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Abstract

Hydrogen peroxide oxidation of cyclohexane in acetonitrile solution catalyzed by the dinuclear manganese(IV) complex [LMn(O);MnL](PF)»
(L=1,4,7-trimethyl-1,4,7-triazacyclononane, TMTACN) at 25 °C in the presence of a carboxylic acid affords cyclohexyl hydroperoxide as well as
cyclohexanone and cyclohexanol. A kinetic study of the reactions with participation of three acids (acetic acid, oxalic acid, and pyrazine-2,3-
dicarboxylic acid, 2,3-PDCA) led to the following general scheme. In the first stage, the catalyst precursor forms an adduct. The equilibrium con-
stants K calculated for acetic acid, oxalic acid, and 2,3-PDCA were 12748, (7+2)x 10*, and 1250450 M, respectively. The same kinetic scheme
was applied for the cyclohexanol oxidation catalyzed by the complex in the presence of oxalic acid. The oxidation of cyclohexane in water solution
using oxalic acid as a co-catalyst gave cyclohexanol and cyclohexanone, which were rapidly transformed into a mixture of over-oxidation products.
In the oxidation of cyclohexanol to cyclohexanone, varying the concentrations of the reactants and the reaction time we were able to find optimal
conditions and to obtain the cyclohexanone in 94% yield based on the starting cyclohexanol. Oxidation of acetone to acetic acid by the system
containing oxalic acid was also studied.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Acetone; Alkanes; Alcohols; Alkyl hydroperoxides; Cyclohexane; Cyclohexanol; Homogeneous catalysis; Hydrogen peroxide; Oxidation; Manganese
complexes

1. Introduction most active catalysts in various oxidations as well as H,O, de-

composition processes.” The dinuclear manganese(IV) complex

Complexes of transition metals catalyze oxidations of hy-
drocarbons (see reviews') and some other organic compounds,
for example, alcohols with molecular oxygen and peroxides,
especially with hydrogen peroxide. Manganese derivatives
containing in many cases chelating N-ligands are among the
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[LMn(O)sMnL](PF¢), (complex 1; L is 1,4,7-trimethyl-1,4,7-
triazacyclononane, TMTACN), which has been synthesized
and characterized by Wieghardt and co-workers,? and similar
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compounds are known to catalyze some oxidations of organic
compounds, such as olefins and phenols (see reviews*  and
very recent original publications*®~®).

In 1998, we discovered’*®* that the oxidizing power of cat-
alyst 1 in the H,O, oxidation can be dramatically increased if a
small amount of a carboxylic acid is added to the reaction solu-
tion. Further detailed study of our system has been published
in subsequent papers.”® Thus, we found™ &% that the
combination ‘1/CH;COOH/H,0;’ in acetonitrile solution very
efficiently oxidizes inert alkanes to afford primarily the corre-
sponding alkyl hydroperoxide, which is transformed further
into the more stable ketone (aldehyde) and alcohol. Some other
acids have been employed as co-catalysts instead of acetic acid.
It turned out that the system oxidizes not only alkanes but also
epoxidizes olefins, ***"#%" transforms alcohols into ketones (al-
dehydes),”>™% and sulfides into sulfoxides.>® The reaction with
olefins gave rise to products of dihydroxylation in addition to
the corresponding epoxides. Alkanes," olefins,”" and alcohols™"
were oxidized also in the absence of acetonitrile. A relevant
soluble polymer-bound Mn(IV) complex with N-alkylated
1,4,7-triazacyclononane was used as a catalyst in the H,O, ox-
ygenation of alkanes.®® Bosch and Veghini’® prepared insoluble
salts of formula [LMn(p-O);MnL],,[XM{,040],, (X is P or Si
and M is Mo or W), which are active catalysts in the oxidation
of alcohols®™’* and olefins.”® It is important that almost no
oxidation reaction can be observed in the absence of a carbox-
ylic acid as a co-catalyst in all cases mentioned above. Recently
our ‘1/carboxylic acid/H,O,’ system has been used by other au-
thors’® for the cis-hydroxylation and epoxidation of olefins. We
have also demonstrated that alkanes and olefins can be oxidized
by tert-butyl hydroperoxide®*! or peroxyacetic acid>*®**
using complex 1 as a catalyst. The reaction with tert-butyl
hydroperoxide is significantly accelerated in the presence of a
small amount of a carboxylic acid.>*®"!

In continuation of studies of our ‘l/carboxylic acid/H,O,’
oxidizing system, in the present work we carried out a compar-
ative kinetic investigation of the cyclohexane oxidation in ace-
tonitrile in the presence of three co-catalysts of the different
nature: acetic acid, oxalic acid, and pyrazine-2,3-dicarboxylic
acid (2,3-PDCA). Another aim of the present work was an ex-
ploration of the possibility to use alternative solvents for the
oxidation of alkanes and alcohols. Attempting to employ water
instead of acetonitrile we have found an extensive over-oxida-
tion of the formed products. This fact prompted us to vary the
conditions in order to find optimal concentrations, temperature,
and reaction time. When we tried to replace acetonitrile with ac-
etone as a solvent in the alkane oxidations we discovered that
acetone can be easily oxidized by our system to produce acetic
acid. This reaction has been also studied in the present work.

2. Results and discussion
2.1. Cyclohexane oxidation in acetonitrile solution
We studied oxidation of cyclohexane in acetonitrile solu-

tion with hydrogen peroxide catalyzed by complex 1 in the
presence of the following carboxylic acids: acetic acid, oxalic

acid, and pyrazine-2,3-dicarboxylic acid (2,3-PDCA). The oxy-
genation of cyclohexane gives rise to the formation of the
corresponding alkyl hydroperoxide as the main primary prod-
uct. To demonstrate the formation of cyclohexyl hydroperox-
ide in this oxidation and to estimate its concentration in the
course of the reaction we used a simple method developed
by us earlier.®2*® If an excess of solid PPh; is added to the
sample of the reaction solution ca. 10 min before the GC ana-
lysis, the alkyl hydroperoxide present is completely reduced to
the corresponding alcohol. As a result, the chromatogram dif-
fers from that of a sample not subjected to the reduction (the
alcohol peak rises, while the intensity of the ketone peak de-
creases). Comparing the intensities of peaks attributed to the
alcohol and ketone before and after the reduction, it is possible
to estimate the real concentrations of the alcohol, ketone, and
alkyl hydroperoxide present in the reaction solution. If an oxi-
dation is carried out in water solution, other than PPh; reduc-
ing reagents can be used, for example, NaBH,. In recent years,
our method was employed by other chemists for the analysis
of reaction products and detection of alkyl hydroperoxides in
various oxidations of C—H compounds by molecular oxygen,
hydrogen peroxide, and other peroxides.’
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The kinetic curves of the cyclohexane oxidation in the pres-
ence of the three acids are shown in Figures 1—3. It can be
seen that the addition of oxalic acid gives the most efficient
conversion of cyclohexane into the cyclohexyl hydroperoxide
with the formation of only small amounts of the cyclohexanol
and cyclohexanone. The usage of acetic acid and especially
pyrazine-2,3-dicarboxylic acid as co-catalysts gives rise to no-
ticeably lower yields. Although in the cases of the three co-
catalysts in the beginning of the process only the cyclohexyl
hydroperoxide is formed, the reaction in the presence of acetic
acid or 2,3-PDCA proceeds with simultaneous transformation
of the cyclohexyl hydroperoxide into the more stable cyclo-
hexanone and cyclohexanol. Relative concentrations of the
latter products become substantial in the end of the oxidation
process.

We studied dependencies of initial rates of the cyclohexane
oxidation and total yield of oxygenates after 6 h on initial con-
centrations of catalyst 1, co-catalyst, the cyclohexane and the
hydrogen peroxide for the reactions carried out in the presence
of acetic acid (Figs. 4—7), oxalic acid (Figs. 9—12), and 2,3-
PDCA (Figs. 14—17). For the reactions with participation of
acetic and oxalic acids the influence of water was also
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Figure 1. Oxidation of cyclohexane (0.25 M) in MeCN at 25 °C with H,0,
(0.75 M) catalyzed by complex 1 (510> M) in the presence of acetic acid
(0.11 M). Concentrations of cyclohexyl hydroperoxide (curve /), cyclohexanol
(curve 2), and cyclohexanone (curve 3) are shown. Concentrations in Figures
1—3 were measured by injecting the reaction samples before and after reduc-
tion of the reaction mixture with PPh; (for this method, see Refs. 6¢, g, and 8).
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Figure 2. Oxidation of cyclohexane (0.25 M) in MeCN at 25 °C with H,O,
(0.75 M) catalyzed by complex 1 (5x 107> M) in the presence of oxalic acid
(0.11 M). Concentrations of cyclohexyl hydroperoxide (curve /), cyclohexanol
(curve 2), and cyclohexanone (curve 3) are shown.

investigated (Fig. 8 and 13, respectively). In the kinetic data
analysis (see below, Section 2.3), we operated with ‘initial re-
action rates’, which are the maximum stationary rates of prod-
uct accumulation attained in a few minutes after mixing the
reagents. A sum of product (cyclohexanol and cyclohexanone)
concentrations was determined for the certain time interval
after the reduction of the reaction aliquots with solid
triphenylphosphine.
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Figure 3. Oxidation of cyclohexane (0.25 M) in MeCN at 25 °C with H,O,
(0.25 M) catalyzed by complex 1 (5x 107> M) in the presence of 2,3-PDCA
(1x1073 M). Concentrations of cyclohexyl hydroperoxide (curve ), cyclo-
hexanol (curve 2), and cyclohexanone (curve 3) are shown.
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Figure 4. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.75 M; the content of water in the reaction mixture was 0.6 M) cata-
lyzed by 1 and acetic acid (0.11 M) in MeCN at 25 °C. Total volume of the
reaction solution was 5 mL. Dependences of the initial rate of formation of oxy-
genates W, (curve /) and the total yield of oxygenates after 6 h ¢ (curve 2) on
initial concentration of catalyst 1 are shown. Curve /a is a theoretical line (see
Section 2.3).

For the three co-catalysts the initial rate of the oxidation is
proportional to concentration of the catalyst 1 in the interval of
its concentrations 0—10~* M and the yields of the oxygenates
(after 6 h) become a bit lower for acetic acid and 2,3-PDCA at
[1]:10*4 M (Figs. 4 and 14). The yield does not depend on
the catalyst concentration when [1]>0.5x10"* M (Fig. 9) in
the case of oxalic acid. Each curve for dependence of the ini-
tial rate on concentration of either the co-catalyst or the cyclo-
hexane has a plateau at relatively high concentration of this
reactant. Initial rates of the oxidation are proportional to initial
concentration of hydrogen peroxide (Figs. 7, 12, and 17). It
follows from Figures 12 and 17 that the yield of products after
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Figure 5. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.25 M; the content of water in the reaction mixture was 0.2 M) cata-
lyzed by 1 (5% 107> M) and acetic acid in MeCN at 25 °C. Total volume of the
reaction solution was 5 mL. Graph A: dependences of the initial rate of forma-
tion of oxygenates W, (curve /) and the total yield of oxygenates after 6 h ¢
(curve 2) on initial concentration of acetic acid are shown. Curve /a is a theo-
retical line (see Section 2.3). Graph B: dependence of 1/W, versus 1/[Acetic
acid] (derived from curve /a).
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Figure 6. Oxidation of cyclohexane with hydrogen peroxide (70% aqueous;
0.75 M; the content of water in the reaction mixture was 0.6 M) catalyzed
by 1 (5x 10~> M) and acetic acid (0.11 M) in MeCN at 25 °C. Total volume
of the reaction solution was 5 mL. Dependences of the initial rate of formation
of oxygenates Wy, (curve /) and the total yield of oxygenates after 6 h ¢ (curve
2) on initial concentration of the cyclohexane are shown. Curve /q is a theo-
retical line (see Section 2.3).

6 h does not practically depend on initial concentration of the
used hydrogen peroxide. Addition of water does not also affect
dramatically initial oxidation rate and the product yield (Figs.
8 and 13). It is, however, interesting that in the case of co-
catalysis by acetic acid in the presence of relatively high
concentration of water the cyclohexanol/cyclohexanone ratio
(after 6 h) obtained after the reduction with PPh; becomes
four times lower. Enhanced concentration of the ketone after
reduction with PPh; testifies that in the presence of water
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Figure 7. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous) catalyzed by 1 (5%107> M) and acetic acid (0.05 M) in MeCN at
25 °C. Total volume of the reaction solution was 5 mL. Dependences of the
initial rate of formation of oxygenates W, (curve /) and the total yield of oxy-
genates after 6 h ¢ (curve 2) on initial concentration of the hydrogen peroxide
are shown. Curve /a is a theoretical line (see Section 2.3). In all experiments
water was added to maintain the total concentration of water equal to 0.89 M.
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Figure 8. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.75 M) catalyzed by 1 (5x107> M) and acetic acid (0.11 M) in
MeCN at 25 °C. Total volume of the reaction solution was 5 mL. Dependences
of the initial rate of formation of oxygenates W, (curve /) and the total yield of
oxygenates after 6 h ¢ (curve 2) on the volume of added water are shown. The
bars in the bottom of the graph correspond to the cyclohexanol/cyclohexanone
ratio (after 6 h) obtained after the reduction with PPhs.

the cyclohexyl hydroperoxide decomposes to afford the cyclo-
hexanone more intensively than when no additional water was
used (see Fig. 8). Under these conditions water concentration
(from 70% hydrogen peroxide) [H,O]=0.6 M and the cyclo-
hexanol/cyclohexanone ratio attained 8.1.

2.2. Cyclohexanol oxidation in acetonitrile solution

In the present work we have also studied the oxidation of
cyclohexanol into cyclohexanone by the ‘H,0,/1/oxalic
acid’ system in homogeneous acetonitrile solution. Figure 18
shows typical kinetic curves for consumption of the alcohol
and accumulation of the ketone at different concentrations of
oxalic acid. It can be clearly seen that no oxidation reaction
occurs in the absence of oxalic acid.
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Figure 9. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.75 M; the content of water in the reaction mixture was 0.6 M) cata-
lyzed by 1 and oxalic acid (0.11 M) in MeCN at 25 °C. Total volume of the
reaction solution was 5 mL. Dependences of the initial rate of formation of oxy-
genates W (curve /) and the total yield of oxygenates after 6 h ¢ (curve 2) on
initial concentration of catalyst 1 are shown. Curve /a is a theoretical line (see
Section 2.3).
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Figure 10. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.25 M; the content of water in the reaction mixture was 0.2 M) cata-
lyzed by 1 (5x10~> M) and oxalic acid in MeCN at 25 °C. Total volume of the
reaction solution was 5 mL. Graph A: dependences of the initial rate of forma-
tion of oxygenates W, (curve /) and the total yield of oxygenates after 6 h ¢
(curve 2) on initial concentration of oxalic acid are shown. Curve /a is a theo-
retical line (see Section 2.3). Graph B: dependence of 1/W, versus 1/[Oxalic
acid], (derived from curve /a).
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Figure 11. Oxidation of cyclohexane with hydrogen peroxide (70% aqueous;
0.75 M; the content of water in the reaction mixture was 0.6 M) catalyzed
by 1 (5%107> M) and oxalic acid (0.11 M) in MeCN at 25 °C. Total volume
of the reaction solution was 5 mL. Dependences of the initial rate of formation
of oxygenates W, (curve /) and the total yield of oxygenates after 6 h ¢ (curve
2) on initial concentration of cyclohexane are shown. Curve /a is a theoretical
line (see Section 2.3).
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Figure 12. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous) catalyzed by 1 (5x 107> M) and oxalic acid (0.05 M) in MeCN at
25 °C. Total volume of the reaction solution was 5 mL. Dependences of the
initial rate of formation of oxygenates W, (curve /) and the total yield of oxy-
genates after 6 h ¢ (curve 2) on initial concentration of hydrogen peroxide are
shown. Curve /a is a theoretical line (see Section 2.3).

The reaction rate linearly depends on concentration of cata-
lyst 1 (Fig. 19). Dependences of the initial reaction rate on
concentration of oxalic acid and initial concentrations of cy-
clohexanol and hydrogen peroxides are shown in Figures
20—22. It can be seen that at relatively high concentrations
of oxalic acid and cyclohexane initial rate does not depend
on concentration of these reactants. Such a behavior is similar
to that found by us for the oxidation of cyclohexane (see Sec-
tion 2.1; compare Figs. 20 and 21 with Figs. 10 and 11). De-
pendences of W, on initial concentrations of catalyst 1 and
hydrogen peroxide are also similar for oxidations of both cy-
clohexanol and cyclohexane (compare Figs. 19 and 22 with
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Figure 13. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.75 M) catalyzed by 1 (5x107> M) and oxalic acid (0.11 M) in
MeCN at 25 °C. Total volume of the reaction solution was 5 mL. Dependences
of the initial rate of formation of oxygenates W, (curve /) and the total yield of
oxygenates after 6 h ¢ (curve 2) on concentration of water are shown.

—10.04
T
w
S 0.03
- R R
= s
X
i) —10.02
—0.01

-+ o

12

[catalyst 1] x 105/ M

Figure 14. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.25 M; the content of water in the reaction mixture was 0.2 M) cata-
lyzed by 1 and 2,3-PDCA (1x 107> M) in MeCN at 25 °C. Total volume of
the reaction solution was 5 mL. Dependences of the initial rate of formation
of oxygenates Wy (curve /) and the total yield of oxygenates after 6 h ¢ (curve
2) on initial concentration of catalyst 1 are shown. Curve /a is a theoretical
line (see Section 2.3).

Figs. 10 and 12). At relatively high concentration (>0.75 M)
water insignificantly decreases the yield of the cyclohexanone
(Fig. S1, see Supplementary data).

2.3. A kinetic scheme for the cyclohexane and cyclohexanol
oxidation in acetonitrile solution

It has been mentioned above that in the absence of a carbox-
ylic acid the rate of cyclohexane or cyclohexanol oxidation is
negligible (see Figs. 5, 10, 15, and 20). This fact allows us to
propose the following general kinetic scheme for the oxidation
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Figure 15. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous; 0.25 M; the content of water in the reaction mixture was 0.2 M) cata-
lyzed by 1 (5x107> M) and 2,3-PDCA in MeCN at 25 °C. Total volume of
the reaction solution was 5 mL. Graph A: dependences of the initial rate of for-
mation of oxygenates W, (curve /) and the total yield of oxygenates after 6 h ¢
(curve 2) on initial concentration of 2,3-PDCA are shown. Curve /a is a theo-
retical line (see Section 2.3). Graph B: dependence of 1/W, versus 1/[2,3-
PDCA] (derived from curve /a).

of cyclohexane as well as cyclohexanol (Cy-one and Cy-ol are
cyclohexanone and cyclohexanol, respectively).
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Figure 16. Oxidation of cyclohexane with hydrogen peroxide (70% aqueous;
0.25 M; the content of water in the reaction mixture was 0.2 M) catalyzed
by 1 (5x107> M) and 2,3-PDCA (1x10~> M) in MeCN at 25 °C. Total vol-
ume of the reaction solution was 5 mL. Dependences of the initial rate of for-
mation of oxygenates W, (curve /) and the total yield of oxygenates after 6 h ¢
(curve 2) on initial concentration of cyclohexane are shown. Curve /a is a
theoretical line (see Section 2.3).
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Figure 17. Oxidation of cyclohexane (0.25 M) with hydrogen peroxide (70%
aqueous) catalyzed by 1 (5%107° M) and 2,3-PDCA (1x1073 M) in MeCN
at 25 °C. Total volume of the reaction solution was 5 mL. Dependences of
the initial rate of formation of oxygenates W, (curve /) and the total yield
of oxygenates after 6 h ¢ (curve 2) on initial concentration of hydrogen perox-
ide are shown. In all experiments water was added to maintain the total
concentration of water equal to 0.89 M. Curve /a is a theoretical line
(see Section 2.3).

X, +CyH—CyOOH + X, ks (3)
X/, + Cy-ol—=Cy-one + X5 + H,O k4 4)

X/, + MeCN — products of MeCN oxidation + X, ks (3)

The first step of the scheme is an equilibrium leading to the
formation of an adduct X,, which in the second step in the
presence of hydrogen peroxide is converted to an active

Concentration / M

Time / hours

Figure 18. Oxidation of cyclohexanol (0.25 M; curves a) to cyclohexanone
(curves b) with 70% aqueous H,O, catalyzed by complex 1. Consumption
of cyclohexanol and accumulation of cyclohexanone with time are shown.
The temperature was 25 °C and the solvent was acetonitrile. Conditions:
curves /: complex 1, 5x 107° M; oxalic acid, 0 M; H,O,, 0.25 M. Curves 2:
complex 1, 5x 1073 M; oxalic acid, 0.05 M; H,0,, 0.25 M. Curves 3: complex
1, 10x 107° M; oxalic acid, 0.11 M; H,O,, 0.5 M.
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Figure 19. Dependences of the initial rate (curve /) and the yield of cyclo-
hexanone after 8 h (M, curve 2) as well as TON on concentration of 1 in
the oxidation of cyclohexanol (0.25 M) with 70% aqueous H,O, (0.50 M)
in the presence of oxalic acid (0.11 M). The temperature was 25 °C and the
solvent was acetonitrile. Curve /a is a theoretical line (see Section 2.3).

species X,'. The right part of Eqs. 3—5 contains the main re-
action products that can be also achievable via a series of con-
secutive steps. However, we found that these steps do not
affect the total reaction rate under conditions in use. Indeed,
when [CyH]p>0.15 M the initial reaction rate is independent
on the cyclohexane concentration (Figs. 6, 11, and 16)
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Figure 20. Graph A: dependences of the initial rate (curve /) and the yield of
cyclohexanone after 8 h (M, curve 2) in the oxidation of cyclohexanol
(0.25 M) with 70% aqueous H,O, (0.25 M) catalyzed by 1 (5x107> M) on
concentration of added oxalic acid. The temperature was 25 °C and the solvent
was acetonitrile. Curve /a is a theoretical line (see Section 2.3). Graph B:
dependence of 1/W, versus 1/[Oxalic acid], (derived from curve /a).
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Figure 21. Dependence of the initial rate (curve /) and the yield of cyclohex-
anone after 8 h (M, curve 2) in cyclohexanol oxidation with 70% aqueous
H,0, (0.5 M) catalyzed by 1 (5% 107> M) and oxalic acid (0.11 M) on initial
concentration of cyclohexanol. The temperature was 25 °C and the solvent was
acetonitrile. Curve /a is a theoretical line (see Section 2.3).

resulting in W3>W,, the cyclohexyl hydroperoxide being the
major reaction product. By analogy, the initial rate of cyclo-
hexanol oxidation measured in the separate experiment
(Fig. 21) is independent on the cyclohexanol concentration,
therefore W,>W,.

Thus, reaction 2 can be regarded as the rate-limiting step of
the overall process: we observed the first-order dependences of
the initial reaction rates on concentration of hydrogen perox-
ide (Figs. 7, 12, 17, and 22). Assuming that the concentration
of species X, is quasi-stationary and the rate of reverse reac-
tion 1 is much lower than a sum of the rates of reactions 3—35,
the analysis gave rise to Eq. 6:

251—
< s
‘v 20 — —l020 =
s S
o T
e Z
w15 —|0.15 §
S 8

10— —10.10

51— —(0.05

0 I | | I | -0

0 0.2 0.4 06 0.8 1.0

[Hy05lp / M

Figure 22. Dependence of the initial rate (curve /) and the yield of cyclohex-
anone after 8 h (M, curve 2) in the oxidation of cyclohexanol (0.25 M) with
70% aqueous H,O, catalyzed by 1 (5x 10~> M) and oxalic acid (0.05 M) on
concentration of H,O,. The temperature was 25 °C and the solvent was aceto-
nitrile. Curve /a is a theoretical line (see Section 2.3).

Table 1
Parameters for the catalytic oxidation of cyclohexane
Constant Acetic acid Oxalic acid 2,3-PDCA
K, MY 12748 70,000+20,000 1250+50
kb M™sTh 2.040.2 0.6740.07 1.440.1
kM 'sTh Not determined Not determined 2.340.2
d[CyOOH] - kZKl [1]0 [ACld}O [HZOZ]()
- 5, - W2 = k2 [XA] [H202] -~ .

dt (14K, [Acid],)

(6)

when [HZOZ] = [H202]0 and [ACld] = [ACld]() > [1]0

Parameters k, and K; can be determined from the data of
Figures 5, 10, 15, and 20 using the regression analysis of
Eq. 6 in its linear form 6a (see graphs B in Figs. 5, 10, 15,
and 20). The results are shown in Table 1.

1 1 1 1 1

== X
w W2 k2K1 [1]0[H202]0 [ACld]O k2 [1]0[H202]0

(6a)

In the case of 2,3-PDCA, when [CyH](<0.15 M, the initial
rate of the reaction is proportional to cyclohexane concentra-
tion (Fig. 16) and we can estimate k3 from Eq. 7:

d[CyOOH]
dt

= W; = k3[Xa/][CyH] zkzl?l[lkﬁc[ﬂl[%H]o

(7)
The same kinetic scheme can be applied for the cyclo-
hexanol oxidation catalyzed by 1 in the presence of oxalic
acid. The parameters 70,000£20,000 M~ for K, and 0.6+
0.2 M~ s™! for k, were obtained by analogy from the analysis
of dependences shown in Figures 20 (graph B) and 22. These
parameters are close to those obtained for the cyclohexane oxi-
dation. Thus, we can assume that the rate-limiting step for the
cyclohexane and cyclohexanol oxidations is the same, that is,
the formation of active oxidizing species can be described by
Eq. 2. Finally, we can see that our theoretic calculations are in
good agreement with experimental data (compare experimen-
tal points and theoretical curves in Figs. 4—7, 9—12, 14—17,
and 19—22).

2.4. Cyclohexane and cyclohexanol oxidation in the absence
of organic solvent

It is interesting to explore the possibility of the oxidation in
the absence of acetonitrile. We found that the cyclohexane oxi-
dation in water solution when oxalic acid is used as a co-cata-
lyst gives cyclohexanol and cyclohexanone. Concentrations of
these products decrease at time >15 min due to the formation
of over-oxidation products (Fig. S2). According to the GC
analysis the reaction gives rise to the non-selective formation
of many products, and adipic acid is only a minor component
of the mixture. Due to this fact we did not study in detail the
oxidation of cyclohexane in water.

The kinetic curves of the cyclohexanol oxidation in water
under certain conditions also have a maximum (see Figs.
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S3—S7, graphs A). We studied the reaction under different
conditions and evaluated the optimal conditions when the cy-
clohexanone yield attains 94% based on starting cyclohexanol
(see Fig. S5, curve 1b). It should be noted that at relatively
high amounts of catalyst 1, oxalic acid, cyclohexanol, and hy-
drogen peroxide the initial rate of cyclohexanone formation as
well as its yield after 6 h do not depend on initial amounts of
these reactants (see Figs. S3—S6, graphs B). The kinetic
curves of cyclohexanone accumulation at various temperatures
and dependences of W, and the yield of cyclohexanone after
6 h on temperature are presented in Figure S7.

2.5. Oxidation of acetone to acetic acid

The oxidation of cyclohexanol in the absence of acetonitrile
showed that the cyclohexanone formed in this reaction can be
easily oxidized further to afford a complex mixture of prod-
ucts. We decided to study in more detail the oxidation of ace-
tone as a model substrate. Acetone played also the role of
a solvent (it is known that acetone forms adducts with hydro-
gen peroxide'®). This reaction at 40 °C in the presence of ox-
alic acid gives rise to the formation of acetic acid as a sole
product (a typical kinetic curve is shown in Fig. S8). The ini-
tial rate of acetic acid accumulation and its yield after 3 h lin-
early depend on concentration of catalyst 1 (Fig. S9). At
relatively high concentration of oxalic acid or hydrogen perox-
ide the yield of acetic acid does not depend on the concentra-
tions of these reactants (Figs. S10 and S11). The initial rate of
acetic acid accumulation and its yield after 3 h only slightly
depend on temperature in the interval 10—50 °C (Fig. S12).

3. Conclusions

Our kinetic study showed that the first stage of the cyclo-
hexane oxygenation with the ‘1/carboxylic acid/H,0,’ system
begins from the formation of an adduct of species 1 and the
carboxylic acid. The equilibrium constants K; differ drasti-
cally for different acids: acetic acid, oxalic acid, and 2,3-
PDCA. The difference in values K; can explain a quantitative
difference in the behavior of the three acids as co-catalysts.
We have also demonstrated in this work that using very care-
fully chosen reaction conditions (concentrations, time, and
temperature) it is possible to avoid an extensive over-oxidation
of cyclohexanone in the cyclohexanol oxidation in the absence
of acetonitrile. The yield of cyclohexanone obtained under op-
timal conditions attained 94% based on starting cyclohexanol.

4. Experimental section
4.1. General

The oxidations of cyclohexane in acetonitrile were carried
out in air in thermostated (25 °C) Pyrex cylindrical vessels
with vigorous stirring. The total volume of the reaction solu-
tion was 5 mL. In our experiments, 70% aqueous solution of
hydrogen peroxide (‘Per6xidos do Brasil’) was used. Typi-
cally, catalyst 1 (for the preparation, see Ref. 3), and the

co-catalyst (a carboxylic acid, acetic, oxalic acid or 2,3-
PDCA) were introduced into the reaction mixture in the
form of stock solutions in acetonitrile or water. A substrate
was then added and the reaction started when hydrogen perox-
ide was added in one portion. Samples of the reaction solu-
tions were usually analyzed by GC (instrument ‘HP 5890
Serie-II’; fused silica capillary columns Hewlett—Packard;
the stationary phase was polyethylene glycol: INNOWAX
with parameters 25 mx0.2 mmx0.4 pm; carrier gas was N,
with column pressure of 15 psi) twice, before and after addi-
tion of an excess of solid triphenylphosphine.®*&®
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