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Hydrocarbon Oxygenations with Peroxides Catalyzed by Metal Compounds
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Abstract: Recent works devoted to the oxygenations of saturated, aromatic as well as olefinic hydrocarbons are surveyed, and the em-
phasis is made on the author’s own publications. Both soluble metal complexes and solid metal compounds catalyze oxidative transfor-
mations of hydrocarbons. Hydrogen peroxide, alkyl peroxides, and peroxy acids were used in these reactions as oxidants. The catalytic
systems often include obligatory co-catalysts, for example, nitrogen-containing bases or acids (inorganic, carboxylic or amino acids).
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1. INTRODUCTION

Saturated hydrocarbons (alkanes: propane, cyclohexane, n-
heptane etc.) may be called the “noble gases of organic chemistry”
due to their chemical inertness. Methane — the least reactive organic
compound — can be compared with helium. During last decades,
many reactions of hydrocarbons with various metal compounds
occurring under mild conditions have been described (see reviews
[1a—f]). Such processes with participation of metal complexes are
carried out at relatively low temperatures and can be selective. The
oxidations of hydrocarbons with donors of an oxygen atom such as
hydrogen peroxide, alkyl hydroperoxides and peroxy acids consti-
tute an important field of contemporary catalytic chemistry, and
some industrial processes can be based on these reactions. It is in-
teresting that even water can play the role of an oxidizing reagent
for the hydrocarbon functionalization [1g]. In this review, we
briefly discuss oxidations of alkanes and aromatics with peroxides
in solutions under mild conditions catalyzed by soluble and solid
derivatives of various metals.

2. SOLVENTS

Since alkanes (and also aromatics) are inert compounds, the
solvents which can be easily oxidized should not be used in the
reactions with these hydrocarbons. For example, alcohols or ke-
tones are often not appropriate for reactions with saturated and
aromatic hydrocarbons because a solvent and not a substrate is
oxidized in this case. Liquids containing C—H bonds deactivated by
electron-withdrawing substituents can be, however, used as appro-
priate solvents; these are acetic acid, acetonitrile, nitromethane,
methylene chloride. Water is a very attractive green solvent but it
may be efficiently employed only in the case of lower alkanes
(methane and ethane) or in biphasic systems. Strong organic acids
are known to enhance sufficiently the electrophilicity of metalating
species. For example, trifluoroacetic acid was used as a solvent in
the introduction of the platinum(IV)-containing substituent from
H,PtClg into aromatic rings [2] and has been found to be a conven-
ient solvent for the oxidative carbonylation of various alkanes in-
cluding methane [3].

3. SUBSTRATES AND PRODUCTS. THE ANALYSIS OF
FORMED ALKYL HYDROPEROXIDES

Reactions of alkanes and aromatics with peroxides are usually
carried out in air and afford oxygenates, that are the products of in-
sertion of oxygen atoms into C—H bonds. In many cases, if the reac-
tion conditions are relatively mild, alkyl hydroperoxides are formed
at least in the initial period. After long time, the alkyl hydroperox-
ides can gradually decompose to produce the corresponding ketones
(aldehydes) and alcohols. Unfortunately, usually chemists analyz-
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ing the products by GC method inject the samples into the chro-
matograph without any pre-treatment. Such an analysis does not
give the reliable information on the real composition of the reaction
solution at the given moment. Indeed, usually alkyl hydroperoxides
extensively decompose in the injector and columns of the chro-
matograph to produce mainly the corresponding ketones (alde-
hydes) and alcohols. In addition, various carboxylic acids can be
formed from alkyl hydroperoxides via C—C bond cleavage at high
temperature of the injector. Moreover, introducing into the chro-
matograph “native” reaction solution can lead to the further oxida-
tion of the hydrocarbon by unreduced peroxy oxidant (for example,
by meta-chloroperbenzoic acid, m-CPBA) in the hot injector. It is
evident that the investigator will be able to measure only amounts
of the ketones (aldehydes) and alcohols and will get the information
which is far from the real composition of the reaction mixture.
Meantime, if we know that alkyl hydroperoxides are formed as
initial products of the oxygenation we can propose a reaction
mechanism which is different from a scheme assumed for the direct
“alkane hydroxylation” to the alcohol.

To demonstrate the formation of alkyl hydroperoxide in alkane
oxidation with peroxides or/and molecular oxygen and to estimate
its concentration in the course of the reaction we used a simple
method developed by us earlier (see, for example, [1b, 4]). If an
excess of solid PPh; is added to the sample of the reaction solution
ca. 10 min before the GC analysis, the alkyl hydroperoxide present
is completely reduced to the corresponding alcohol. As a result, the
chromatogram differs from that of a sample not subjected to the
reduction (the alcohol peak rises, while the intensity of the ketone
peak decreases). The examples are shown in Fig. (1). Comparing
the intensities of peaks attributed to the alcohol and ketone before
and after the reduction, it is possible to estimate the real concentra-
tions of the ketone, alcohol, and alkyl hydroperoxide present in the
reaction solution. If the oxidation is carried out in water solution,
other water-soluble reducing reagents can be used or acetonitrile
can be added to the sample prior the reduction with PPh;. This
method can be employed also for the qualitative estimation of the
alkyl hydroperoxide presence since the difference between the
chromatograms of the reaction solution samples before and after the
reduction with PPhz can unambiguously indicate the formation of
an alkyl hydroperoxide in the course of the reaction. If a peak of the
ketone present in the chromatogram before the reduction
completely disappears after the treatment, it indicates that only pure
alkyl hydroperoxide is formed in the reaction (see Fig. (1A)). It
should be noted that in kinetic studies of alkane oxidations, it is
necessary to reduce (quench) the reaction solution with triphenyl-
phosphine prior the GC analysis in order to measure precise values
for the product concentrations. Indeed, if we operate with data ob-
tained before the reduction, we could diminish the real concentra-
tions because some amount of the alkyl hydroperoxide can give a
separate peak and some decomposition of this alkyl hydroperoxide
can occur in the chromatograph. Finally, the advantage of our
method is the possibility to measure alkyl hydroperoxides in the
presence of hydrogen peroxide and other peroxides. In recent years,
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Fig. (1). Chromatograms of a sample containing cyclohexane oxygenates
before and after reduction with triphenylphosphine are shown. A compari-
son of the bottom and top chromatograms indicates that in the case A almost
pure cyclohexyl hydroperoxide is formed (which is reduced to the cyclo-
hexanol). Case B corresponds to the situation when cyclohexanol, cyclo-
hexanone and cyclohexyl hydroperoxide are present in the reaction mixture
in comparable concentrations (ca. 1:1:1). In case C, the reaction mixture
does not contain cyclohexyl hydroperoxide at all.

our method was employed by other chemists for the analysis of
reaction products in various oxidations of C-H compounds by mo-
lecular oxygen, hydrogen peroxide and other peroxides [5].

Aromatic hydrocarbons are oxidized by peroxides to give phe-
nols which can be further transformed by the same system into
quinones. As phenols are much more reactive than starting aromat-
ics, the oxygenation of benzene and its analogues often leads to the
formation of quinones which (especially if a large excess of the
oxidant is used) will be converted into the products of more deep
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oxidation such as carboxylic acids. It is necessary to use a high
substrate/oxidant ratio in order to obtain mainly the phenol.

4. CO-CATALYSTS

In many cases metal-catalyzed oxidations with peroxides pro-
ceed only in the presence of small amounts of specific additives,
such as chelating organic compounds or acids [3a]. We will discuss
here only three examples of such co-catalysis taken from the
author’s works. The first two systems are based on vanadium de-
rivatives and the third one contains a manganese complex.

4.1. Oxidations by the ‘H,0, — vanadium derivative — pyrazine-
2-carboxylic acid’ and ‘H,0, — NaVO; — H,SO,’ Reagents

We have discovered that the vanadate anion (as well as any
other vanadium derivative) efficiently catalyzes the oxidation of
organic compounds including alkanes and aromatics in acetonitrile,
if pyrazine-2-carboxylic acid (PCA = pcaH) is present as a co-
catalyst in the solution in low concentrations [4c,e, 6]. On the basis
of a kinetic study of the alkane oxidation, we proposed a mecha-
nism with two crucial steps: decomposition of a transient peroxova-
nadium(V) complex to produce a peroxyl radical and a V(IV) de-
rivative (“VV-OOH” — “V"V” + HOO") and further interaction of
this V(IV) complex with another hydrogen peroxide molecule to
afford hydroxyl radical (“V'V” + H,0, — “VY” + HO™ + HO")
which attacks the hydrocarbon.

The first reaction is a rate-limiting step. We assumed that PCA
coordinated to the vanadium center in the form of the pca ligand
facilitates the proton transfer between the oxo or hydroxy ligands of
the vanadium complex on the one hand and molecules of hydrogen
peroxide or water on the other hand, for example: “O=V0,H,” —
“HO-V-OOH”. We called this principle a “robot’s arm mecha-
nism” (Fig. (2)) and assumed that it may have analogies in enzyme
catalysis (vanadium and other metals are known to promote hy-
droxyl radical formation in living organisms). Bell and co-workers
[7a] studied the mechanism of hydrocarbon oxidation by our rea-
gent using density functional theory (DFT) and found, in accord
with our proposal, that the generation of HOO" radicals cannot oc-
cur via cleavage of a V-OOH bond in the complex formed directly
from the precursors because the activation barrier for this process is
too high. Instead, peroxyl radicals are formed via a sequence of
additional steps and di- and tri-peroxo complexes are involved into
this transformation. Besides, the conversion of the precursors re-
quires hydrogen transfer from H,0O, to a vanadyl group, and the
calculations by Bell and co-workers showed “that direct transfer has
a higher barrier than pca-assisted indirect transfer. Indirect transfer
occurs by migration of hydrogen from coordinated H,O, to the
oxygen of a pca ligand connected to the vanadium atom” [7a]. We
have studied the oxidation by the reagent under discussion of iso-
propanol and cyclohexane [7b], and this investigation led to the
conclusion that the crucial step of the process is the monomolecular
decomposition of a diperoxovanadium(V) complex containing the
pca ligand to afford the peroxyl radical, HOO", and a V(IV) deriva-
tive. It was assumed that the rate-limiting step in the overall process
may not be this (rapid) decomposition itself, but (prior to this step)
the slow hydrogen transfer from a coordinated H,O, molecule to
the oxygen atom of a pca ligand at the vanadium center. The V(1V)
derivative reacts with a new hydrogen peroxide molecule to gener-
ate the hydroxyl radical, active in the oxidation of isopropanol: HO*
+ Me,CH(OH) — H,0 + Me,C*(OH). The reaction with an alkane,
RH, in acetonitrile proceeds analogously, and in this case the hy-
droxyl radical abstracts a hydrogen atom from the alkane: HO" +
RH — H,0 + R". These conclusions were in a good agreement with
the results obtained by Bell and co-workers [7a].

Detailed comparative kinetic and spectroscopic studies of the
oxidations of hydrocarbons and isopropanol using n-Bu;NVO; and
oxovanadium(V) triethanolaminate (vanadatrane) as catalysts has
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Fig. (2). A simplified catalytic cycle proposed for the radical generation by the ‘vanadate/PCA/H,0,’ reagent [6,7]. The pyrazinecarboxylate ligand assists in
proton transfer from the coordinated H,O, molecule (in structure B) to the oxo ligand (to form the hydroperoxy derivative E) via formation of intermediate
species (rotamers) C and D. Analogously, the transformation of the V(IV) derivative G, containing the coordinated H,O, molecule, into the hydroperoxy spe-
cies H (with proton transfer to the hydroxyl ligand) is assisted by the pca ligand. We say that pca-ligand plays the role of an arm in the “robot’s arm mecha-

nism”.

been carried out very recently." The 'V NMR data showed that the
catalytic cycles for the two catalyst precursors involve the same
intermediate species, and it has been unexpectedly found that both
catalytic systems activate C-H bonds via a common reaction
mechanism. It has been stated on the bases of the DFT calculations
! that proton transfer from the coordinated hydrogen peroxide
molecule to the oxo- or peroxo ligand is one of the crucial steps in
the overall mechanism of the radical generation. As the oxidation
reaction occurs in the presence of water, taking into account that the
H,0 is a strongly polar molecule, it can be assumed that the water
is directly involved into proton transfers being the member of the
corresponding transition states (TSs). Indeed, such TSs bear a six-
membered metal-containing cycle and, therefore, are more stable
ones (by 6.6-7.5 kcal/mol). A simplified scheme of the catalytic
cycle with participation of “water-assisted mechanism” is shown in
Fig. (3). In this alternative cycle, the rate-accelerating role of PCA
can be the stabilization of certain intermediate species and lowering
the TSs by the coordination with the pca ligands.

Methane can be oxidized by the ‘H,0, — KVO; — PCA” if water
is used as a solvent instead of acetonitrile [7c]. However, under
used conditions (50-90 °C, 4 h) PCA is partly or completely de-
structed and this co-catalyst should be used in large excess over
vanadate to attain relatively high (up to 80) turnover numbers
(TONS). Perchloric acid (0.1 M) in combination with K\VO3 (107

! Romakh, V. B.; Kirillova, M. V.; Kuznetsov, M. L.; Shul’pina, L. S.; Fradsto da
Silva, J. J. R.; Pombeiro, A. J. L.; Shul’pin, G. B. manuscript in preparation.

M) and H,0, (0.2 M) turned out to be a good catalytic system to
oxygenate methane with TON = 150 after 24 h at 50 °C [7c]. We
have found very recently ? that addition of a mineral (e.g. sulfuric)
or carboxylic (e.g. oxalic) acid to NaVO; solution in acetonitrile
allows us to very efficiently oxidize alkanes at 50 °C exclusively to
the corresponding alkyl hydroperoxides. Thus, hydroperoxidation
of cyclohexane with the ‘H,0, - NaVO; — H,SO,’ reagent gives the
sole product (cyclohexyl hydroperoxide) with TON = 1700, and
yield based on cyclohexane is 38%. The reaction occurs also in
water, although less efficiently.

4.2. Oxidations by the ‘H,O, - [Mn2L203]2+ (L = 147-
trimethyl-1,4,7-triazacyclononane) —Carboxylic Acid’ System

The third oxidizing system invented by us consists of the binu-
clear manganese(IV) complex 1 containing 1,4,7-trimethyl-1,4,7-
triazacyclononane and a carboxylic acid as an obligatory co-catalyst
[8]. Hydrogen peroxide or tert-butyl hydroperoxide (TBHP) were
used as oxidants. The ‘l/carboxylic acid/H,O,’ combination in
acetonitrile solution very efficiently oxidizes inert alkanes to afford
primarily the corresponding alkyl hydroperoxides which are trans-
formed further into the more stable ketones (aldehydes) and alco-
hols. It turned out that the system oxidizes not only alkanes but also
epoxidizes olefins, transforms alcohols into ketones (aldehydes),
and sulfides into sulfoxides. Oxalic, acetic, trifluoroacetic and other
acids were used as co-catalysts.

2 Shul’ping, L. S.; Kirillova, M. V.; Pombeiro, A. J. L.; Shul’pin, G. B. Tetrahedron,
2009, 65, 2424-2429.
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Fig. (3). A simplified catalytic cycle proposed for the radical generation by the ‘vanadate (vanadatrane)/PCA/H,0,’ reagent involving the steps of ‘water-
assisted mechanism’ (see footnote *). Water molecules assist proton transfer from the coordinated H,0, molecule in structure B to the oxo ligand via the transi-
tion state C. In the analogous step F—G, water molecules can assist proton transfer from the coordinated H,O, molecule to the hydroxy ligand. Proton transfer
can occur also from the coordinated H,O, molecule to the peroxo ligand with the formation of two hydroperoxo ligands. The last scheme explains why di- or
tri-peroxo species are the most active in the radical generation as it has been shown in Refs. [7a,b].

It is interesting that certain amino acids also accelerate the H,0,
oxidation of cyclohexane [8i]. The efficiency of the co-catalyst
dramatically depends on the nature and structure of the amino acid.
Pyrazine-2,3-dicarboxylic acid (2,3-PDCA) has been found to be
the most efficient co-catalyst among the tested amino acids,
whereas picolinic acid is almost inactive in this oxidation. The
highest rate has been attained when 2,3-PDCA was used in combi-
nation with trifluoroacetic acid. The reaction with olefins in the
presence of oxalic acid gave rise to the products of dihydroxylation
in addition to the corresponding epoxides. Alkanes, olefins, and
alcohols were oxidized also in the absence of acetonitrile. A rele-
vant soluble polymer-bound Mn(1V) complex with N-alkylated
1,4,7-triazacyclononane was used as a catalyst in the H,O, oxy-
genation of alkanes [81]. The detailed kinetic study of the dye Rho-
damine 6G degradation (decoloration) and competitive epoxidation
and a-hydroperoxidation of cyclohexene by H,0, has been recently
carried out [8s]. Both soluble [LMn(O);MnL](PFg), (1) and insolu-
ble [LMn(O)3MnL],[SiW1,04] (1b) catalysts were used in combi-
nation with oxalic acid. It has been concluded that both oxidation
processes occur with the formation of transient species D (which
exhibits the properties of a relatively weak radical and is able to

abstract the hydrogen atom from C—H bonds of hydrocarbons) and
E (which is responsible for the cyclohexene epoxidation). Species
D is probably an oxygen-centered radical containing also manga-
nese ions. Species E is apparently an oxo derivative of high-valent
manganese. Catalyst 1 generates predominantly species E. When
heterogenized catalyst 1b (see [8t]) is used species D prevail.
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Our “1/carboxylic acid/H,0,’ system has been used by other
authors [9a] for the cis-hydroxylation and epoxidation of olefins.
Manganese complexes containing triazacyclononane ligands have
been shown to catalyze oxidation of alkanes and olefins with per-
oxyacetic acid and m-CPBA [8a,k, 9b,c].
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Fe'' + HbO == Fe(OH)" + H’
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5. EXAMPLES OF OXIDATIONS BY VARIOUS PEROX-
IDES

In this chapter we will very briefly consider selected works on
hydrocarbon oxidations catalyzed by transition metal complexes. It
should be noted that only a few examples of catalysis by derivatives
of non-transition metals have been reported. Thus, bismuth com-
pounds, BiCl;, NaBiO3, catalyze oxidation of weak C-H bonds
with TBHP [10]. Solid aluminum oxide has been demonstrated to
catalyze olefin epoxidation with hydrogen peroxide in ethyl acetate
[11a,b]. Soluble aluminum nitrate catalyzes the olefin epoxidation
with H,0, in ethyl acetate [11c]. Aluminum trichloride catalyzes
Baeyer-Villiger oxidation of ketones with H,O, in ethanol [11d].
We have recently discovered  that solid aluminum-containing ma-
terials, montmorillonite {M,;,""aH,0(Al,_,Mg,)°*(Sig)* ™00 (OH),}
and molecular sieves UOP Type 4A {Naj,[(AlO,)12(Si0Oy)1,].xH,0}
as well as aluminum oxide, Al,O3, catalyze the hydrogen peroxide
oxygenation of alkanes and aromatics in acetonitrile; the reactions
are accelerated by addition of a strong acid (trifluoroacetic acid).
Aluminum nitrate, AI(NO3)3, homogeneously catalyzes alkane oxy-
genation with H,O, in acetonitrile [11le]. Strong acids (e.g.,
CF3COOH) also accelerate the reaction. It has been proposed on the
basis of kinetic and selectivity studies that in the case of all alumi-
num-catalysts the alkane oxygenation occurs via the formation of
hydroxyl radicals as key intermediate species.

Hydrogen peroxide is a cheap and ecologically friendly oxidant,
and thousands of papers have been devoted to its usage in catalysis.
Metal-catalyzed reactions proceed usually in homogeneous solu-
tions in acetonitrile or acetic acid or in biphasic systems either in
the absence of any solvent or when substrates are dissolved in
methylene chloride. Tables 1 and 2 summarize selected examples of
hydrocarbon oxidations with hydrogen peroxide catalyzed by solu-
ble and solid metal compounds, respectively. Alkyl hydroperoxides,
mainly TBHP (Table 3), and peroxy acids (Table 4) are also widely
employed in hydrocarbon oxygenations. The advantage of these
reagents in comparison with aqueous H,0; is their higher solubility
in organic liquids containing dissolved hydrophobic hydrocarbons.

6. MECHANISTIC CONSIDERATION
6.1. Formation of Active Radicals

The interaction of hydrogen peroxide with metal ions leads to
the H,0, decomposition to afford molecular oxygen and water. An
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K=2x10"M (1)
K=2x10" )
k=16x10"s" (3)
k=50M"s" 4)
k=68M"'s! (5)
k=17x10M"s" (6)
k=21x10"M"s" (7)
K=13x10"M (8)
k=4x10"M"'s" 9)
k=51x10"M"s" (10)
k=24x10°M"s" (11)

Table 1. Oxidations of Hydrocarbons with Hydrogen Peroxide Catal-
yzed Homogeneously by Soluble Metal Compounds

Hydrocarbon Catalyst Solvent Ref.
Alkanes Polynuclear Fe complexes Acetonitrile [12a-d]
Alkanes Fe salts and complexes Acetonitrile [12€]
Alkanes FeClz+dipy Acetonitrile [12f]
Alkanes Fe complexes with PCA Acetonitrile [129]
Alkanes Non-heme Fe complexes Acetonitrile [12h-j]
Alkanes Fe complex Acetonitrile [12k]

Ethylbenzene Fe phenol-oxazoline Acetonitrile [121]

Adamantane Gif-type system Pyridine [12m]
Naphthalene Mn or Fe porphyrin '\I\/llz(c):: [12n]
Aromatics RuCls Acetic acid [129

Alkanes Os complexes Acetonitrile [12p-1]

Cyclohexane Cu(11) complexes Acetonitrile [12s,t]

Alkanes Mn Schiff base complex Acetonitrile [12u]
Alkanes Mn complexes '\élﬁ'fc';ll; [12v]
Ethane Chromic acid Acetonitrile [12w]
Toluene Vanadium oxo complexes Acetonitrile [12x]
Benzene V complexes Acetonitrile [12y]
Aromatics H;PMo01;VOy Acetic acid [12z,12aa]
Cycloalkanes Tungstophosphates Acetonitrile [12ab,ac]

Cycloalkanes Re complexes Acetonitrile [12ad]

Alkanes MeReO; lonic liquids [12ae]
Adamantane MeReO; Ethanol [12af]
Alkylaromatics Metal complexes Water [12ag]
Alkylaromatics Metal complexes Water [12ah]
Methane Fe phthalocyanine Water [12ai]
Alkanes Ni and Pt complexes Acetonitrile [12aj]
Alkanes Au(lll), Au(l) complexes Acetonitrile [12ak]
Cyclohexane Fe complexes Acetonitrile [12al-an]
Hydrocarbons V salycylhydroximate Acetonitrile [12a0]
Hydrocarbons Au derivatives [12ap]
Benzene Rhs(CO)16 Acetonitrile [12aq]

3 Mandelli, D.; do Amaral, A. C. N.; Shul’pina, L. S.; Carvalho, W. A.; Kozlov, Y. N.;
Shul’pin, G. B., manuscript in preparation. See also preliminary communications:
Shul’pin, G. B.; Kozlov, Y. N.; Shul’pina, L. S.; Chiacchio, K. C.; Mandelli, D. Ab-
stracts of 16 International Symposium on Homogeneous Catalysis, Florence, Italy, P-

231. Mandelli, D.; Kozlov, Y. N.; do Amaral, A. C. N.; Bogarin, R.; Bonon, A. J.;
Carvalho, W. A.; Aoyagi, J. L. T.; Shul’pin, G. B. Abstracts of 14 International Con-
gress on Catalysis, Seoul, S. Korea, 2008, PI11-53-14 (PICC08-0306).
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Table 2. Oxidations of Hydrocarbons with Hydrogen Peroxide Cata-
lyzed by Solid and Supported Metal Compounds

Georgiy B. Shul’pin

Table 3. Metal-Catalyzed Oxidations of Hydrocarbons with Alkyl Hy-
droperoxides

Hydrocarbon Catalyst Solvent Ref. Hydrocarbon Catalyst Solvent Ref.
Adamantane 1so or heteropolyacids/SiO, Butyronitrile [13a] R-cyclopropane CrOs CH,Cl, [14a]
Alkanes V-POM/MCM-41 CH,CICH,CI [13b] Cyclohexane Fe salen complex Acetonitrile [14b]
Benzene [(CH3)4N1sPMo01;VO 4o Water [13c] Cyclohexane Fe(111) complexes Acetonitrile [14c]
Alkanes V complexes/silica Acetonitrile [13d] Alkylarenes FeCly Pyridine [14d]
Ethylbenzene V-MCM-41 Acetonitrile [13e] Alkanes Fe complex/SiO, Water [14e]
Alkanes Vanadosilicate [13f] Alkanes Fe(I1) complex Acetonitrile [141]
Benzene Cu over Al-PILC Acetonitrile [13q] Cyclohexane RuCl; lonic liquid [149]
Cyclohexane Cu(ll) in Y zeolite None [13h] Steroids Osmiumporphyrin Benzene [14h]
Benzene Supported Cu complexes Acetonitrile [13i] Cyclohexene Cu complexes Acetonitrile [14i,]
Benzene Fe(111)/Al,O3 Acetonitrile [13]] Alkanes Cu/Co complex Acetonitrile [14Kk]
Cycloalkanes Supported MeReO, t-BuOH [13K] Alkylarenes Cu-tea complex Acetonitrile [141]
Tocopherols Supported MeReO, [131] Ethylbenzene CoSBA-15 Acetonitrile [14m]
Linear al- Titanosilicalite TS-1 None [13m-o0] Alkanes Co complex Acetonitrile [14n]
kanes Toluene M/zeolite None [140]
Benzene Mn nodule Acetic acid [13p] Cyclohexane Jacobsen’s Mn catalyst Acetonitrile [14p]
Benzene Carbon nanotubes Water [13q] Ethylbenzene Zr-K-OMS-2 Acetonitrile [14q]
Alkanes Cu and Fe(salen)CI+POM Acetonitrile [13r] Cyclohexane V,04/SiO, None [141
p-CICsH.Me V or Culpolymer Acetonitrile [135] Cyclohexene Vanadyl/Al,0; Acetonitrile [14s]
Cyclohexane Cu complex/fiberglass (134 Alkanes Vanadate anion Acetonitrile [141]
example — the reaction of Fe(l1l) ions with H,O, in water solution Alkylarenes Tiav) (14u]
(see [6k (Supplement), 16]) — is shown below. In equation (1) con- Alkylarenes Ti(v)ssilica [14v]
centration of H,0 is included into K. This chain process consists of Toluene Ti(1IV)/zeolite [14w]

steps of the initiation [reactions (3) and (4) which generate Fe**
ions], propagation [reactions (5), (6), and (9)] and termination [re-
actions (7), (10), and (11)].

The key step, especially interesting for the hydrocarbon activa-
tion, in (Schemes 1-11) is reaction (5) which generates active hy-
droxyl radicals. The stoichiometric interaction between Fe(ll) and
hydrogen peroxide is known as Fenton’s reaction. It is necessary,
however, to note that the interaction of Fenton reagent with alkanes
and aromatics affords the oxygenates only with low yields and
unselectively. Many other metal ions as well as iron complexes
with certain ligands catalyze hydrocarbon oxidations via mecha-
nism with participation of hydroxyl radicals (1)—(11) much more
efficiently (see Figs. (2) and (3) and Tables 1 and 2). Hydroxyl
radicals attack alkane molecules, RH, abstracting hydrogen atoms:
HO- +RH — H,0 + R-. Alkyl radicals thus formed rapidly react
with molecular oxygen present in the solution: R- + O, — ROO..
Peroxy radicals can be converted into the alkyl hydroperoxides via,
for example, the following route: ROO- + M®D* " — ROO™ +
M™; ROO™ + H* — ROOH. Analogously, the interaction of
TBHP with a metal ion gives rise to the formation of the radical
tert-BuO which can attack the alkane: tert-BuO° + RH — tert-
BuOH + R (see an example in [8r]). In the reactions with participa-
tion of peroxyacetic acid, MeC(=O)OOH, species MeC(=0)O" at-
tack substrates in the radical route of the process. Alkyl hydroper-
oxides formed in the reactions with transient generation of strong
radicals can be detected by GC (see Section 2), at least in the initial
period of the oxidation because in some cases these compounds
decompose in the course of the process to produce the correspond-
ing more stable alcohols and ketones (aldehydes). Many metal-
catalyzed reactions between hydrocarbons and peroxides are known
that do not involve strong free radicals as intermediates. For exam-
ple, peroxide oxidants are believed to convert certain catalyst pre-
cursors into high-valent oxo derivatives of transition metals. The
radical and non-radical reactive intermediates in the iron(l1l) por-
phyrin-catalyzed reactions have been discussed in a recent paper
[17].

6.2. Selectivity Parameters

Selectivity parameters measured for an oxygenation of certain
alkanes help us to make a decision on the process mechanism. Re-
gio-selectivity parameters C(1) : C(2) : C(3) : C(4) are relative
normalized (i.e., calculated taking into account the number of hy-
drogen atoms at each carbon) reactivities of hydrogen atoms at
carbons 1, 2, 3 and 4, of the chain of linear alkanes (hexane, hep-
tane, and octane). Bond-selectivity parameters 1° : 2° : 3° are rela-
tive normalized reactivities of hydrogen atoms at primary, secon-
dary and tertiary carbons of branched alkanes. Parameters for cer-
tain systems are summarized in Table 5. It can be seen that hy-
droxyl radicals generated by light irradiation of H,O, (entry 1) or
by Fenton reagent (entry 2) oxygenate alkanes with low selectivity:
C(1):C(2):C(3): C(4)=1:8:8:8. Bond-selectivity parameters
are also low: 1°: 2°: 3° are approximately 1 : 2 : 10. The low values
of the selectivity parameters for the oxidations by the ‘n-Bus;NVO;—
PCA-H,0,’ reagent (entry 3), the ‘Ni(ClO,);~TMTACN-H,0,’
combination (entry 4), and the catalysis by (2,3-n-1,4-diphenylbut-
2-en-1,4-dione)undecacarbonyl triangulotriosmium (entry 5) led us
to the conclusion that the three reactions occur with the formation
of hydroxyl radicals. It is evident that oxidations catalyzed by

Table 4. Metal-Catalyzed Oxidations of Hydrocarbons with Peroxy

Acids

Hydrocarbon Catalyst Solvent Ref.
Alkanes, olefins | Non-heme Mn complex Acetonitrile [15a]
Alkanes Fe complexes Acetonitrile [15b]
Adamantane Ru complexes Chloroform [15c]
Cyclohexane Ru complexes Acetonitrile [15d]
Alkanes Ni complexes Acetonitrile [15¢€]
Alkanes V complexes Acetonitrile [15f]
Alkanes Ir and Pd complexes Acetonitrile [15q]
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Table 5. Selectivity Parameters in Oxidation of Linear and Branched Alkanes by Certain Oxidizing Systems *
Entry C(1): C(2) : C(3) : C(4) 10:20:30
System n-Hexane n-Heptane n-Octane 2,2,4-TMP MCH 2-MH 3-MH

1 hv-H,0, (MeCN, 20 °C) 1:10:7 1:7:6:7 1:10.2:6.8:6.3 1:2:6 1:2:6 1:6:20 1:4:12
2 FeSO,~H,0, (MeCN, 20 °C) 1:5:5:45 1:3:6
3 n-Bus;NVO;-PCA-H,0,

(MeCN, 40°C) ® 1:69:7.0 1:57:72:5.0 1:6.7:75:53 1:15:10 1:9:37 1:14:64
4 Ni(Cl0,),~TMTACN-H,0,

(MeCN, 70°C) ¢ 1:63:72:6.1 1:23:45 1:7:15 1:53:55
5 2-H,0, (MeCN, 60 °C) ° 1:62:7.1 1:55:5.0:4.6 1:5:85 1:4:10 1:6:19
6 m-CPBA (MeCN, 25 °C) 1:36:36.5 1:20:520 1:89:750
7 H,0, in CF;COOH 1:364:363 1:52:0
8 NaAuCl,~H,0,

(MeCN, 75°C) ¢ 1:35:25:23 1:10:240 1:116:255 1:13:100
9 1-MeCO,H-H,0,

(MeCN, 25°C) f 1:46:35:34 1:29:25:24 1:5:55 1:26:200 1:19:204 1:22:200
10 1-oxalic acid-TBHP

(MeCN, 50°C) f 1:14:13:12 1:17:12:15 1:04:32 1:03:0.6
11 3-oxalic acid-H,0,

(MeCN, 25°C) ¢ 1:71:78 1:91:99:68 1:94:99:51 1:53:17
12 3-oxalic acid-TBHP

(MeCN, 50°C) ¢ 1:76:32:23 1:25:18:12
13 H,0,/TS-1" 1:80:156 1:80:193:100 1:80:62:59 no products no products no products no products
14 H,0,/TS-1/NaOH/MeCN " 1:6.3:59 1:77:84:76 1:65:6.6:6.2 1:57:21 1:4:25 1:7:20 1:7:20

 Abbreviations: 2,2,4-TMP, 2,2 4-trimethylpentane (isooctane); MCH is methylcyclohexane; 2- and 3-MH are 2- and 3-methylhexanes.
® For this system, which is believed to oxidize substrates via formation of hydroxy! radicals, see [4c, 6].

¢ TMTACN is 1,4,7-trimethyl-1,4,7-triazacyclononane. For this system, see [12aj].

42 is complex (2,3-n-1,4-diphenylbut-2-en-1,4-dione)undecacarbonyl triangulotriosmium. For this system, see [12q].

¢ For this system, see [12akK].

1 is complex [Mn,L,(u-0),]** where L is 1,4,7-trimethyl-1,4,7-triazacyclononane. For these systems, see [8].
93 is complex [Mny(R-LM*R),(u-0),]* where R-LM*2R is (R)-1-(2-hydroxypropyl)-4,7-dimethyl-1,4,7-triazacyclononane. For these systems, see [8q].

" For these systems, see [13m-o].

NaAuCl, and complexes 1 and 3 (entries 8-12) occur with noticea-
bly higher selectivity and do not involve free hydroxyl radicals.

Hydrogen peroxide in the absence of a solvent oxidizes pre-
dominantly methylene groups of linear alkanes if titanosilicalite
TS-1 is used as a catalyst (Table 5, entry 13) [13m,n]. Branched
alkanes are not oxidized at all. On the basis of these results we can
assume that the oxidation occurs in narrow channels of the TS-1,
and an oxidizing fragment is probably a weak radical-like species,
for example, Ti-O-, Ti-OO0-, or HOO-. Alkyl hydroperoxides have
not been detected in these oxidations. It is noteworthy, that in the
presence of NaOH and MeCN [130], alkyl hydroperoxides are the
main products, methyl groups of linear alkanes are also intensively
oxidized, and parameters of regio- and bond-selectivity are much
lower (Table 5, compare entries 13 and 14). For example, for the
oxidation of n-octane and 3-methylhexane we measured parameters
C1):C(2):C(3):C(4)=1:65:6.6:6.2and1°:2°:3°=1:7:
20, respectively (Table 5, entry 14). The ‘HyO,/TS-
1/NaOH/MeCN’ system oxidizes also branched alkanes. It can be
seen from the data summarized in Table 5 that selectivity parame-
ters for the ‘H,0,/TS-1/NaOH/MeCN’ system are close to the cor-
responding values determined for the systems that are believed to
operate via the formation of hydroxyl radical or similar very reac-
tive species. All these data indicate that the formation of the alkyl
hydroperoxides proceeds with generation of hydroxyl radicals or
similar species such as acyloxy radicals. Possibly, the interaction
between H,0,, HO™ and MeCN gives rise to the formation of per-
oxycarboximidic acid which under the action of the TS-1 surfaces
is decomposed to generate hydroxyl radicals. Mesoporous titanium-
silicate Ti-MMM-2 has been found * to catalyze alkane oxidation

and olefin epoxidation by H,0, in acetonitrile solution at 60 °C.
The oxidation of C—H bonds is assumed to proceed via hydroxyl
radical attack on the alkane C—H bond whereas the titanium peroxo
species are involved into the epoxidation of double bonds.

6.3. The Classification of Oxidizing Species

Taking into account the selectivity parameters we can make
conclusions on the nature of oxidizing species that operate in the
alkane oxygenation. Assuming that reaction mechanisms involve
the hydrogen atom abstraction or the oxygen atom insertion into C—
H bond we can divide oxidizing species into three groups. We place
into the first group very reactive radicals, such as HO:, RO,
RC(=0)O-. Radicals Cl- (photochemically generated from FeCl; or
other metal chlorides) are also very reactive in the interactions with
alkanes [4b,d, 18]. The hydroperoxidation of alkanes in the pres-
ence of Mo or W carbonyls and polyoxometalates proceeds via the
following mechanism [19a]:

WY'=0 + hv —» WY-0.

WY-0. + RH — WY-OH + R

R- + 0, — ROO-

ROO- + WY-OH — ROOH + WV'=0

Radicals WY-0- exhibit high reactivity in the interaction with
the alkane. Analogous radical-like species are believed to be active

4 Bonon, A. J.; Mandelli, D.; Kholdeeva, O. A.; Barmatova, M. V.; Kozlov, Y. N.;
Shul’pin, G. B., manuscript in preparation. See also a preliminary communication:
Mandelli, D.; Kholdeeva, O. A.; Bonon, A. J.; Barmatova, M. V.; Shul’pin, G. B.
Abstracts of 14 International Congress on Catalysis, Seoul, S. Korea, 2008, PI11-53-
154 (PICC08-0307).
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in the alkane photooxygenation by polyvanadate in trifluoroacetic
acid [19b], polychromates in acetonitrile [19c] as well as hetero-
polymetalates [4b]. Selectivity parameters for the oxygenation of
linear alkanes with involvement of all radicals mentioned above are
very low, usually C(1) : C(2) : C(3) : C(4) = 1 : (4+10) : (4+10) :
(4+10). Radical-like species formed in a photocatalyzed reaction
from quinone are a bit less reactive and attack n-hexane with selec-
tivity parameter C(1) : C(2) : C(3) =1:13: 14 [19d].

Species of medium activity constitute the second group. In
these cases the selectivity is higher: C(1) : C(2) : C(3): C(4) = 1:
(20+40) : (20+40) : (20+40). Photoexcited anthraquinone attacks n-
hexane with the selectivity parameter C(1) : C(2) : C(3)=1:70:
50 [19d]. Irradiation of an alkane solution in acetonitrile in air using
pyrazine-2-carboxylic acid as a catalyst gave rise to the oxygenates
with the selectivity parameter C(1) : C(2) : C(3) = 1: 35: 32 [20a].
Oxo derivatives of some transition metals, which are formed par-
ticularly in the interaction between metalloporphyrins and hydrogen
peroxide or iodosyl benzene are examples of such species. The
reactivity of radicals Br- (generated by the photolysis of FeBrs) is
sufficiently lower [20b] than that of radicals CI- [18].

Finally, very weak oxidizing species with parameters C(1) :
C(2) : C(3) : C(4) = 1 : (60+200) : (60+200) : (60+200) can be
placed into the third group. The representatives of these group are
very weak radicals (HOO-) and peroxy acids which react with al-
kanes via the concerted oxygen insertion mechanism. Some reac-
tions with participation of the species of the three groups are dem-
onstrated in Table 5.

7. PERSPECTIVES

Surely, further development of hydrocarbon oxygenations cata-
lyzed by soluble, solid, and supported metal compounds will allow
us to find new systems for one-pot direct transformations of alkanes
and arenes into valuable alkyl hydroperoxides, ketones, aldehydes,
alcohols, and carboxylic acids with relatively high yield and selec-

tivity.
ACKNOWLEDGEMENT

This work was supported by the Russian Foundation for Basic
Research (grant No. 06-03-32344-a).

REFERENCES

[1] a) Shilov, A. E.; Shul’pin, G. B. Chem. Rev., 1997, 97, 2879-2932. b) Shilov,
A. E.; Shul’pin, G. B. Activation and Catalytic Reactions of Saturated Hy-
drocarbons in the Presence of Metal Complexes; Kluwer Academic Publish-
ers: Dordrecht/Boston/London, 2000. ¢) Shul’pin, G. B. "Oxidations of C-H
Compounds Catalyzed by Metal Complexes”, in Transition Metals for Or-
ganic Synthesis; Beller, M., Bolm, C., Eds.; 2nd ed., Wiley-VCH: Wein-
heim/New York, Vol. 2 (Chapter 2.2), 2004, pp. 215-242. d) Periana, R. A;;
Bhalla, G.; Tenn, W. J., IlI; Young, K. J. H,; Liu, X. Y.; Mironov, O.; Jones,
C. J.; Ziatdinov, V. R. J. Mol. Catal. A. Chem., 2004, 220, 7-25. e) Labinger,
J. A. J. Mol. Catal. A: Chem., 2004, 220, 27-35. f) Crabtree, R. H. Nature,
2006, 441, 165-166. g) Hirai, Y.; Kojima, T.; Mizutani, Y.; Shiota, Y.; Yo-
shizawa, K.; Fukuzumi, S. Angew. Chem. Int. Ed., 2008, 47, 5772-5776.

[2] a) Shul’pin, G. B.; Shilov, A. E.; Kitaigorodskii, A. N.; Zeile Krevor, J. V. J.

Organometal. Chem., 1980, 201, 319-325. b) Shul’pin, G. B. J. Organometal.
Chem., 1981, 212, 267-274. c) Shul’pin, G. B.; Nizova, G. V.; Nikitaev, A. T.

J. Organometal. Chem., 1984, 276, 115-153.

[3] a) Kirillova, M. V.; da Silva, J. A. L.; Frausto da Silva, J. J. R.; Pombeiro, A.
J. L. Appl. Catal. A: General, 2007, 332, 159-165. b) Kirillova, M. V.; Kuz-
netsov, M. L.; Reis, P. M.; da Silva, J. A. L.; FraGsto da Silva, J. J. R.; Pom-
beiro, A. J. L. J. Am. Chem Soc., 2007, 129, 10531-10545. c) Kirillova, M.
V.; Kuznetsov, M. L.; da Silva, J. A. L.; da Silva, M. F. C. G.; Fralsto da
Silva, J. J. R.; Pombeiro, A. J. L. Chem. Eur. J., 2008, 14, 1828-1842.

[4] a) Shul’pin, G. B. J. Mol. Catal. A: Chem., 2002, 189, 39-66. b) Shul’pin, G.
B. Comptes Rendus, Chimie, 2003, 6, 163-178. c) Shul’pin, G. B.; Attanasio,
D.; Suber, L. J. Catal., 1993, 142, 147-152. (d) Shul’pin, G. B.; Nizova, G.
V.; Kozlov, Y. N. N. J. Chem., 1996, 20, 1243-1256. €) Shul’pin, G. B,
Guerreiro, M. C.; Schuchardt, U. Tetrahedron, 1996, 52, 13051-13062. f)
Shul’pin, G. B. “Alkane oxidation: estimation of alkyl hydroperoxide content
by GC analysis of the reaction solution samples before and after reduction

[5]

[6]

[71

[8]

Georgiy B. Shul’pin

with triphenylphosphine”, Chemistry Preprint Archive, 2001, Vol. 2001 (6),
pp. 21-26 (http://www.sciencedirect.com/preprintarchive).

a) Vanoppen, D. L.; De Vos, D. E.; Genet, M. J.; Rouxhet, P. G.; Jacobs, P.
A. Angew., Chem. Int. Ed., 1995, 34, 560-563. (b) Takaki, K.; Yamamoto, J.;
Matsushita, Y.; Morii, H.; Shishido, T.; Takehira, K. Bull. Chem. Soc. Jpn.,
2003, 76, 393-398. (c) Balula, M. S. S.; Santos, I. C. M. S.; Simdes, M. M.
Q.; Neves, M. G. P. M. S.; Cavaleiro, J. A. S.; Cavaleiro, A. M. V. J. Mol.
Catal. A: Chem., 2004, 222, 159-165. d) Tanase, S.; Bouwman, E.; Long, G.
J.; Shahin, A. M.; de Gelder, R.; Mills, A. M.; Spek, A. L.; Reedijk, J. Pol-
yhedron, 2005, 24, 41-48. e) Nesterov, D. S.; Kokozay, V. N.; Dyakonenko,
V. V.; Shishkin, O. V.; Jezierska, J.; Ozarowski, A.; Kirillov, A. M.; Kop-
ylovich, M. N.; Pombeiro, A. J. L. Chem. Commun., 2006, 4605-4607. f) Du,
P.; Moulijn, J. A.; Mul, G. J. Catal., 2006, 238, 342-352. g) de Castries, A.;
Magnier, E.; Monmotton, S.; Fensterbank, H.; Larpent, C. Eur. J. Org.
Chem., 2006, 4685-4692. h) Kirillov, A. M.; Kopylovich, M. N.; Kirillova,
M. V.; Karabach, E. Y.; Haukka, M.; da Silva, M. F. C. G.; Pombeiro, A. J.
L. Adv. Synth. Catal., 2006, 348, 159-174. i) Trettenhahn, G.; Nagl, M.;
Neuwirth, N.; Arion, V. B.; Jary, W.; Pdchlauer, P.; Schmid, W. Angew.
Chem. Int. Ed., 2006, 45, 2794-2798. j) Yuan, Q.; Deng, W.; Zhang, Q.;
Wang, Y. Adv. Synth. Catal., 2007, 349, 1199-1209. k) Zhan, B.-Z.; Modén,
B.; Dakka, J.; Santiesteban, J. G.; Iglesia, E. J. Catal., 2007, 245, 316-325. I)
Fornal, E.; Giannotti, C. J. Photochem. Photobiol. A: Chem., 2007, 188, 279-
286. m) Alegria, E. C. B.; Kirillova, M. V.; Martins, L. M. D. R. S.; Pombei-
ro, A. J. L. Appl. Catal. A: General, 2007, 317, 43-52. n) Kirillova, M. V;
Silva, J. A. L.; Fradsto da Silva, J. J. R.; Pombeiro, A. J. L. Appl. Catal. A:
General, 2007, 332, 159-165. o) Kirillova, M. V.; Kirillov, A. M.; Reis, P.
M.; Silva, J. A. L.; Fralsto da Silva, J. J. R.; Pombeiro, A. J. L. J. Catal.,
2007, 248, 130-136. p) Mishra, G. S.; Frausto da Silva, J. J. R.; Pombeiro, A.
J. L. J. Mol. Catal. A: Chem., 2007, 265, 59-69. q) Di Nicola, C.; Karabach,
Y. Y.; Kirillov, A. M.; Monari, M.; Pandolfo, L.; Pettinari, C.; Pombeiro, A.
J. L. Inorg. Chem., 2007, 46, 221-230. r) Xu, L.-X.; He, C.-H.; Zhu, M.-Q,;
Wu, K.-J;; Lai, Y.-L. Catal. Commun., 2008, 9, 816-820. s) Karabach, Y. Y.;
Kirillov, A. M.; Haukka, M.; Kopylovich, M. N.; Pombeiro, A. J. L. J. Inorg.
Biochem., 2008, 102, 1190-1194. t) Silva, T. F. S.; Alegria, E. C. B. A.; Mar-
tins, L. M. D. R. S.; Pombeiro, A. J. L. Adv. Synth. Catal., 2008, 350, 706-
716. u) Wang, H.; Li, R.; Zheng, Y.; Chen, H.; Wang, F.; Ma, J. Catal. Lett.,
2008, 122, 330-337. v) Kirillova, M. V; Kirillov, A. M.; da Silva, M. F. C.
G.; Pombeiro, A. J. L. Eur. J. Inorg. Chem., 2008, 3423-3427.

a) Shul’pin, G. B.; Attanasio, D.; Suber, L. Russ. Chem. Bull., 1993, 42, 55-
59. b) Shul’pin, G. B.; Druzhinina, A. N.; Nizova, G. V. Russ. Chem. Bull.,
1993, 42, 1327-1329. c) Nizova, G. V.; Shul’pin, G. B. Russ. Chem. Bull.,
1994, 43, 1146-1148. d) Shul’pin, G. B.; Siss-Fink G. J. Chem. Soc. Perkin
Trans. 2, 1995, 1459-1463. e) Shul’pin, G. B.; Drago, R. S.; Gonzalez, M.
Russ. Chem. Bull., 1996, 45, 2386-2388. f) Guerreiro, M. C.; Schuchardt, U.;
Shul’pin, G. B. Russ. Chem. Bull., 1997, 46, 749-754. g) Nizova, G. V,;
Suiss-Fink, G.; Shul’pin, G. B. Tetrahedron, 1997, 53, 3603-3614. h) Schu-
chardt, U.; Guerreiro, M. C.; Shul’pin, G. B. Russ. Chem. Bull., 1998, 47,
247-252. i) Suss-Fink, G.; Nizova, G. V.; Stanislas, S.; Shul’pin, G. B. J.
Mol. Catal. A: Chem., 1998, 130, 163-170. j) Shul’pin, G. B.; Ishii, Y.;
Sakaguchi, S.; Iwahama, T. Russ. Chem. Bull., 1999, 48, 887-890. k)
Shul’pin, G. B.; Kozlov, Y. N.; Nizova, G. V.; Stss-Fink, G.; Stanislas, S.;
Kitaygorodskiy, A.; Kulikova, V. S. J. Chem. Soc. Perkin Trans. 2, 2001,
1351-1371. 1) de la Cruz, M. H. C.; Kozlov, Y. N.; Lachter, E. R.; Shul’pin,
G. B. N. J. Chem., 2003, 27, 634-638. m) Kozlov, Y. N.; Nizova, G. V.;
Shul’pin, G. B. J. Mol. Catal. A: Chem., 2005, 227, 247-253. n) Jannini, M. J.
D. M,; Shul’pina, L. S.; Schuchardt, U.; Shul’pin, G. B. Petrol. Chem., 2005,
45, 413-418. o) Nizova, G. V.; Suss-Fink, G.; Shul’pin, G. B. Chem. Com-
mun., 1997, 397-398. p) Suss-Fink, G.; Stanislas, S.; Shul’pin, G. B.; Nizova,
G. V. Appl. Organometal. Chem., 2000, 14, 623-628. q) Kozlov, Y. N.;
Nizova, G. V.; Shul’pin, G. B. Russ. J. Phys. Chem., 2001, 75, 770-774. r)
Nizova, G. V.; Kozlov, Y. N.; Shul’pin, G. B. Russ. Chem. Bull., 2004,
2330-2333. s) Nizova, G. V.; Suss-Fink, G.; Stanislas, S.; Shul’pin, G. B.
Chem. Commun., 1998, 1885-1886. t) Suss-Fink, G.; Stanislas, S.; Shul’pin,
G. B.; Nizova, G. V.; Stoeckli-Evans, H.; Neels, A.; Bobillier, C.; Claude, S.
J. Chem. Soc., Dalton Trans., 1999, 3169-3175. u) Suss-Fink, G.; Gonzalez
Cuervo, L.; Therrien, B.; Stoeckli-Evans, H.; Shul’pin, G. B. Inorg. Chim.
Acta, 2004, 357, 475-484.

a) Khaliullin, R. Z.; Bell, A. T.; Head-Gordon, M. J. Phys. Chem. B., 2005,
109, 17984-17992. b) Kozlov, Y. N.; Romakh, V. B.; Kitaygorodskiy, A.;
Buglyd, P.; Suss-Fink, G.; Shul’pin, G. B. J. Phys. Chem. A., 2007, 111,
7736-7752. c) Romakh, V. B.; Suss-Fink, G.; Shul’pin, G. B. Petrol. Chem.,
2008, 48, 440-443.

a) Shul’pin, G. B.; Lindsay Smith, J. R. Russ. Chem. Bull., 1998, 47, 2379-
2386. b) Shul’pin, G. B.; Suss-Fink, G.; Lindsay Smith, J. R. Tetrahedron,
1999, 55, 5345-5358. ¢) Shul’pin, G. B.; Suss-Fink, G.; Shul’pina, L. S. J.
Mol. Catal. A: Chem., 2001, 170, 17-34. d) Shul’pin, G. B.; Nizova, G. V.;
Kozlov, Y. N.; Pechenkina, I. G. N. J. Chem., 2002, 26, 1238-1245. ¢)
Woitiski, C. B.; Kozlov, Y. N.; Mandelli, D.; Nizova, G. V.; Schuchardt, U.;
Shul’pin, G. B. J. Mol. Catal. A: Chem., 2004, 222, 103-119. f) Shul’pin, G.
B.; Nizova, G. V,; Kozlov, Y. N.; Arutyunov, V. S.; dos Santos, A. C. M;
Ferreira, A. C. T.; Mandelli, D. J. Organometal. Chem., 2005, 690, 4498-
4504. g) Mandelli, D.; Steffen, R. A.; Shul’pin, G. B. React. Kinet. Catal.
Lett., 2006, 88, 165-174. h) dos Santos, V. A.; Shul’pina, L. S.; Veghini, D.;
Mandelli, D.; Shul’pin, G. B. React. Kinet. Catal. Lett., 2006, 88, 339-348. i)



Hydrocarbon Oxygenations with Peroxides Catalyzed

[]

[10]

[11]

[12]

Nizova, G. V.; Shul’pin, G. B. Tetrahedron, 2007, 63, 7997-8001. j)
Shul’pin, G. B.; Matthes, M. G.; Romakh, V. B.; Barbosa, M. I. F.; Aoyagi, J.
L. T.; Mandelli, D. Tetrahedron, 2008, 64, 2143-2152. k) Lindsay Smith, J.
R.; Shul’pin, G. B. Tetrahedron Lett., 1998, 39, 4909-4912. I) Nizova, G. V.;
Bolm, C.; Ceccarelli, S.; Pavan, C.; Shul’pin, G. B. Adv. Synth. Catal., 2002,
344, 899-905. m) Suss-Fink, G.; Shul’pin, G. B.; Shul’pina, L. S. “Process
for the Production of Ketones”, U.S. Patent 7,015,358, March 21, 2006
(Filed 2002, to Lonza A.-G., Switzerland); Eur. Patent EP 1 385812 A0 (Ap-
plication: WO 02/088063, art. 158 of the EPC). n) Mandelli, D.; Woitiski, C.
B.; Schuchardt, U.; Shul’pin, G. B. Chem. Nat. Comp., 2002, 38, 243-245. 0)
Kozlov, Y. N.; Mandelli, D.; Woitiski, C. B.; Shul’pin, G. B. Russ. J. Phys.
Chem., 2004, 78, 370-374. p) Romakh, V. B.; Therrien, B.; Karmazin-Brelot,
L.; Labat, G.; Stoeckli-Evans, H.; Shul’pin, G. B.; Suss-Fink, G. Inorg. Chim.
Acta, 2006, 359, 1619-1626. q) Romakh, V. B.; Therrien, B.; Stss-Fink, G.;
Shul’pin, G. B. Inorg. Chem., 2007, 46, 1315-1331. r) Kozlov, Y. N.; Nizova,
G. V,; Shul’pin, G. B. J. Phys. Org. Chem., 2008, 21, 119-126. s) Shul’pin,
G. B.; Kozlov, Y. N.; Kholuiskaya, S. N.; Plieva, M. I. J. Mol. Catal. A.
Chem., 2009, 299, 77-87. (t) Veghini, D.; Bosch, M.; Fischer, F.; Falco, C.
Catal. Commun., 2008, 10, 347-350. u) Shul’pin, G. B. Petrol. Chem., 2001,
41, 405-412.

a) de Boer, J. W.; Browne, W. R.; Brinksma, J.; Alsters, P. L.; Hage, R.;
Feringa, B. L. Inorg. Chem., 2007, 46, 6353-6372. b) Mandelli, D.; Kozlov,
Y. N.; Golfeto, C. C.; Shul’pin, G. B. Catal. Lett., 2007, 118, 22-29. c) Gar-
cia-Bosch, I.; Company, A.; Fontrodona, X.; Ribas, X.; Costas, M. Org. Lett.,
2008, 10, 2095-2098.

a) Salvador, J. A. R.; Silvestre, S. M. Tetrahedron Lett., 2005, 46, 2581-2584.
b) Bonvin, Y.; Callens, E.; Larrosa, I.; Henderson, D. A.; Oldham, J.; Burton,
A.J.; Barrett, A. G. M. Org. Lett., 2005, 7, 4549-4552.

a) de S. e Silva, J. M.; Vinhado, F. S.; Mandelli, D.; Schuchardt, U.; Rinaldi,
R. J. Mol. Catal. A: Chem., 2006, 252, 186-193. b) Rinaldi, R.; Fujiwara, F.
Y;. Hélderich, W.; Schuchardt, U. J. Catal., 2006, 244, 92-101. c) Rinaldi,
R.; Fujiwara, F.Y.; Schuchardt, U. Catal. Commun., 2004, 5, 333-337. d) Lei,
Z.; Ma, G.; Wei, L.; Yang, Q.; Su, B. Catal. Lett., 2008, 124, 330-333. e)
Mandelli, D.; Chiacchio, K. C.; Kozlov, Y. N.; Shul’pin, G. B. Tetrahedron
Lett., 2008, 49, 6693-6697.

a) Romakh, V. B.; Therrien, B.; Suss-Fink, G.; Shul’pin, G. B. Inorg. Chem.,
2007, 46, 3166-3175. b) Romakh, V. B.; Therrien, B.; Labat, G.; Stoeckli-
Evans, H.; Shul’pin, G. B.; Suss-Fink, G. Inorg. Chim. Acta., 2006, 359,
3297-3305. c) Gritsenko, O. N.; Gutkina, E. A.; Ammon, H.; Schmmel, M.;
Shteinman, A. A. Russ. J. Inorg. Chem., 2007, 52, 92-96. d) Nizova, G. V.;
Krebs, B.; Suss-Fink, G.; Schindler, S.; Westerheide, L.; Gonzalez Cuervo,
L.; Shul’pin, G. B. Tetrahedron, 2002, 58, 9231-9237. e) Shul’pin, G. B.;
Nizova, G. V.; Kozlov, Y. N.; Gonzalez Cuervo, L.; Suss-Fink, G. Adv.
Synth. Catal., 2004, 346, 317-332. f) Shul’pin, G. B.; Golfeto, C. C.; Suss-
Fink, G.; Shul’pina, L. S.; Mandelli, D. Tetrahedron Lett., 2005, 46, 4563-
4567. g) Tanase, S.; Marques-Gallego, P.; Browne, W. R.; Hage, R.;
Bouwman, E.; Feringa, B. L.; Reedijk, J. Dalton Trans., 2008, 2026-2033. h)
England, J.; Britovsek, G. J. P.; Rabadla, N.; White, A. J. P. Inorg. Chem.,
2007, 46, 3752-3767. i) England, J.; Davies, C. R.; Banaru, M.; White, A. J.
P.; Britovsek,G. J. P. Adv. Synth. Catal., 2008, 350, 883-897. j) Gosiewska,
S.; Lutz, M.; Spek, A. L.; Gebbink, R. J. M. K. Inorg. Chim. Acta, 2007, 360,
405-417. k) Tang, J. K.; Gamez, P.; Reedijk, J. Dalton Trans., 2007, 4644-
4646. 1) Godbole, M. D.; Puig, M. P.; Tanase, S.; Kooijman, H.; Spek, A. L.;
Bouwman, E. Inorg. Chim. Acta, 2007, 360, 1954-1960. m) Shchapin, I. Y.;
Vasil'eva, V. V.; Nekhaev, A. |.; Bagrii, E. I. Kinet. Catal., 2006, 47, 624-
637. n) Khayasi, H. R.; Safari, N. J. Porph. Phthalocyan., 2005, 9, 75-81. 0)
Tandon, P. K.; Baboo, R.; Singh, A. K.; Purwar, G.; Purwar, M. Appl. Or-
ganometal. Chem., 2005, 19, 1079-1082. p) Shul’pin, G. B.; Suss-Fink, G.;
Shul’pina, L. S. Chem. Commun., 2000, 1131-1132. q) Shul’pin, G. B.;
Kudinov, A. R.; Shul’pina, L. S.; Petrovskaya, E. A. J. Organometal. Chem.,
2006, 691, 837-845. r) Yuan, Q.; Deng, W.; Zhang, Q.; Wang, Y. Adv. Synth.
Catal., 2007, 349, 1199-1209. s) Silva, A. C.; Fernandez, T. L.; Carvalho, N.
M. F.; Herbst, M. H.; Bordinhdo, J.; Horn, A., Jr.; Wardell, J. L.; Oestreicher,
E. G.; Antunes, O. A. C. Appl. Catal. A: General, 2007, 317, 154-160. t) Ca-
nhota, F. P.; Salomao, G. C.; Carvalho, N. M. F.; Antunes, O. A. C. Catal.
Commun., 2008, 9, 182-185. u) Mardani, H. R.; Golchoubian, H. J. Mol. Ca-
tal. A: Chem., 2006, 259, 197-200. v) Nakayama, N.; Tsuchiya, S.; Ogawa, S.
J. Mol. Catal. A: Chem., 2007, 277, 61-71. w) Shul’pin, G. B.; Suss-Fink, G.;
Shul’pina, L. S. J. Chem. Res (S)., 2000, 576-577. x) Maity, D.; Marek, J.;
Sheldrick, W. S.; Mayer-Figge, H.; Ali, M. J. Mol. Catal. A: Chem., 2007,
270, 153-159. y) Reis, P. M.; Silva, J. A. L.; Frausto da Silva, J. J. R.; Pom-
beiro, A. J. L. J. Mol. Catal. A: Chem., 2004, 224, 189-195. z) Zhang, J.;
Tang, Y.; Li, G.; Hu, C. Appl. Catal. A: General, 2005, 278, 251-261. aa)
Kuznetsova, N. I.; Kirillova, N. V.; Kuznetsova, L. I.; Smirnova, M. Y.; Li-
kholobov, V. A. J. Hazard. Mater., 2007, 146, 569-576. ab) Santos, I. C. M.
S.; Gamelas, J. A. F.; Balula, M. S. S.; Simdes, M. M. Q.; Neves, M. G. P. M.
S.; Cavaleiro, J. A. S.; Cavaleiro, A. M. V. J. Mol. Catal. A: Chem., 2007,
262, 41-47. ac) Simdes, M. M. Q.; Santos, I. C. M. S.; Balula, M. S. S.; Ga-
melas, J. A. F.; Cavaleiro, A. M. V.; Neves, M. G. P. M. S.; Cavaleiro, J. A.
S. Catal. Today, 2004, 91-92, 211-214. ad) Kirillov, A. M.; Haukka, M.; Da
Silva, M. F. C. G.; Pombeiro, A. J. L. Eur. J. Inorg. Chem., 2005, 2071-2080.
ae) Bianchini, G.; Crucianelli, M.; De Angelis, F.; Neri, V.; Saladino, R. Te-
trahedron Lett., 2005, 46, 2427-2432. af) Bianchini, G.; Crucianelli, M.; De
Angelis, F.; Neri, V.; Saladino, R. Tetrahedron Lett., 2004, 45, 2351-2353.
ag) Maksimov, A. L.; lvanova, E. A.; Karakhanov, E. A. Petrol. Chem., 2004,

[13]

[14]

[18]

Mini-Reviews in Organic Chemistry, 2009, Vol. 6, No.2 103

44, 432-437. ah) Karakhanov, E. A.; Maksimov, A. L.; Ivanova, E. A. Russ.
Chem. Bull., 2007, 56, 621-630. ai) Sorokin, A. B.; Kudrik, E. V.; Bouchu, D.
Chem. Commun., 2008, 2562-2564. aj) Shul’pin,G. B. J. Chem. Res. (S).,
2002, 351-353. ak) Shul’pin, G. B.; Suss-Fink, G.; Shilov, A. E. Tetrahedron
Lett., 2001, 42, 7253-7256. al) Silva, G. C.; Parrilha, G. L.; Carvalho, N. M.
F.; Drago, V.; Fernandes, C.; Horn, A., Jr.; Antunes, O. A. C. Catal. Today,
2008, 133-135, 684-688. am) Carvalho, N. M. F.; Alvarez, H. M.; Horn, A,,
Jr.; Antunes, O. A. C. Catal. Today, 2008, 133-135, 689-694. an) Hitomi, Y .;
Furukawa, S.; Higuchi, M.; Shishido, T.; Tanaka, T. J. Mol. Catal. A: Chem.,
2008, 288, 83-86. ao) Si, T. K.; Chakraborty, S.; Mukherjee, A. K.; Drew, M.
G. B.; Bhattacharyya, R. Polyhedron, 2008, 27, 2233-2242. ap) Skouta, R.;
Li, C.-J. Tetrahedron, 2008, 64, 4917-4938. aq) Shul’pin, G. B.; Muratov, D.
V.; Shul’pina, L. S.; Kudinov, A. R.; Strelkova, T. V.; Petrovskiy, P. V. Appl.
Organometal. Chem., 2008, 22, 684-688.

a) Bordoloi, A.; Vinu, A.; Halligudi, S. B. Appl. Catal. A: General, 2007,
333, 143-152. b) Tangestaninejad, S.; Mirkhani, V.; Moghadam, M.; Mo-
hammadpoor-Baltork, I.; Shams, E.; Salavati, H. Ultrasonics Sonochem.,
2008, 15, 438-447. c) Chen, J.; Gao, S.; Xu, J. Catal. Commun., 2008, 9,
728-733. d) Shul’pin, G. B.; Mishra, G. S.; Shul’pina, L. S.; Strelkova, T. V.;
Pombeiro, A. J. L. Catal. Commun., 2007, 8, 1516-1520. e) Jha, R. K
Shylesh, S.; Bhoware, S. S.; Singh, A. P. Micropor. Mesopor. Mater, 2006,
95, 154-163. f) Srinivas, D.; Ratnasamy, P. Studies Surf. Sci. Catal., 2007,
170, 1205-1212. g) Pan, J.; Wang, C.; Guo, S.; Li, J.; Yang, Z. Catal. Com-
mun., 2008, 9, 176-181. h) Shimizu, K.; Murata, Y.; Satsuma, A. J. Phys.
Chem. C., 2007, 111, 19043-19051. i) Shul’pina, L. S.; Takaki, K.; Strelkova,
T. V.; Shul’pin, G. B. Petrol. Chem., 2008, 48, 219-222. j) Monfared, H. H.;
Amouei, Z. J. Mol. Catal. A: Chem., 2004, 217, 161-164. k) Bianchini, G.;
Crucianelli, M.; Canevali, C.; Crestini, C.; Morazzoni, F.; Saladino, R. Te-
trahedron, 2006, 62, 12326-12333. I) Saladino, R.; Neri, V.; Farina, A.; Cre-
stini, C.; Nencioni, L.; Palamara, A. T. Adv. Synth. Catal., 2008, 350, 321-
331. m) Shul’pin, G. B.; Sooknoi, T.; Romakh, V. B.; Suss-Fink,G.;
Shul’pina, L. S. Tetrahedron Lett., 2006, 47, 3071-3075. n) Shul’pin, G. B.;
Sooknoi, T.; Shulpina, L. S. Petrol. Chem., 2008, 48, 36-39. 0) Shul’pin, G.
B.; Kirillova, M. V.; Sooknoi, T.; Pombeiro, A. J. L. Catal. Lett., 2008, 123,
135-141. p) Parida, K. M.; Dash, S. S. J. Coll. Interface Sci., 2007, 316, 541-
546. q) Kang, Z.; Wang, E.; Mao, B.; Su, Z.; Gao, L.; Niu, L.; Shan, H.; Xu,
L. Appl. Catal. A: General, 2006, 299, 212-217. r) Mirkhani, V.; Moghadam,
M.; Tangestaninejad, S.; Mohammadpoor-Baltork, I.; Rasouli, N. Catal.
Commun., 2008, 9, 2171-2174 and 2411-2416. s) Maurya, M. R.; Kumar,
M.; Kumar, A.; Pessoa, J. C. Dalton. Trans., 2008, 4220-4232. t) Balandina,
T. A.; Larina, T. Y.; Kuznetsova, N. |.; Bal’zhinimaev, B. S. Kinet. Catal.,
2008, 49, 499-505.

a) Nait Ajjou, A.; Riahi, A.; Chatterjee, D.; Muzart, J. Catal. Commun., 2006,
7, 563-565. b) Salomdo, G. C.; Olsen, M. H. N.; Drago, V.; Fernandes, C.;
Filho, L. C.; Antunes, O. A. C. Catal. Commun., 2007, 8, 69-72. c) Carvalho,
N. M. F.; Horn, A., Jr.; Antunes, O. A. C. Appl. Catal. A: General, 2006, 305,
142-145. d) Nakanishi, M.; Bolm, C. Adv. Synth. Catal., 2007, 349, 861-864.
e) Fish, R. H.; Rabion, A.; Neimann, K.; Neumann, R.; Vincent, J. M.; Con-
tel, M.; lzuel, C.; Villuendas, P. R.; Alonso, P. J. Topics Catal., 2005, 32,
185-196. f) Wang, M.; Sun, H. F.; Wang, Y.; Wang, X.; Li, F.; Sun, L. C.
Appl. Organometal. Chem., 2004, 18, 277-281. g) Tang, W.-M.; Li, C.-J. Ac-
ta Chim. Sinica, 2004, 62, 742-744. h) lida, T.; Ogawa, S.; Hosoi, K.; Maki-
no, M.; Fujimoto, Y.; Goto, T.; Mano, N.; Goto, J.; Hofmann, A. F. J Org.
Chem., 2007, 72, 823-830. i) Meder, M. B.; Gade, L. H. Eur. J. Inorg. Chem.,
2004, 2716-2722. j) Shul’pin, G. B.; Gradinaru, J.; Kozlov, Y. N. Org. Bio-
mol. Chem., 2003, 1, 3611-3617. k) Karandikar, P.; Chandwadkar, A. J.;
Agashe, M.; Ramgir, N. S.; Sivasanker, S. Appl. Catal. A: General, 2006,
297, 220-230. 1) Zhu, M.; Wei, X.; Li, B.; Yuan, Y. Tetrahedron Lett., 2007,
48, 9108-9111. m) Brutchey, R. L.; Drake, 1. J.; Bell, A. T.; Tilley, T. D.
Chem. Commun., 2005, 3736-3738. n) Zhang, L.; Liu, Q. H.; Peng, F.; Du,
M. Polish J. Chem., 2005, 79, 655-661. 0) Raja, R.; Thomas, J. M.; Dreyer,
V. Catal. Lett., 2006, 110, 179-183. p) Guedes, D. F. C.; Mac Leod, T. C. O;
Gotardo, M. C. A. F.; Schiavon, M. A_; Yoshida, I. V. P.; Ciuffi, K. J.; Assis,
M. D. Appl. Catal. A: General, 2005, 296, 120-127. q) Jothiramalingam, R.;
Viswanathan, B.; Varadarajan, T. K. J. Mol. Catal. A: Chem., 2006, 252, 49-
55. r) Martinez-Mindez, S.; Henriquez, Y.; Dominguez, O.; D’Ornelas, L.;
Krentzien, H. J. Mol. Catal. A: Chem., 2006, 252, 226-234. s) Salavati-
Niasari, M.; Elzami, M. R.; Mansournia, M. R.; Hydarzadeh, S. J. Mol. Catal.
A: Chem., 2004, 221, 169-175. t) Shul’pin, G. B.; Kozlov, Y. N. Org. Biomol.
Chem., 2003, 1, 2303-2306. u) Stepovik, L. P.; Gulenova, M. V.; Martynova,
I. M. Russ. J. Gen. Chem., 2005, 75, 507-513. v) Yu, W.; Zhang, Z.; Wang,
H.; Ge, Z.; Pinnavaia, T. J. Micropor. Mesopor. Mater., 2007, 104, 151-158.
w) Saravanamurugan, S.; Palanichamy, M.; Murugesan, V. Appl. Catal. A:
General, 2004, 273, 143-149.

a) Nehru, K.; Kim, S. J.; Kim, 1. Y.; Seo, M. S.; Kim, Y.; Kim, S.-J.; Kim, J.;
Nam, W. Chem. Commun., 2007, 4623-4625. b) Shul’pin, G. B.; Stoeckli-
Evans, H.; Mandelli, D.; Kozlov, Y. N.; Tesouro Vallina, A.; Woitiski, C. B.;
Jimenez, R. S.; Carvalho, W. A. J. Mol. Catal. A: Chem., 2004, 219, 255-264.
¢) Yamaguchi, M.; Kousaka, H.; 1zawa, S.; Ichii, Y.; Kumano, T.; Masui, D.;
Yamagishi, Inorg. Chem., 2006, 45, 8342-8354. d) Kojima, T.; Hayashi, K.;
lizuka, S.; Tani, F.; Naruta, Y.; Kawano, M.; Ohashi, Y.; Hirai, Y.; Ohku-
bold, K.; Matsuda, Y.; Fukuzumi, S. Chem. Eur. J., 2007, 13, 8212-8222. e)
Nagataki, T.; Itoh, S. Chem. Lett., 2007, 748-749. f) Gonzalez Cuervo, L.;
Kozlov, Y. N.; Suss-Fink, G.; Shul’pin, G. B. J. Mol. Catal. A: Chem., 2004,



104

[16]

[17]
[18]

Mini-Reviews in Organic Chemistry, 2009, Vol. 6, No. 2

218, 171-177. g) Shul’pina, L. S.; Kudinov, A. R.; Suss-Fink, G.; Loginov, D.

A.; Shul’pin, G. B. Petrol. Chem., 2005, 45, 309-311.

Kozlov, Y. N.; Shul’pin, G. B. "Alkane oxidation with participation of hy-
droxyl radicals from H,O,. A comparison of V- and Fe-based catalytic sys-
tems"”, Chemistry Preprint Archive, 2001, Vol. 2001, No. 6, pp. 70-76
(http://www.sciencedirect.com/preprintarchive).

Agarwala, A.; Bandyopadhyay, D. Catal. Lett., 2008, 124, 256-261.

a) Shul’pin, G. B.; Nizova, G. V.; Geletii, Y. V. J. Gen. Chem. USSR., 1987,

57, 548-552. b) Lederer, P.; Nizova, G. V.; Kats, M. M.; Shul’pin, G. B. Coll.

Czech. Chem. Commun., 1992, 57, 107-112. ¢) Shul’pin, G. B.; Druzhinina,
A. N. Mendeleev Commun., 1992, 36-37. d) Shul’pin, G. B.; Nizova, G. V.

[19]

[20]

Georgiy B. Shul’pin

Petrol. Chem., 1993, 33, 107-112. ) Shul’pin, G. B.; Nizova, G. V. Men-
deleev Commun., 1995, 143-145.

a) Shul’pin, G. B.; Druzhinina, A. N. Petrol. Chem., 1993, 33, 247-251. b)
Kats, M. M.; Shul’pin, G. B. Bull. Acad. Sci. USSR, Div. Chem. Sci., 1990,
39, 2233. ¢) Shul’pin, G. B.; Druzhinina, A. N.; Nizova, G. V. Bull. Acad.
Sci. USSR, Div. Chem. Sci., 1991, 40, 2145-2149. d) Shul’pin, G.B.;
Bochkova, M. M.; Nizova, G. V. J. Chem. Soc. Perkin Trans. 2., 1995, 1465-
1469.

a) Nizova, G. V.; Shul’pin, G. B. Russ. Chem. Bull., 1995, 44, 1982-1983. b)
Shul’pin, G. B.; Kats, M. M. Petrol. Chem., 1991, 31, 647-656.

Received: January 23, 2008

Revised: May 28, 2008

Accepted: May 28, 2008



