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Abstract: Alkanes (cyclohexane, cyclooctane, n-heptane) and aromatic compounds
(benzene, toluene, and ethylbenzene) are oxidized by anhydrous H,O, in MeCN in air in the
presence of catalytic amounts of MTO. The reaction is accelerated by addition of pyrazine-2-
carboxylic acid. Alkanes give alkyl hydroperoxides as main products, as well as alcohols and
ketones. Arenes yield predominantly phenols. Copyright © 1996 Elsevier Science Ltd

The oxidation of saturated and aromatic hydrocarbons with hydrogen peroxide and molecular oxygen
catalyzed by transition metal complexes is of great importance since such reactions constitute a route for the
direct transformation of these compounds into valuable products (alkyl peroxides, ketones, alcohols, phenols
etc.).! Methyltrioxorhenium (MTO) is known to catalyze H,O, oxidations of olefins,” amines,’ substituted
benzaldehydes,* electron-rich arenes (e.g., phenols, anisols),’ alcohols and some alkanes containing weak
tertiary C~H bonds.® No information is available on MTO-catalyzed oxidations of more inert compounds, such
as cyclohexane and normal alkanes.

We report here the oxidation of inert alkanes that do not contain a fertiary C-H bond (cyclohexane, n-
heptane) as well as of several relatively electron-poor arenes (benzene, toluene). Anhydrous hydrogen
peroxide ’ was used in all cases and the most appropriate solvent for these oxidations was acetonitrile. As
shown earlier for vanadium-catalyzed oxidations of alkanes and arenes,® addition of pyrazine-2-carboxylic acid
(PCA) accelerates the reaction catalyzed by MTO (the optimal ratio MTO:PCA is 1:4).° The results of the
oxidation of alkanes are summarized in Table 1.° The rates of uncatalyzed autooxidation of cycloalkanes are ca.
20 times lower; those of the reactions catalyzed only by MTO are ca. 3 times lower. The oxidation of frans-

decaline also shows that PCA accelerates the oxidation of the tertiary as well as of the secundary C-H bonds by
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Table 1. Oxidation of Alkanes by H,O, Catalyzed by MTO-PCA “ ca. 3 time. For n-heptane the total yield of

oxygenated products in the uncatalyzed

Substrate Products, mmol L' TON © reaction under the same conditions is 4 times
lower.
one ol ROOH The oxidation of cyclohexane in a
vessel open to air gave cyclohexanone (1),
Cyclohexane 0.55 4.89 7.18 126 P &
cyclohexanol ) and cyclohexy!
Cyclooctane 375 4.87 20.48 291
hydroperoxide (3). The last product was
n-heptane c-1 C2 C3 C4 134 identified by GC-MS and its concentration
Ketone (aldehyde) 0.21 0.16 045 020 was determined both directly by its GC peak
Alcohol 004 085 115 054 .
Hydroperoxide 054 362 390 171 area and by comparing the data of GC
Selectiviy C-1:C-2:C-3:C-4=10:88:104:93 analysis of the reaction solution defore and

after reduction with triphenylphosphine
"gfn?vu; ﬁ'ﬁ r:mll:e‘:ofall detected products per mole of MTO. (which - quantitatively reduces ROOH to
¢ Relative normalized reactivities of hydrogen atoms at carbon atoms 1,2, ROH).*!® Using a Teflon-lined stainless-steel
;a;::;;k;rs into account the number of hydrogen atoms at each of the autoclave under an atmosphere of air, the
oxidation ([MTO] : [PCA] = 1 : 10) also
gave 1, 2, and 3 (concentrations after 3 h were 0.64, 5.07, and 5.46 mmol L, resp.). However, when the air in
the autoclave was replaced by argon, the product distribution was different (concentrations of 1, 2, and 3 after
3 hwere 0.31, 2.20, and 3.81 mmol L, resp.) and the total concentration of oxidized products was lower. This
experiment indicates that atmospheric oxygen takes part in the oxidation. On the other hand, addition of a,a’-
dipyridyl to the reaction solution completely inhibits the formation of products 1, 2, and 3. If aqueous 30%
H,0, is used almost no oxidation occurs.

Arenes are also oxidized by H;0, when MTO-PCA is used as a catalyst’ In the case of alkylarenes
products of aromatic ring hydroxylation (o- and p-isomers) are predominant (Table 2). Unsubstituted benzene
is the least active compound. Thus it may be concluded that the catalytically active species exhibits strongly
electrophilic character. In the absence of MTO the rates of aromatic ring hydroxylations are ca. 70 times less.
The yield of benzaldehyde from the oxidation of toluene is 8 times less in the uncatalyzed reaction. The rates of
oxidation of toluene and cyclohexane are lower when Et,NReQ, is used instead of MTO, but addition of PCA
also accelerates the reactions.

The mechanism of the H,O, oxidation of hydrocarbons catalyzed by MTO is unclear. However, one
may assume that a rhenium peroxo complex "' plays a crucial role in this process. Complexes 4 or 5 (Scheme 1)
may produce radical species 6 (as has been proposed for oxidations by vanadium peroxo complexes ‘%) which is

capable of abstracting a H atom from the alkane, RH. The interaction of R with Re"'OOH or Re""OH leads to



ROH (equations 2 and 3, resp.). Radicals R’ can
also react with O, (eq. 4). Peroxo radicals ROO’
can be reduced by Re"" or Re". Route (1) leading

6489

Table 2. Oxidation of Arenes by H,0, Catalyzed by MTO-PCA.

Substrate Products (mmol L) TON  o:pRatio
to ROOH is also possible (see ). In the
oxidation of aromatic compounds, species 6 may
. . Benzene Phenol (3.04) 31 -
add to the benzene ring with subsequent Quinone (0.60)
elimination of Re""=0 and formation of phenol. Toluene o-Cresol (9.05) 149 74 .26
p-Cresol (3.08)
. Benzaldehyde (0.50)
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