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ABSTRACT

Decamethylosmocene, (MesCs),0s (1), is a pre-catalyst in a very efficient oxidation of alkanes with
hydrogen peroxide in acetonitrile at 20-60 °C. The reaction proceeds with a substantial lag period that
can be reduced by the addition of pyridine in a small concentration. The lag period can be removed if
1 is incubated with pyridine and/or H,0, in MeCN prior to the alkane oxidation. Alkanes, RH, are oxidized
primarily to the corresponding alkyl hydroperoxides, ROOH. Turnover numbers attain 51,000 in the case
of cyclohexane (maximum turnover frequency was 6000 h~!) and 3600 in the case of ethane. The oxida-
tion of benzene and styrene also occurs with a lag period to afford phenol and benzaldehyde, respectively.
A kinetic study of cyclohexane oxidation and selectivity parameters (measured in the oxidation of n-
heptane, methylcyclohexane, isooctane, cis- and trans-dimethylcyclohexanes) indicates that the oxida-
tion of saturated, olefinic, and aromatic hydrocarbons proceeds with the participation of hydroxyl radi-
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cals. The 1/H,0,/py/MeCN system also oxidizes 1-phenylethanol to acetophenone.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The development of new catalysts that are capable to transform
hydrocarbons and other organic compounds efficiently and selec-
tively under mild conditions (at temperature <100 °C) and under
the action of green oxidants (molecular oxygen, hydrogen perox-
ide) constitutes a challenge to various areas of modern chemistry
and, in particular, to catalysis. Complexes of transition metals cat-
alyze oxidations of various organic compounds [1], including alco-
hols [2-5], aromatic [6,7], olefinic [8-15], and saturated [16-21]
hydrocarbons by molecular oxygen, peroxides, and some other
oxidizing reagents. Organometallic compounds (like, for example,
the quite carefully studied methyltrioxorhenium, MTO) only
seldom play the role of pre-catalysts in oxidations of organic
compounds [22-27].

Oxo complexes of osmium have been reported to efficiently cat-
alyze dihydroxylation of olefins with peroxides [28,29]. In contrast,
relatively small number of publications has been devoted to os-
mium-catalyzed oxidations of alcohols [30-32] and saturated

* Part 3 from the series “Oxidations Catalyzed by Osmium Compounds”. For Parts
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and aromatic hydrocarbons [32-42]. In the present work, we dem-
onstrate for the first time that decamethylosmocene (1) is a very
efficient catalyst for the oxidation of hydrocarbons and alcohols
by hydrogen peroxide if pyridine in a low concentration is present
in the solution.
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2. Results and discussion

We have found that heating a solution of an alkane (typically
cyclohexane) in acetonitrile with hydrogen peroxide and decam-
ethylosmocene 1 affords alkyl hydroperoxide as the main primary
product with a turnover number (TON, moles of products per one
mol of the catalyst) up to 750 after 6 h (Fig. 1, curve 1). Alkyl
hydroperoxide decomposes partly in the course of the oxidation
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Fig. 1. Accumulation of oxygenates (predominantly cyclohexyl hydroperoxide)
with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in the
absence of pyridine in acetonitrile. Conditions (curve 1): [1]o=1 x 10™* M, [cyclo-
hexane]o=0.91 M, [H202]p = 2.2 M, [H20]tota1 = 4.2 M, 50 °C. Curve 2: a mixture of 1
(5 x 107> M), H,0, (2.2 M), and water ([H20liora =4.2 M) and acetonitrile was
incubated at 50 °C during 1 h, whereafter cyclohexane (0.91 M) was added at the
time =0 h.

reaction to give the corresponding ketone and alcohol. Concentra-
tions of the three products were measured by GC analysis compar-
ing concentrations of cyclohexanone and cyclohexanol before and
after reduction of the reaction mixture with an excess of PPhs.
For this method, developed previously by some of us, see Refs.
[18,32,41,43,44]. The product accumulation proceeds with auto-
acceleration, and this testifies that compound 1 is only a catalyst
precursor, which is transformed in the course of the process into
a catalytically active species. The formation of this species occurs
under the action of hydrogen peroxide and apparently acetonitrile.
Indeed, if a solution of 1 and H,0, is incubated during 1 h and
cyclohexane is added only after this incubation the oxidation pro-
ceeds (Fig. 1, curve 2) noticeably faster (TON = 1000 after 3.5 h).
If pyridine in a low concentration is added, the lag period of the
oxygenation becomes much shorter (Fig. 2, curve 1) and TON at-
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Fig. 2. Accumulation of oxygenates (predominantly cyclohexyl hydroperoxide)
with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile. Curve 1: conditions: [1]o=5 x 107> M, [cyclo-
hexane]p = 0.91 M, [H0,]p = 2.2 M, [H;0]t0ta1 = 4.2 M, [py] = 0.1 M, 50 °C. Curve 2:
formation of cyclohexyl bromide in the reaction under conditions of the experiment
shown by curve 1, but in the presence of Cl3CBr (0.5 mL). Curve 3: the solution
containing 1 (5 x 107> M), H,0, (2.2 M), H,0 (4.2 M), and pyridine (0.1 M) was
incubated in acetonitrile at 50 °C during 1 h, whereafter cyclohexane was added at
the time=0h. Curve 4: the solution containing 1 (5 x 107> M), cyclohexane
(0.91 M), pyridine (0.1 M), and acetonitrile was incubated at 50°C during
160 min, whereafter H,0, (2.2 M) containing water ([H;0]ioa1 = 4.2 M) was added
at the time=0h.

tains 3600. In the presence of Cl;CBr, the reaction affords a consid-
erable amount of cyclohexyl bromide (Fig. 2, curve 2), which
indicates the generation of alkyl radicals as transient species. Pre-
liminary incubation of the solution of 1, H,0,, H,0, and pyridine
with subsequent addition of cyclohexane (Fig. 2, curve 3) or of
the solution of 1, cyclohexane, and pyridine with subsequent addi-
tion of H,0, (Fig. 2, curve 4) almost removes the lag period. This
period is not noticed also when a solution containing 1, H,0,,
water, and acetonitrile was incubated during 1 h prior to the addi-
tion of cyclohexane and pyridine (Fig. 3). In this experiment, a TON
of 3800 was attained after 4 h. It can be concluded that a catalyti-
cally active species is formed relatively quickly under the action of
H,0, and/or pyridine on the pre-catalyst 1. It is reasonable to as-
sume that this species is generated after removing one or two pen-
tamethylcyclopentadienyl ligands from complex 1. These ligands
are apparently replaced by pyridine, water, and acetonitrile.

Kinetic curves of the oxygenate accumulation at three different
initial concentrations of the pre-catalyst 1 are shown in Fig. 4. It is
clear that for the three concentrations of 1, the maximum attained
oxidation rates Wpax at [1]o > 1 x 104 M (calculated from the
slope of the corresponding dotted lines in Fig. 4) are practically
equal. The lag period is shorter at [1]o=2 x 10~%and 3 x 10~ than
at1x 1074 M.

We were able to attain extremely high TON values when very
low concentrations of the pre-catalyst 1 were used (Fig. 5). Thus,
in the cyclooctane oxidation, TON = 20,000 after 12 h (Fig. 5, curve
3b), and in the cyclohexane oxygenation, TON = 50,000 after 15 h
(Fig. 5, curve 4a). The oxidation efficiently occurs at 20 and 70 °C
(Fig. 6). The catalase activity (the non-productive decomposition
of H,O, to O, and H,0) of the system, which accompanies the
alkane oxygenation is noticeably lower at room temperature. In
this case, the yield of oxygenates was 44% after 16 days based on
the starting cyclohexane

It is interesting that the maximum reaction rate Wy, increases
when the total concentration of water in the reaction solution
grows from 2.1 to 5.9 M. The dependence of W,,.x on water con-
centration has a maximum (Fig. 7). As it was mentioned above
(see Fig. 4), there is a plateau in the curve, which describes the
dependence of W,.x on the initial concentration of the pre-catalyst
1 at its concentration >1 x 10~*M (Fig. 8). The dependence of
Whax On the initial concentration of hydrogen peroxide at constant
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Fig. 3. Accumulation of oxygenates (curve 1; predominantly cyclohexyl hydroper-
oxide) and consumption of cyclohexane (curve 2) with time in the cyclohexane
oxidation with H,0, catalyzed by complex 1 in the presence of pyridine in
acetonitrile. The solution containing 1 (5 x 107> M), H,0, (2.2 M) with water
([H20]tota1 = 4.2 M) and acetonitrile was incubated at 50 °C during 1 h. After that
cyclohexane (0.91 M) and pyridine (0.1 M) were added at the time =0 h.
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Fig. 4. Accumulation of oxygenates (predominantly cyclohexyl hydroperoxide)
with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile. Conditions: [1]o=1 x 10~ (curve 1), 2 x 107
(curve 2), and 3 x10°*M (curve 3), [cyclohexane]o=0.91M, [H,0,]o=2.2M,
[H2OJtota = 4.2 M, [py]=0.1 M, 50 °C, total volume of the reaction solution was
5mL.

concentration of water is reflected with a S-shaped curve (Fig. 9B).
The dependence of the initial hydrocarbon oxidation rate on the
initial cyclohexane concentration (Fig. 10B) exhibits a plateau
when [cyclohexane]y > ca. 0.4 M. Kinetic curves of oxygenate accu-
mulation at different concentrations of added pyridine are shown
in Fig. 11. It can be seen that the time period after which the max-
imum oxidation rate is achieved decreases with increasing pyri-
dine concentration.

The results of Table 1 demonstrate that when the pre-catalyst 1
is used in a very low concentration (1 x 10~ M), the TONs for al-
kane oxidation attain extremely high values (up to 51,000, entries
2 and 10). It can also be seen that in the absence of 1 only negligi-
ble amounts of the oxygenates are formed (entries 4-7, 11). When
the reaction was carried out in an oxygen atmosphere, instead of
air, the yield of oxygenates was noticeably higher (compare entries
1 and 8). On the contrary, the oxidation in a CO, atmosphere gave
three times less amount of product (compare entries 8 and 12). It
should be noted that when the reaction was carried out in a CO,
atmosphere, some amount of molecular oxygen was present in
the autoclave and O, was also derived from the aqueous hydrogen
peroxide solution and via the catalase decomposition of H,O,.
Thus, we can conclude that the formation of oxygenates proceeds
with the participation of molecular oxygen present in the reaction
vessel.

We have also found that light gaseous alkanes can be oxidized
by the system under consideration (Table 2). A comparison of the
oxygenate concentrations before and after reduction with PPhs
indicates that after 24 h at 50 °C, some amounts of isomeric alkyl
hydroperoxides are present in the reaction mixture because the
concentrations of the alcohols determined by GC increase after
the reduction. A significant amount of acetic acid is formed from
n-butane apparently via C-C bond splitting. In the cases of propane
and methane, acetic acid is present in low concentration and is
formed via hydrolysis of acetonitrile.

We measured selectivity parameters in the oxidations of
n-heptane, branched and cyclic alkanes (Table 3). The regioselec-
tivity parameter determined for the oxidation of n-heptane is
C(1):C(2):C(3):C(4)=1:7:7:7. This value is close to those deter-
mined previously for systems that oxidize alkanes with the partic-
ipation of hydroxyl radicals (compare with the parameters
summarized in entries 2-9 of Table 3). The corresponding selectiv-
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Fig. 5. Accumulation of oxygenates (predominantly alkyl hydroperoxides) with
time in oxidation of cycloalkanes (cyclohexane, curve a, and cycloctane, curve b)
with H,0, catalyzed by complex 1 at its different concentrations in the presence of
pyridine in acetonitrile. Conditions. Graph A: [1]p=1x 107> M, [cyclohex-
anelo=0.91 (curve 1a) and 046 M (curve 2a). Graph B: [1]p=5x 10°M,
[cycloalkane]o = 0.91 M. Graph C: [1]o=1 x 1075 M for curve 4 and [1]o=0M for
curve 5a, [cycloalkane]o = 0.91 M. Other conditions for all curves: [Hy02]o=2.2 M,
[H2Oltota1 = 4.2 M, [py] = 0.1 M, 50 °C.

ity parameters for the systems that do not involve active hydroxyl
radicals (entries 10-15) are noticeably higher. The bond-selectivity
parameters (1°:2°:3°) in the oxidation of methylcyclohexane and
isooctane by the 1/H,0,/py system are also close to those found
for the systems oxidizing alkanes with the participation of hydro-
xyl radicals (compare with the parameters summarized in entries
2-9 of Table 3). The oxidation of cis- and trans-1,2-dimethylcyclo-
hexanes proceeds non-stereoselectively as the trans/cis ratios of
the isomeric alcohols (after reduction with PPhs) are ca. 1 (Table 3).

A mechanistic interpretation of the obtained kinetic results on
the alkane oxidation is given below. In this context, we stress that
the oxygenate accumulation with time occurs with an auto-accel-
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Fig. 6. Accumulation of oxygenates (predominantly cyclohexyl hydroperoxide)
with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile at different temperatures: 20 (curve 1;
[cyclohexane]o = 0.23 M, [H305]o=1.1 M, [H30]¢ota =2.1 M,) and 70°C (curve 2;
[cyclohexane]o = 0.91 M, [H203]p=2.2 M, [H20]tota = 4.2 M). Other conditions for
both curves: [1]p=1 x 107> M, [py] =0.1 M.
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Fig. 7. Graph A: accumulation of oxygenates (predominantly cyclohexyl hydroper-
oxide) with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile at different concentrations of total water
[H20]totar: 2.1 (curve 1), 4.0 (curve 2), 5.9 (curve 3), and 7.7 M (curve 4). Conditions:
[1Jlo=1x107>M, [cyclohexane]o=0.23 M, [H,05]o=1.1M, [py]=0.1M, 50°C,
total volume of the reaction solution was 5mL. Graph B: dependence of the
maximum oxidation rate (calculated from the data shown in graph A) on the total
concentration of water.

eration both in the absence and in the presence of pyridine (see
curve 1 in Figs. 1 and 2). The lag period (that is the time period be-
fore the maximum rate is attained) is shorter if pyridine is added,
and it is negligible if the pre-catalyst 1 is incubated in the reaction
mixture; whereafter, the oxidation process is initiated by the addi-
tion of either H,0, or cyclohexane (see Figs. 1 and 2). These results
indicate that in the experiment without preliminary incubation,
the formation of an osmium-containing active catalyst form occurs
by the reaction between 1 and hydrogen peroxide or pyridine and
apparently also acetonitrile. Thus, we can conclude that 1 is only a
catalyst precursor that is slowly transformed under the reaction
conditions into a catalytically active species. The maximum accu-
mulation rates in the presence and in the absence of pyridine are
close (compare curve 2 in Fig. 1 and curve 1 in Fig. 4). Pyridine does

0 0.5 1.0 15 2.0 2.5 3.0
10[1]g / M

Fig. 8. Dependence of the maximum reaction rate of the cyclohexane oxidation on
the initial concentration of pre-catalyst 1. Conditions: [cyclohexane]o=0.91 M,
[H203]0 = 2.2 M, [H20]ota1 = 4.2 M, [py] = 0.1 M, 50 °C. For the dotted line, see text.
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Fig. 9. Graph A: accumulation of oxygenates (predominantly cyclohexyl hydroper-
oxide) with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile at [H,O]ora = const = 5.9 at different concen-
trations of H,0,: 0.25 (curve 1), 0.5 (2), 1.1 (3), 2.0 (4), and 3.1 M (5). Conditions:
[1]o=5 x 107> M, [cyclohexane],=0.46 M, [py]=0.1 M, 50°C. Graph B: depen-
dence of the maximum reaction rate of the oxidation (calculated from the data
shown in graph A) on the initial concentration of H,0-.

not therefore affect the catalytic activity of the oxidizing species
generated from 1. The main effect of pyridine is shortening the
lag period and the time for reaching the maximum oxidation rate.
This means that the role of pyridine is to accelerate the transforma-
tion of 1 into the catalytically active species.

The selectivity parameters determined for the oxidation of cer-
tain alkanes by the 1/H,0,/py/MeCN system (see Table 3) indicate
that this system oxidizes alkanes with the participation of hydro-
xyl radicals. The kinetic data shown in Fig. 10 are in agreement
with this. The dependence of the maximum catalytic reaction rate
on the cyclohexane initial concentration (with a plateau, Fig. 10B)
testifies that the oxidizing species competitively interacts with the
alkane and other components of the reaction solution. Indeed, hy-
droxyl radicals in the system under consideration can react (in
addition to the alkane) with components Y that can be any of the
following species: solvent CHsCN (see Refs. [61,62]), oxidant
H,0,, pre-catalyst 1, and catalytically active species cat. The kinetic
scheme for this case is the following one:
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Fig. 10. Graph A: accumulation of oxygenates (predominantly cyclohexyl hydro-
peroxide) with time in cyclohexane oxidation with H,0, catalyzed by complex 1 in
the presence of pyridine in acetonitrile at different concentrations of cyclohexane:
0.92 (curve 1), 0.46 (2), 0.23 (3) M. Conditions: [1]p=1 x 107> M, [H,0,]o=2.2 M,
[H2OJtotar = 4.2 M, [py] =0.1 M, 50 °C, total volume of the reaction solution was
5mL. Graph B: dependence of the maximum reaction rate of the oxidation
(calculated from the data shown in graph A) on the initial concentration of
cyclohexane.
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Fig. 11. Accumulation of oxygenates (predominantly cyclohexyl hydroperoxide)
with time in the cyclohexane oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile at different concentrations of pyridine: 0.0
(curve 1), 0.01 (2), 0.05 (3), and 0.10M (4). Conditions: [1]o=2 x 1074 M,
[H202]0 = 2.2 M, [H20Oltotal = 4.2 M, [cyclohexane]o=0.91 M, 50 °C, total volume of
the reaction solution was 5 mL.

H,0, +cat — HO™ W; (l)
HO" + cyclohexane — ... — oxygenates k; (1)
HO +Y — products k; (2)

In this scheme, (i) is the effective reaction of hydroxyl radical gen-
eration and W; is the rate of this reaction. Reaction (i) is the rate
limiting step in the alkane oxidation. It should be noted that in
the sequence of transformations of the alkane into the oxygenates
in accordance with Eq. (1), the rate limiting stage is the interaction
of hydroxyl radical with the alkane.

Based on the literature data [45,63], the estimate of the rate con-
stants of pseudo-first order for the interaction between HO and
components Y under our conditions led to the following results:

k(HO" + CH3CN)[CH3CN] ~ (0.6 = 3.6) x 10° s~
k(HO" + H,0,)[H,0,] < 6 x 107 571,

k(HO" + cat)[cat] < 2 x 10°s7".

The last value was obtained assuming k(HO" + cat) ~ 10'1° M1 s~!

(which is the characteristic value for a diffusion-controlled reac-
tion) and [cat] =2 x 1074 M. It follows from these results that hy-
droxyl radicals react with acetonitrile in the most efficient way in
comparison with the other components Y. Hence, in order to inter-
pret properly the data shown in Fig. 10, we need to take into ac-
count only the interactions between hydroxyl radicals and the
alkane and acetonitrile. The analysis of the kinetic scheme (i), (1),
(2) based on this conclusion led to the following expression for
the rate of the oxygenate formation:

d[cyclohexane] Wi
max = — d = T [CH3CN (3)
t 1 + 2 [CH3CN]
kq [cyclohexane]

It follows from Eq. (3) that the maximum rate of the oxygenate
formation corresponds to W; and is attained at k,[CHsCN] <
ki[cyclohexane]. At the same time, the oxygenate formation rate
that is equal to half of the maximum rate (W;/2) can be reached
at kp[CH5CN]/k{[cyclohexane] = 1. The results shown in Fig. 10B
demonstrate that half of the maximum oxygenate formation rate
is attained at [cyclohexane]o=0.1 +-0.2M and [CH3CN]~ 18 M.
As a result, in the frames of our model, we obtain the ratio k;/
k1 =(0.55 = 1.1) x 1072, which is in agreement with the parame-
ters measured for the cyclohexane oxygenation in acetonitrile in-
duced by hydroxyl radicals generated in the H,O, photolysis
(0.8 x 1072) [45]. The parameter is also in agreement with the re-
sults of calculations based on the absolute rate constants for the
reactions of hydroxyl radicals with acetonitrile and cyclohexane:
(035+2)x 10" M~'s™' and (0.9+1.5)x10°M~'s™!, respec-
tively [63]. Thus, the kinetic data from Fig. 10B support our
assumption that the alkane oxygenation in our system is induced
by hydroxyl radicals.

Fig. 8 demonstrates an unusual mode of dependence of the
homogeneous catalytic oxidation rate on the initial concentration
of the pre-catalyst 1: the reaction rate W, is proportional to
[1]o at low concentration of the pre-catalyst, but does not depend
on [1]o at its relatively high concentration. Proportional depen-
dence of Wy, on [1]p means that a catalytically active species is
a monomeric complex of osmium, which is formed from the pre-
cursor 1 during the lag period. Independence of Wy, on [1], at
concentration [1]o> 1 x 10~* M (see Fig. 8) indicates that the rate
of the catalytically active species formation is constant under our
conditions. The simplest explanation of that unusual behavior is
the following one. Under the conditions of our experiments, a spar-
ingly soluble (in aqueous acetonitrile) osmium derivative would be
formed. The amount of this osmium compound >1 x 10~* M leaves
this homogeneous solution into another phase that is inactive in
the alkane oxidation. As a result, the concentration of the osmium
compounds present in the homogeneous solution would be con-
stant and close to 1 x 10~* M. Let us assume additionally that only
a soluble osmium derivative is the catalytically active species and
the oxidation rate is proportional to its concentration, what is indi-
cated by the linear segment of the dependence of Wy,.x on [1]g at
[1Jo<1 x 1074 M (see Fig. 8). In this case, we should find linear
growth of Wy, in the interval 0<[1]o < 1 x 10~ and independence
of Winax on [1]g at [1]o = 1 x 10~* M. This assumption is in agree-
ment with the data shown in Fig. 8 where the expected depen-
dence of Wp,x on [1], is presented by the dotted line.

The observed dependence of Wy,,x on [H,0,]o (see Fig. 9B) does
not apparently reflect the competitive reaction of the hydroxyl rad-
icals with cyclohexane and hydrogen peroxide. Indeed, as it follows
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Table 1
Cyclohexane oxidation.?
Entry Atmosphere 1(M) Time (h) -one -ol Sum TON
1 Air® 5x107° 4 0.125 2500
2 Air* 1x10°° 15 0.051 47,000
3 19 0.045
4 Air¢ 0 7 0.0006 0.0013 0.0019 -
5 15 0.0015 0.0024 0.0039 -
6 22 0.0010 0.0039 0.0049 -
7 28 0.0013 0.0041 0.054 -
8 0, 5x107° 4 0.024 0.150 0.174 3480
9 0, 5x10°° 24 0.020 0.178 0.198 39,600
10 0, 1x10°° 24 0.006 0.049 0.055 51,000¢
11 0, 0 20 0.0009 0.003 0.004 -
12 CO, 5x107° 4 0.020 0.039 0.059 1180

2 Concentrations (M) of cyclohexanone (-one) and cyclohexanol (-ol) were determined after reduction of the reaction samples with PPhs;. Conditions: [cyclohex-
anelp=0.91 M, [H203]p=2.2 M, [H0]iora =4.2 M, [py] =0.1 M, 4 h at 50 °C. Pressure O, 1.5 atm, CO, 3 atm, entries 2-6 were carried out in Teflon-lined autoclaves (total
volume 39 mL, volume of the reaction solution was 5 mL). Experiments in air were carried out in an open vessel (1 atm of air), and the volume of the reaction solution was

5mL.
b For this experiment, see Fig. 2, curve 1.
€ For this experiment, see Fig. 5, curve 4a.
9 For this experiment, see Fig. 5, curve 5a.

¢ TON was calculated after subtracting the amount of oxygenates formed in the reaction in the absence of 1.

Table 2
Oxidation of gaseous alkanes.?
Entry Alkane Pressure  Amount  Products® (M) TON  Yield®
(atm) (mmol) (%)
1 n- 1 14 MeCOEt (0.0147; 0.011), MeCH(OH)Et (0.024; 0.026), EtCH,CHO (0.008; 0.007), EtCH,CH,OH (0.0012; 980 18¢
Butane 0.0042), EtCH,COOH (0.001; 0.001), acetic acid (0.0153; 0.0153)
2 Propane 8 11 Acetone (0.0240; 0.0224), isopropanol (0.0874; 0.0920),n-propanol (0.0407; 0.0504), propanal (0.0063; 3500 8
0.0072),propionic acid (0.0033; 0.0037), acetic acid (0.0048; 0.0042)
3 Ethane 30 41 Ethanol (0.0426; 0.065), acetaldehyde (0.075; 0.056), acetic acid (0.051; 0.058) 3600 8
4 Methane 35 48 Methanol (0.0038; 0.009), formaldehyde (0.0018; 0.0017),acetic acid (0.0033; 0.0037) 214 0.5

3 Reaction conditions: [1]o=5 x 107> M, [H305]o=2.2 M, [H20]c0ta1 = 4.2 M, [py] = 0.1 M, 50 °C, 24 h. Total volume of the autoclave was 39 mL, volume of the reaction
solution was 5 mL, and initial air pressure was 1 atm. In entry 4, acetic acid is formed exclusively via hydrolysis of acetonitrile.
b Concentrations of the products are given in brackets (the first value is concentration measured before reduction with PPh;; the second value is after reduction with PPhs).

¢ Based on H,0,.
9 Based on n-butane.

from the results presented above, the rate constant of pseudo-first
order for the reaction of HO' with cyclohexane, (0.4 + 0.6) x
10°s~!, under our conditions is much higher in comparison
with the corresponding constant for the reaction with H,0,
(<108s7!). We can, however, easily describe the dependence
shown in Fig. 9B if we assume that an osmium-containing species
“0s” reacts with hydrogen peroxide to form a peroxo complex
“OsH,0,"” (Eq. (4)). This complex decomposes to generate the hy-
droxyl radical (Eq. (5)).

“0s” + H,0, 2 “OsH,0,” K4 (4)

“OsH,0,” — HO' ks (5)

Taking into account that at [cyclohexane]o = 0.46 M practically
all hydroxyl radicals in the quasi-equilibrium approximation in
relation to “OsH,0,” are accepted by the alkane, we obtain the fol-
lowing equation:

d[cyclohexane]  ksK4[“0s”][H;0,] 6)
dt T 1+ K4[H09)

It follows from the data shown in Fig. 9B that at [H;03]o=1M
the alkane oxidation rate is equal to half of the maximum rate
(8 x 107 M s~ !). Using this value and Eq. (6), we can calculate
the equilibrium constant (at 50°C in acetonitrile containing
42MH;0)as K,=1M~.

Hydroxyl radicals are apparently generated in the reaction be-
tween hydrogen peroxide and a ‘low-valent’ osmium derivative,
most probably Os(II):

Wmax = -

Os(Il) + H,0, — Os(Ill) + HO" + HO~ 7)

The Os(III) derivative thus formed can be reduced with a new mol-
ecule of H,0, back to Os(II):

Os(Ill) + H,0, — Os(Il) + HOO" + H* (8)

Other Os(n)-0s(n + 1) manifolds can also operate in such cycles, for
example, we cannot exclude the participation of the Os(III)-Os(IV)
pair. Hydroxyl radicals attack C-H bonds in accordance with
equation:

RH + HO' — R + H,0 9)
Alkyl radicals add rapidly molecular oxygen from atmosphere:
R+ 0, — ROO (10)
Peroxyl radicals can be reduced with a ‘low-valent’ osmium species,
for example:

ROO" + Os(I) — ROO™ + Os(III) (11)

and after addition of a proton are transformed into the primary
reaction product, alkyl hydroperoxide:

ROO™ +H* — ROOH (12)

We have found that the 1/H,0,/py system efficiently oxidizes
benzene to phenol in yield 22% (based on starting benzene) after
5h (Fig. 12). Styrene is oxidized to benzaldehyde in yield 24%
(based on starting styrene) after 12 h (Fig. 13). As in the case of al-
kanes, the oxidations of unsaturated hydrocarbons proceed with
lag periods. It has been shown earlier using the vanadate/pyra-
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Table 3
Selectivity parameters in H,0, oxidations of alkanes by certain catalytic systems.?
Entry Catalytic system C(1):C(2):C(3):C(4) 10:20:3¢ trans/cis
n-Heptane MCH Isooctane cis-1,2-DMCH trans-1,2-DMCH
1 1/py 1:7:7:7 1:8:23 1:5:8 1.0 0.9
2 Fe(S04),” 1:5:5:4.5 1:3:6 1.3 1.2
3 VO3~ [PCA® 1:6:7:5 1:9:37 1:4:9 0.75 0.8
4 V053~ [H,50,4¢ 1:7:7:6 1:7:26 0.86 0.90
5 Ni(ClO4),/Lof 1:6:7:6 1:7:15 1:2:4
6 Al(NO3)38 1:5:5:5 : 1:4:7 0.8 0.8
7 Ti-MMM-2" 1:9:7:6.5 1:6:113 1:4:30 0.9 0.9
8 TS-1/NaOH/MeCN! 1:8:8:8 1:6:21 1:1:3 0.86 0.94
9 Fe,(HPTB)/PCA’ 1:6:6:5 1:6:13 1:3.5:8
10 NaAuCl 1:35:25:23 1:116:255 1:10:240
11 [Mn,Ly(0)3]2*/MeCO,H®! 1:46:35:34 1:26:200 1:5:50 0.34 4.1
12 [Mn,L,(0)3]?*/(COOH),&™" 1:17:12:11 1:0.3:0.6 1:0.4:32 0.2 7.3
13 Cu(NCCH3)4BF,™° 1:14:9:13 1:0:41
14 TS-1P 1:80:193:100 No products No products No products No products
15 Cuy™9 1:34:23:21 1:16:128 0.4 0.1

@ Parameter C(1):C(2):C(3):C(4) is the relative normalized (taking into account the number of hydrogen atoms at each carbon) reactivities of hydrogen atoms at carbons 1,
2, 3, and 4 of the chain of n-heptane. Parameter 1°:2°:3° is the relative normalized reactivities of hydrogen atoms at primary, secondary, and tertiary carbons of methyl-
cyclohexane and isooctane. Parameter trans/cis is the ratio of isomers of tert-alcohols with mutual trans- and cis-orientation of the methyl groups formed in the oxidation of
cis- and trans-1,2-dimethylcyclohexane (DMCH). All parameters were measured after reduction of the reaction mixtures with triphenylphosphine before GC analysis and
calculated based on the ratios of isomeric alcohols.

See Ref. [45].

For this system, see Ref. [46]. PCA is pyrazine-2-carboxylic acid.

For this system, see Ref. [47].

L is 1,4,7-trimethyl-1,4,7-triazacyclononane.

For this system, see Ref. [48].

For this system, see Ref. [49].

For this system, see Ref. [50].

For this system, see Ref. [51].

Fe,(HPTB) is complex [Fe,(HPTB)(p-OH)(NOs),](NOs3),, HPTB = N,N,N’,N'-tetrakis(2-benzimidazolylmethyl)-2-hydroxo-1,3-diaminopropane. For this system, see Ref.

o

X For this system, see Ref. [53].

! For this system, see Refs. [54,55].

™ tert-Butylhydroperoxide is used instead of H,0,.

™ For this system, see Ref. [56].

° For this system, see Ref. [57].

P For this system, see Ref. [58].

9 Cuy is complex [OcCuy{N(CH,CH,0)3}4(BOH)4][BF4]5. For this system, see Refs. [58-60].
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Fig. 12. Accumulation of phenol with time in the benzene oxidation with H,0, .
catalyzed by complex 1 in the presence of pyridine in acetonitrile. Conditions: Time /h

[1lo=1 x 107* M, [benzene], = 0.5 M, [H203]o=1M, [py] = 0.05 M, 60 °C.

Fig. 13. Consumption of styrene (curve 1) and accumulation of benzaldehyde
(curve 2) with time in styrene oxidation with H,0, catalyzed by complex 1 in the
presence of pyridine in acetonitrile. Conditions: [1]o=1x 107*M, [sty-

zine-2-carboxylic acid/H,0, system that the oxidation of benzene renelo = 0.5 M, [Hy05]o = 1 M, [py] = 0.05 M, 60 °C.

to phenol [64] and styrene to benzaldehyde [65] occurs with the
participation of hydroxyl radicals.

We have also observed that the 1/H,0,/py system oxidizes 1- and acetonitrile during 1 h with subsequent addition of 1-phenyl-
phenylethanol to acetophenone. The reaction in the absence of ethanol led to removing the lag period (Fig. 15, curve 2). Incubation
pyridine affords only a negligible amount of acetophenone. How- of the solution containing 1, pyridine, 1-phenylethanol, and aceto-

ever, in the presence of pyridine, the oxidation proceeds with nitrile with subsequent addition of hydrogen peroxide reduced the
auto-acceleration (Fig. 14). Heating a mixture of 1, H,0,, pyridine, lag period (Fig. 15, curve 3).
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[acetophenone] / M

Time /h

Fig. 14. Accumulation of acetophenone in the oxidation of 1-phenylethanol with
H,0, catalyzed by complex 1 at its different concentrations: [1]o=5 x 10~ (curves
1and 1a)and 1 x 1074 M (curves 2 and 2a). Conditions: [1-phenylethanol]y = 0.4 M,
[H203]0 = 1.0 M, [pyridine]o = 0.05 M. Curves 1a and 2a: in the absence of pyridine.
Solvent was acetonitrile (total volume of the reaction solution was 5 mL), 50 °C.

0.15

0.10

[acetophenone] / M

0.05

Time/h

Fig. 15. Accumulation of acetophenone in the oxidation of 1-phenylethanol (0.4 M)
with H,0, (1.0 M) catalyzed by complex 1 (5 x 107*M (curves 1 and 1a) in the
presence of pyridine (0.05 M). Curve 1a: the same in the absence of pyridine. Curve
2: the solution containing 1 (5 x 1074 M), H,0, (1.0 M), pyridine (0.05M) and
acetonitrile was incubated at 60 °C during 1 h. After that 1-phenylethanol (0.4 M)
was added at the moment = 0 h. Curve 3: the solution containing 1 (5 x 1074 M),
pyridine (0.05 M), 1-phenylethanol (0.4 M), and acetonitrile was incubated at 60 °C
during 1 h. After that H,0, (1.0 M) was added at the moment = 0 h. Solvent was
acetonitrile (total volume of the reaction solution was 5 mL), 60 °C.

A comparison of the data presented in Figs. 14 (curve 2) and 12
shows that the rate of 1-phenylethanol oxidation (2.7 x 107>
M s~ 1) is approximately three times higher than the rate of phenol
accumulation (0.9 x 10> M s~!) under similar conditions. As the
benzene oxidation (as well as the oxidation of alkanes) is induced
by hydroxyl radicals (see above), the difference in oxidation rates
of 1-phenylethanol and benzene indicates that these substrates
are oxidized with the participation of different intermediate spe-
cies. One can assume that as in the case of catalysis by osmium car-

bonyl hydride [32], the oxidation of 1-phenylethanol catalyzed by
1 is induced by an osmyl species containing the “Os=0" moiety.

3. Conclusions

Decamethylosmocene very efficiently catalyzes the oxidation of
alkanes with hydrogen peroxide in acetonitrile at 20-60 °C in the
presence of pyridine. Turnover numbers, TONs, in the case of
cyclohexane attain 51,000 (see Table 1, Entry 10), and maximum
turnover frequency, TOF, was 6000 h~! (see Fig. 5, curve 4a: max-
imum rate between 3 and 7 h). These values are much higher than
TON and TOF parameters for other known alkane oxidizing sys-
tems. For example, copper-catalyzed oxidation by H,O, proceeded
with TOF of ca. 600 h~![59], oxidation catalyzed by a dinuclear
manganese complex in the presence of oxalic acid exhibited
TOF = 1200 h™! [54], a vanadium complex in the presence of pyra-
zine-2-carboxylic acid gave TOF = 220 h~! [46]. Finally, the oxida-
tion of ethane by H,0, in acetonitrile catalyzed by 1 in the
presence of pyridine during 24h gave the products with
TON = 3600 and average TOF =150 h~! (see Table 2, Entry 3). For
comparison, the OsCls-catalyzed oxidation of ethane by acetoni-
trile and water was much less efficient (TOF = 68 [33] and 41 h™!
[39], respectively). Decamethylosmocene 1 under the action of
pyridine and hydrogen peroxide in acetonitrile is transformed into
a catalytically active species, which decomposes hydrogen perox-
ide with formation of hydroxyl radicals. The role of pyridine is to
accelerate the transformation of 1 into the catalytically active spe-
cies. Hydroxyl radicals either abstract hydrogen atoms from al-
kanes to generate alkyl radicals or add to benzene rings or
double bonds of styrene. Further reactions with molecular oxygen
lead to the formation of primary products: alkyl hydroperoxides,
phenol, or benzaldehyde, respectively.

4. Experimental

Caution. Due to the toxicity of osmium compounds, the heating
oven should be located in a well-ventilated hood. The combination
of air or molecular oxygen and H,0, with organic compounds at
elevated temperatures may be explosive!

Decamethylosmocene (pre-catalyst 1) has been synthesized
from Na,0sClg and pentamethylcyclopentadiene as described in
Ref. [66]. The pre-catalyst 1 and pyridine were used in the form
of stock solutions in acetonitrile. Aliquots of these solutions were
added to the reaction mixtures in the oxidations of substrates.
The oxidation reactions were typically carried out in air in thermo-
stated Pyrex cylindrical vessels with vigorous stirring. The reac-
tions with alkanes were stopped by cooling and analyzed twice,
i.e., before and after the addition of an excess of solid PPhs. This
method was developed and used previously by some of us
[18,32,41,43,44] for the analysis of reaction mixtures obtained
from various alkane oxidations. Applying this method in the pres-
ent work for the oxidation of cyclohexane, we demonstrate that
the reaction affords predominantly cyclohexyl hydroperoxide as
the primary product, which slowly decomposes to form cyclohex-
anol and cyclohexanone. In our kinetic studies for precise determi-
nation of oxygenate concentrations, only data obtained after
reduction of the reaction sample with PPhs were used. A Perkin El-
mer Clarus 500 gas chromatograph with a capillary column
30m x 0.22 mm x 25 pm, BP20 (SGE) was used (helium was the
carrier gas; FID; the internal standard was nitromethane).

The oxidations of gaseous alkanes and/or oxidations in an O, or
CO, atmosphere were carried out in a 39-mL stainless steel auto-
clave, equipped with a Teflon-coated magnetic stirring bar. In a
typical experiment, after additions of all liquid reagents in the form
of stock solutions in acetonitrile, the autoclave was closed and
pressurized with 1.0-35.0 atm of gaseous alkane (typically 35.0,
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30.0, 8.0, or 1.0 atm of CH,4, C;Hg, C3Hg, or n-C4H;o, respectively)
and/or O, (1.5 atm) or CO, (3 atm). The reaction mixture was stir-
red for 4-28 h at 50 °C using a magnetic stirrer and an oil bath,
whereupon it was cooled in an ice bath, degassed, opened, and
transferred to a flask for GC analysis.

Concentrations of the products obtained in the oxidation of
benzene, styrene, and 1-phynylethanol after certain time intervals
were measured using 'H NMR method (acetone-dg was added to
the samples; “Bruker AMX-400" instrument, 400 MHz). For the
determination of concentrations of substrates and products, corre-
sponding signals were integrated using added 1,4-dinitrobenzene
as a standard.
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