO,] -,
and the dinuclear complex anion, [{ Ph,SiO,VO.,} 5],
as well as simple vanadium derivative, n-Bu,NVO;,
VOS0,-5 H,0, VO(acac),, HPM0ogV 50, as catalysts
for the aerobic C—C-bond cleavage in 2-hydroxy-
cyclohexanone and of 2-methylcyclohexanone .
On the basis of the obtained data, a mechanism has
been proposed, which is depicted in|Fig. 2|for the case
of C—C-bond cleavage in 2-hydroxycyclohexane. This
scheme presents a formally closed catalytic cycle, al-
though we realise that in reality some other steps take
place and the equilibria are more complex. The reac-
tion can begin from the formation of catalytically ac-
tive oxovanadium(V) species 6, which is depicted as
[VO,]*X". Certainly this species contains some addi-
tional ligands such as coordinated water from the or-
ganic solvent. Species 6 can be coordinated to the
substrate molecule viaits hydroxyl oxygen to produce
complex 7. Proton transfer from the carbon atom to the
oxo group leads to the formation of the enol form (8).

Naturally, this proton transfer does not occur in an
intramolecular way, as it is schematically shown as
Step 2, but via deprotonation and protonation, with
participation of the solvent or water (which was
present in relatively small concentrations in all reac-
tion solutions). Step 3isasingle electron transfer from
the electron-rich organic moiety to the V(V)-oxo part
of the complex to produce species 9, which contains
the n-coordinated to V(IV) organic part of the com-
plex. There is an unpaired electron on the organic
ligand, and one of the mesomeric forms of 9 can be a
carbon-centred radical. In the presence of molecular
oxygen species 9 will react rapidly with O,. Indeed, it
is well known [8]] that carbon-centred radicals add to
the oxygen moleculein a very fast reaction:

R +0,=R0O0

Simultaneously, homolytic splitting of both C-C and
O-0O bonds in 10 gives rise (after also a few stages
formally depicted as Steps 5, 6 and 7) to the formation
of adipic acid.

A similar mechanism has been proposed previously
for the oxidative C—C bond splitting in coordinated to
palladium(ll) acetylacetonate ligand to afford acetate
ligand [8, 63]| In that case, the reaction proceeded
smoothly at room temperature under irradiation by
visible light. Another ligand, the coordinated to Pd(l1)
ortho-metalated azobenzene played a role of an ‘an-
tenna’, absorbing the light energy necessary for the
electron transfer from the acac ligand to the palladium
centre. It should be noted that such a type mechanism
is relative to the mechanism of C—C bond splitting in
substituted phenols and catechols under the action of
O,, catalysed by enzymes non-heme iron dioxygena-
ses (see, for example, [64-67]). Thus oxidative sys-
tems based on vanadium complexes can be considered
as biomimetic models of dioxygenases.

5. Systems based on hydrogen peroxide

Hydrogen peroxide is a relatively inexpensive re-
agent; it is not toxic. This compound readily transfers
one of its oxygen atoms to a substrate to produce as a
by-product a‘green’ substance, water, which isagreat
advantage of hydrogen peroxidein comparison with all
other oxidants (the sole exception is molecular oxygen
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Fig. 2. Proposed mechanism for the C—C-bond cleavage in 2-hydroxycyclohexane.

or air). We have discovered a few catalytic systems
based on hydrogen peroxide as oxidant, some of which
are very efficient. Mechanistic studies (kinetics, selec-
tivities etc.) showed that these systems oxidize alkanes
and other organic compounds via different mecha-
nisms. Thus the ‘O,H,O,~vanadium complex-

pyrazine-2-carboxylic acid’ reagent unambiguously
generates  hydroxyl radicals, whereas the
‘[LoMN,O5)(PRg), (L = 1,4,7-trimethyl-1,4-7-triaza-
cyclononane)-carboxylic acid’ system oxidizes appar-
ently with the formation of the MnY=0O species.
Mechanisms of some other reactions are unclear.
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5.1. The ‘O,~H,0O,~vanadium
complex—pyrazine-2-carboxylic acid’ reagent

Any soluble vanadium derivative [vanadate anion in
the form n-Bu,NVO;, or VOSO,, VCl;, VO(acac),]
can be used asacatalyst in combination with pyrazine-
2-carboxylic acid as co-catalyst for the oxidationswith
hydrogen peroxide in acetonitrile soluti on.
At low temperatures, the predominant product of the
akane oxidation is the corresponding alkyl hydroper-
oxide (alcohols and ketones or aldehydes are formed
simultaneously in smaller amounts). This alkyl hydro-
peroxide then slowly decomposes to produce the cor-
responding 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 triph-
enylphosphine (see above), as well as by direct mea-
sure of the intensities of the peaks corresponding to
ROOH. Atmospheric oxygen takes part in this reac-
tion; in the absence of air, the oxygenation reaction
does not proceed. 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 isclose
to that found for the oxidation of n-heptane by H,O, in
MeCN under UV irradiation (1.0:3.4:3.2:3.0). The se-
lectivities 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 irradia-
tion. Methane, ethane, propane, n-butane and isobu-
tane can be also readily oxidized in acetonitrile by the
same reagent. Alcohols, aldehydes or ketones and car-
boxylic acids are obtained with high total turnover
numbers (at 75 °C after 4 h: 420 for methane and 2130
for ethane) and H,O, efficiency in addition to the
primary oxidation products (alkyl hydroperoxides).
Methane can also be oxidized in agueous solution,
giving in this case methanol as the product (after 20 h
at 20 °C, the turnover number equals 250). The reagent
also oxygenates arenes to phenols, alcohols to ketones
and hydroperoxidizes the allylic position in olefins.

The crucia step of the oxidation by the ‘ O,—H,0,—
VO4 —pyrazine-2-carboxylic acid’ reagent is the very
efficient generation of HO™ radicals. These radicals

abstract hydrogen atoms from the alkane, RH, to gen-
eratetheakyl radicals, R". Thelatter react rapidly with
an O, molecule affording the peroxo radicals, ROO",
which is then transformed simultaneously into three
products: alkyl hydroperoxide, ketone, and alcohol.
The proposed mechanism of HO™ generation
involves the reduction of V (V) species 13 by the first
molecule of H,O, to give V(IV) derivative 16. No
oxidation occurs in the absence of pyrazine-2-
carboxylic acid. The possible role of pyrazine-2-
carboxylic acid is its participation (in the form of a
ligand at vanadium centre) in the proton transfer,
which gives the hydroperoxy derivative of vanadium.
One can assume that the nitrogen atom of thisligandis
de-coordinated and then abstracts a proton from the
coordinated hydrogen peroxide molecule. Asaresult, a
pyridinium base is formed, which, after rotation of the
‘robot’s arm’, approaches one of the =O ligands at
vanadium and protonates it to give the —OH ligand
fFig. 9.

Alkanes can be oxidized by hydrogen peroxide in
acetonitrile  using  tetra-n-butylammonium  sats
of the vanadium-containing polyphosphomolybdate
[PMo0,,VO,0]* as catalyst . The oxidation of al-
kanes gives rise to the corresponding alkyl hydroper-
oxides as the main products, which slowly decompose
inthe course of the reaction to produce the correspond-
ing ketones (aldehydes) and alcohols. Thetotal yield of
the reaction products in the presence of pyrazine-2-
carboxylic acid is almost unchanged; however, the
initial reaction rate is higher in this case.

5.2. The ‘[L,Mn,0O] (PF¢), (L = 1,4,7-trimethyl-
1,4, 7-triazacyclononane)-carboxylic acid’ system

We have demonstrated that manganese (1V) deriva-
tive [Lo.Mn,O3](PFg), (21) (L = 1,4,7-trimethyl-1,4-7-
triazacyclononane) (Fig. 5) catalyses very efficiently
the oxygenation of various organic compounds in ac-
etonitrile or nitromethane, only if a carboxylic acid is
present in small concentrations in the reaction mixture
Higher (n-hexane and n-heptane, decalin, cy-
clohexane, methylcyclohexane etc.) and light (meth-
ane, 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. 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 hy-
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16.

droperoxide as the predominant product; however, this
compound decomposes later on, to produce the corre-
sponding ketone and alcohol.

Regio- and bond-selectivities of the reaction are
high: C(1):C(2):C(3):C(4) = 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 PPhy)
alcohols hydroxylated in the tertiary position with a
cigtransratio of ~2 in the case of cis-decalin, and with
atrang/cisratio of ~30 in the case of trans-decalin. It
has been proposed that the catalytically active
compound 24 is formed in the solution . The
alkane oxidation in the oxidase cycle begins with
hydrogen-atom abstraction from the alkane by an
oxygen-centred radical or a radical-like species 28
. The active oxidant is probably a dinuclear
manganese complex (HOO-)MnMn(=0), and the re-
action occurs via an ‘ oxygen-rebound mechanism’ be-
tween radical R* and HOO- group, to produce ROOH
with retention of stereochemistry (step 10). Alkyl radi-
cals (R) can aso partially escape from the solvent
cage and react with dioxygen to generate ROO" and
subsequently ROOH, with some loss of stereochemis-
try. Species 24 also simultaneously catalysesthe ‘ non-

productive’ H,O, decomposition to O, and H,O in the
catalase cycle .

Soluble manganese (V) complex containing as
ligands 1,4,7-triazacyclononane moieties bound to a
polymeric chain (compound 32, catal yses
the oxidation of alkanes by hydrogen peroxide in ac-
etonitrile at room and lower temperatures. Corre-
sponding alkyl hydroperoxides are the main products.
The presence of relatively small amount of acetic acid
isobligatory for thisreaction. The oxidation of alkanes
and ol efins exhibits some features (Kkinetic isotope ef-
fect, bond selectivities) that distinguish this system
from an analogous system based on dinuclear Mn(1V)
complex 21.

The ‘H,O,—~compound 21-MeCO,H’ system also
transforms secondary alcohols into the corre-
sponding ketones with quantitative yields at room tem-
perature within afew minutes; the yields of aldehydes
and carboxylic acids in the oxidation of primary alco-
hols are lower. Terminal aliphatic olefins such as
hexene-1 are quantitatively epoxidized by the same
system in acetonitrile at room temperature within
20 min, while the epoxide yield in the anal ogous reac-
tion with styrene attains only 60% under the same
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Fig. 5. Compound 21.

conditions. Finally, dimethylsulfide can be quantita-
tively and selectively converted into dimethylsulfoxide
within 3 h at room temperature.

5.3. Hydrogen peroxide oxidations catalysed by
other metal complexes

5.3.1. Osmium compounds as catalysts

Osmium derivatives, especially OsCl,, catalyse the
oxygenation of saturated hydrocarbons with hydrogen
peroxide For example, the reaction with cy-
cloheptane at 80 °C gave, after 3 h, cycloheptanol and
cycloheptanone, the total turnover number (TON) be-
ing 63. Addition of small amount of pyridine gaverise
to anoticeableincrease of theyield and to the predomi-
nant formation of the ketone (TON = 112 after 90 min).
The reaction is accompanied by non-productive H,O,
decomposition to give molecular oxygen. By varying
the additive, it is possible to control the ketone/al cohol
ratio. Lower alkanes can be also easily oxidized into
MeCN, if pyridineis added to the reaction solution. In



172 G.B. Shul’pin/ C. R Chimie 6 (2003) 163-178

/O\ 2+
LMn'V\O7 Mn'V-LI CH3COOH  step 1

~
21 ‘\Q/cmcoo-

0
HO\ 3+
LMn'V<07 Mn'V:I

(0]
22
Step 2 /\
Ho0,
CH3CO0O™
"K? CH3COOH
0]
HO\ 2
LMn'Vho/ Mn'V L-I *
\O -
23 HOOe

SteN

HO\ 2+
M — 5= Mn"V L |

24
Fig. 6. Formation of the catalytically active compound 24.

contrast to methane, which affords methanol as the
main product, ethane and propane give mainly carbo-
nyl compounds and only smaller amounts of alcohols,
with TON values of 102 and 150, respectively.

The selectivities of the alkane oxidations catalysed
by OsCl; are higher than those determined for analo-
gous hydroxylations by the ‘H,O,~hv' and ‘H,O,—
FeSO,’ systems as well as ‘H,0,—VO; —pyrazinecar-
boxylic acid’ reagent (see above), which are believed
to produce free hydroxyl radicals. It is noteworthy that
selectivities significantly increase when pyridine is
added to the reaction solution. Moreover, while the
oxidation of cis-decalin with H,O,~OsCl; in MeCN
occurs without retention of the configuration (the
trang/cisratio of the formed products being even more
than unity), in the presence of pyridine the reaction
becomes more selective, the trans/cis ratio decreasing
with increasing pyridine concentration. It isimportant

to note that in MeCO,H the reaction exhibits stereose-
lectivity (the value of the trans/cis parameter was
0.26). This value of the trang/cis parameter for the
‘H,O,—OsCl3’ system in MeCO,H is only dlightly
higher than that for the hydroxylation in MeCN by the
‘H,0,—21-MeCO,H’ system (see above).

It has been proposed that the oxidation by the
H,0,—OsCl; system starts with the hydrogen atom
abstraction from the alkane by an oxo-osmium com-
plex, and the reaction occurs in a solvent cage. The
alkyl radicals formed react then with dioxygen to gen-
erate the corresponding akyl hydroperoxide, which
decomposes to afford the corresponding ketone and
alcohoal. Coordination of a nitrogen-containing hetero-
cycle to osmium may produce a catalytically active
0xo0 species surrounded with voluminous ligands, and
therelatively high bond- and stereo-selectivities of the
alkane oxidation may be due in this case to the bulki-
ness of the ligands at the reaction centre.

5.3.2. Catalysis by chromium(VI) compounds

It has been shown in our earlier workthar[
cyclohexane can be oxidized by hydrogen peroxide at
room temperature when a Cr(VI) oxocomplex is used
as the catalyst; however, the product yields were very
low. More recently, we found that chromic
acid catalyses the oxidation of the alkanes with hydro-
gen peroxide under mild conditions; the reaction is
particularly efficient for the very inert ethane: CH;CH,
isoxidized by H,O, in acetonitrile solution containing
catalytic quantities of H,CrO, at 60 °C to give ethyl
hydroperoxide, acetaldehyde, ethanol and acetic acid,
the total turnover number being 620 after 1 h; the
maximum yield equals 21% based on H,0,. Therela-
tive content of these products depends on the initial
concentration of hydrogen peroxide; at its high con-
centrations, acetaldehyde becomes a predominant
product.

The main product of cyclooctane oxidation is the
alkyl hydroperoxide, which gradually decomposes to
give predominantly cyclooctanone. The reaction is ac-
celerated but insignificantly (ca 15%) if pyridine is
added. After 8 h, the turnover number had attained 280.
The oxidation with H,O, in CH;COOH asasolvent is
less efficient. Selectivity parameters for the oxidation
of decalin (cis- and trans-isomers) and adamantane are
different from those obtained for HO-radical-
generating systems. The Cr-containing systems oxi-
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32

Fig. 8. Compound 32.

dize non-stereosel ectively. It has been concluded that
the Cr-catalysed reactions does not seem to proceed
via HO radicas, but involve possibly peroxo com-
plexes as oxidizing species.

5.3.3. Oxidations catalysed by derivatives of nickel,
platinum, rhenium and gold

If nickel(I1) perchlorate is used as a catalyst and
hydrogen peroxide as an oxidant, the reaction of cy-
clooctane and other alkanes in acetonitrile solution at
70 °C gave alkyl hydroperoxides as main products,
whereas concentrations of the corresponding alcohols
and ketones were much lower . The hydroperoxi-
dation of cyclooctane proceeds very slowly, with a
significant auto-accel eration after 50 h. It isinteresting
to note that addition of a small amount of 1,4,7-
trimethyl-1,4,7-triazacyclononane dramatically en-
hances the reaction rate at the beginning of the oxida
tion, whereas the addition of picolinic acid instead of
TMTACN amost completely depresses the cyclooc-
tane oxidation. The oxidations by the H,O,—
Ni(ClO,),—~TMTACN system exhibit very low selec-
tivities for n-heptane and branched alkanes and the
reaction with cis-decalin is not stereoselective. These
data testify clearly that Ni(ll)-catalysed alkane oxy-
genation proceeds mainly with participation of free
hydroxy! radicals.

We have also investigated the alkane oxidation with
H,0,, catalysed by HZHCIG@. In comparison with
the analogous Ni(ll)-catalysed process, this reaction
proceeds much more rapidly and concentrations of

relatively stable cyclooctanol and cyclooctanone are
high. The turnover number attains 44 after 44 h. The
reaction catalysed by Pt(1V) exhibits relatively high
selectivities for branched akanes. It has been con-
cluded on the basis of the selectivity parameters that
the alkane oxidation catalysed by Pt(1V) at least in one
of the possible routes involves not free hydroxyl radi-
cals but oxo or peroxo complexes of platinum.

Pyrazine-2-carboxylic acid accelerates the hydro-
carbon oxidation catalysed by CH;ReO; Gol-
d(111) and gold(l) complexes, NaAuCl , and CIAuPPh,
also catalyse efficiently the oxidation of alkanes by
H,0, in acetonitrile solution at 75 °C Turnover
numbers attain 520 after 144 h. Alkyl hydroperoxides
are the main products, whereas ketones (aldehydes)
and alcohols are formed in smaller concentrations. At
least one of the pathways in Au-catalysed alkane hy-
droperoxidation does not possibly involve the partici-
pation of free hydroxyl radicals and the oxidation be-
gins from the alkane hydrogen atom abstraction by a
gold oxo species.

5.3.4. Biomimetic oxidations with participation
of dinuclear iron complexes

Variousdinuclear iron complexes have been synthe-
sized as structural models of diiron non-heme enzymes
and their properties were studied. In some cases, activ-
ity of such complexesin saturated and aromatic hydro-
carbon oxygenationswas reported. We have found[[99]]
that, when used in relatively low concentration, com-
pound 33 does not catalyse cyclohexane oxi-
dation with H,O, in acetonitrile at room temperature.
However, when certain amino acids (pyrazine-2-
carboxylic or pyrazine-2,3-dicarboxylic acid) are
added in low concentration, efficient cyclohexane oxy-

Fig. 9. Cation of compound 33.
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genation can be noticed. For the case of pyrazine-2-
carboxylic acid, TON = 140. The efficiency of
pyrazine-2,3-dicarboxylic acid as co-catalyst is some-
what lower under exactly the same conditions.

The cyclohexane oxygenation reaction is of a first
order with respect to both hydrogen peroxide and al-
kane concentration, sincetheinitial rate of the reaction
isproportional to [H,0.], and [cyclohexane],, respec-
tively. Ethane was transformed by this system mainly
to ethyl hydroperoxide aswell asto acetaldehyde, ina
minor amount. Acetic acid in a very small concentra-
tion was detected after 6 h. After thistime, the concen-
trations of ethyl hydroperoxide and acetaldehyde cor-
responded to TON = 21. Methane was oxidized at
25 °C to produce, after 6 h, methyl hydroperoxide and
formaldehyde with TON = 4.

The first step of the process is the reduction of one
Fe''' ions with a hydrogen peroxide molecule to pro-
duce hydroperoxy radicals and Fe''. The interaction of
Fe'' with H,O, possibly begins from the formation of
hydroperoxy derivative. It was assumed that amino
acids added to the reaction mixture play avery impor-
tant role in this stage, facilitating the proton transfer
between the coordinated H,O, molecule and ligands at
iron centres. Hydroxyl radical attacks an alkane mol-
ecule and the alkyl radical thusformed adds rapidly an
oxygen molecule affording the corresponding alkyl
peroxy radical. This radical can be reduced by one of
the two iron(ll) centres in a dinuclear complex and,
after addition of a proton, a molecule of the akyl
hydroperoxide is formed.

Very recently, Wefound that hydrogen perox-
ide oxidizes alkanes in acetonitrile at room tempera-
ture if dinuclear iron complex with 1,4,7-
triazacyclononane (TACN), compound 34 (which isa
model for O,-transporting proteins hemerythrins), is
used asacatalyst (Fig. 10). Pyrazine-2-carboxylic acid
accel erates the oxidation ﬁ

6. Alkane oxidation with alkyl hydroperoxides

Compound 21 catalys& aso the alkane oxi-
dation with tert-butyl hydroperoxide. In comparison
with the corresponding H,O,, oxidation, the reaction of
cyclooctane proceeds much slower and gives lower
yields of the products. Another feature of the oxidation
with tert-BuOOH istheweaker effect of the acetic acid
addition on the efficiency of the catalytic reaction.

i
/C\ _|2+
Hoo o A
<\N‘ / \ ’N
H/N-----‘-Fem Fell - Jn-H
/, / o
</N' \\o/ N
\H H/
o) 0]
\?/
CHj

Fig. 10. Cation of compound 34.

Indeed, the oxidation with tert-BuOOH in MeCN pro-
ceeds aso in the absence of MeCO,H. Acetic acid
accelerates the oxidation of cyclohexane, the maxi-
mum being observed at [MeCO,H] = ca 0.1-0.2 mol
dm=3. The kinetic curve shapes and the
cyclohexanone/cyclohexanol ratio depend on the ace-
tic acid concentration. The reaction is of first order
with respect to the catalyst (compound 21) concentra-
tion, because the initial rate of the reaction (measured
asthe product yields after 5 h) is proportional to [21],,.
The total turnover number attains 470.

7. Hydrocarbon oxidation with peroxy acids

Various vanadium complexes (particularly,
n-Bu,NVO,) catalyse alkane oxidations by peroxyace-
tic acid in acetonitrile at 60 °C The reaction
givesamixture of corresponding ketones, alcoholsand
alkylacetates, formation of alkyl hydroperoxides can
be detected (by reduction with triphenylphosphine; see
above) only at the beginning of the reaction. Bond
selectivities of the oxidation are not high, which attests
the formation of free radicals. Analogous ‘modelling’
reactions with H,O, in acetonitrile in the presence of
acetic acid or in pure acetic acid gave alkyl hydroper-
oxides as man products. Copper derivative
Cu(CH4CN),BF,, perchlorate and some other com-
plexes of this metal, taken in small concentrations (for
example, 10° mol dm™), are also efficient in alkane
oxidations with peroxyacetic acid in acetonitrile solu-
tion In this case, the reaction gives rise to the
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formation of akyl hydroperoxides as main products
and occurs with low bond selectivity. The total turn-
over number attains 1900. Finally, manganese (V)
complex 21 catalyses alkane oxidations with peroxy-
acetic or m-chloroperbenzoic acids [85,86].

8. Conclusions

In the last decade, we discovered and investigated a
few oxidizing systems based on transition metal com-
plexes as catalysts. The oxygenations distinguish sig-
nificantly in their efficiencies and selectivitiesand pro-
ceed via different mechanisms. In some cases, these
mechanisms involve the formation of free hydroxyl
radicals; in other cases, only transient formation of
radical-like species can be assumed. Many of these
reactions occur only if certain co-catalystsareadded in
relatively small concentrations. Some of the systems
described here are very efficient in oxidations and can
be employed in industrial processes.
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