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Abstract--The effect of propionic aldehyde additives on the kinetics and mechanism of cyclohexane oxidation 
by molecular oxygen catalyzed by variable-valence metal salts is studied. The effect of the catalyst metal (M) 
on the rate of oxygen consumption, yield, and ratio of reaction products (cyclohexanol, cyclohexanone, cyclo- 
hexyl hydroperoxide (CHHP), and propionic acid and peracid) is studied. The catalytic functions of the vari- 
able-valence metal salts are determined by their ability to influence the rate of the homolysis of the O-O bonds 
of peroxide compounds, which correlates with the redox potential of the metal ion for most of the catalysts stud- 
ied. The fact that other salts of variable-valence metals do not fit this correlation is due to the multifunctional 
action of catalysts involved in chain initiation, termination, and degenerate branching. The main role of alde- 
hyde in the process under consideration is to promote oxidation. According to the quantum-chemical studies, 
the catalyst cation largely determines both the structure of the [Mn§ transition complex and the rates 
of competitive homolysis and heterolysis of cyclohexyl hydroperoxide. 

INTRODUCTION 

The liquid-phase oxidation of cyclohexane (CH) by 
molecular oxygen catalyzed by cobalt naphthenates 
(stearates) is currently the main industrial method for 
the production of cyclohexanol (COL) and cyclohex- 
anone (CON), which are intermediate products in the 
synthesis of polyamide fibers [1--4]. Therefore, the 
improvement of this process remains topical from the 
theoretical and practical standpoints. Only few of the 
available catalytic systems (namely, cobalt naphthenate + 
CON [3], Fe(TPPF20Brs) [4], CoSt2 + CHaCOOH, 
CoStJCeSt 3 + CHaCOOH, and CoSt2/CrO3 �9 2Py + 
CH3COOH [7] and chromium and cobalt valerates, 
naphthenates, or stearates [8]) are highly efficient [1-8]. 

In the course of the industrial oxidation of cyclohex- 
ane (Co(II)-naphthenate; 433--453 K; air pressure, 9-  
13 torr; reaction duration, 30 min), the maximum over- 
all selectivity to the products COL + CON + CHHP 
(CHHP is cyclohexyl hydroperoxide) is lower than 
75% at a cyclohexane conversion of 9% [9]. This indi- 
cates that the process rate and yield of the target prod- 
ucts are comparatively low despite severe conditions. 

The catalytic oxidation of cyclohexane to cyclohex- 
anol and cyclohexanone in the presence of organic 
acids [10-12] and aldehydes [13, 14] at rather low tem- 
peratures (-373 K) may be substantially accelerated by 
the additives of aliphatic aldehydes. Earlier studies of 
the kinetics and mechanism of the liquid-phase oxida- 
tion of cyclohexane by molecular oxygen catalyzed by 
cobalt, manganese, iron, and ruthenium porphyrins 
[15-17]; cobalt complexes of the Schiff bases [18]; 
CuCI2 crown ethers [ 19], RuC13 �9 nH20 + CH3COOH and 

RuCI2(PPh3) 3 [20]; and Fe + CH3COOH, Fe(OOCCH3)3, 
FeC13 �9 6H20 [21], and Cu(OH)2 [22] in the presence of 
aldehydes suggest that the resulting radicals and metal- 
containing oxo species are intermediate in the forma- 
tion of cyclohexanol, cyclohexanone, and cyclohexyl 
hydroperoxide [ 13-21 ]. 

Several aspects concerning the mechanism of the 
catalytic oxidation of cyclohexane by molecular oxy- 
gen in the presence of aldehydes remain unclear. These 
include (i) the effect of the catalyst/metal and the pro- 
cess temperature on the rate and selectivity of the for- 
mation of the target products (cyclohexanol, cyclohex- 
anone, and cyclohexyl hydroperoxide) and (ii) the 
influence of a catalyst and aldehyde on the elementary 
steps of the oxidation. Investigation of the effect of the 
catalyst and small aldehyde additives on the yield of the 
target oxidation products at low temperatures (300- 
350 K) and oxygen pressure (0.1 MPa) is of particular 
practical interest. 

EXPERIMENTAL 

The kinetics of molecular oxygen consumption in 
the course of the liquid-phase oxidation of cyclohexane 
catalyzed by variable-valence metal salts in the pres- 
ence of propionic aldehyde was examined on a gas- 
metric setup [23] in glass reactors at 303.0-341.5 K and 
an oxygen pressure of 0.1 MPa. The volume of the reac- 
tion mixture was 3.0 ml. The reaction vessel was 
shaken with a frequency that ensured the kinetic control 
of the process. Cobalt (II) stearate was used as a cata- 
lyst. The oxidation lasted 60 min. Peroxide compounds 
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Fig. 1. The rate of oxygen consumption as a function of the 
duration of cyclohexane oxidation catalyzed by (1) Mn(AcAc) 2 
and (2) Pd(OAc) 2 in the presence of propionic aldehyde 
([CH] 0 = 9.10 mol/l, [PAl 0 = 0.15 mol/l, [Cat] = 4.2 x 
10 -4 mol/l, 303.0 K). 

in the oxidation products were qualitatively analyzed 
by thin-layer chromatography by comparing their 
retention indices (Rf) with the Rf values for individual 
peroxides (Silufol plates; eluent, toluene-ethyl acetate 
mixture (1:1 by volume); developer, saturated acetone 
solution of NaI). The initial substances and oxidation 
products were quantitatively identified on an LKhM-80 
chromatograph equipped with a flame-ionization detec- 
tor and a steel column (3 m x 3 mm) packed with Chro- 
maton N-AW covered with a fixed phase of polyphe- 
nylmethylsiloxane (5%). Toluene was used as an inter- 
nal standard. To determine the true concentrations of 
cyclohexanol and cyclohexanone in the presence of 
cyclohexyl hydroperoxide, the mixture was treated 
with triphenylphosphine. The true concentrations of 
cyclohexanol, cyclohexanone, and cyclohexyl hydrop- 
eroxide were determined as described in [24]. The 
overall concentration of peroxide compounds was 
determined by iodometry [25]. The propionic peracid 
concentration was determined as a difference between 
the overall concentration of peroxide compounds 
(obtained by iodometry) and the cyclohexyl hydroper- 
oxide concentration (obtained by thin-layer chromatog- 
raphy). Cyclohexane was purified as described in [26]. 
Propionic aldehyde was purified by distillation in a frac- 
tionating column in nitrogen. Commercial analytically 
pure substances (Co(II), Ce (IV), Cu (II), and Cr (III) 
stearates; Mn (II), VO (II), Fe (III), and Ni (II) acetyl ace- 
tates; and Pd (II) acetate) were used as catalysts. 

RESULTS AND DISCUSSION 

Our main experimental results are presented in Fig. 1 
and Table 1. 

Table 1 shows that the main products of cyclohex- 
ane oxidation in the presence of propionic aldehyde are 
cyclohexanol, cyclohexanone, cyclohexyl hydroperox- 
ide, propionic acid, and peracid. The efficiency of the 
catalytic system (as estimated from the yield of the tar- 
get products and the rate of oxygen consumption 
(Vo2)) depends on the origin of the catalyst/metal. 
According to their activity, the catalysts may be 
arranged in the following series: 
at 303.0 K 

Mn 2§ > Co 2+ > V 4+ > Pd 2+ > Cu 2+ > without Cat > Cr 3+ 
> Fe 3+ > Ce 4+ > Ni 2+ 

and at 341.5 K 

Mn 2+ -- Co 2+ without Cat > Fe 3+ > Pd 2+ > V 4+ > Ni 2+ 
= Ce 4+ > Cr 3+ > Cu 2+. 

As can be seen, no strict correlation between the 
redox potential of the central ion of the variable- 
valence metal salt and its catalytic activity is observed. 
This suggests that the catalyst is involved not only in 
the Haber-Weiss cycle, but also in some other elemen- 
tary steps. 

A substantial difference in the activity and selectiv- 
ity of the catalysts manifests itself in their effect on the 
overall yield and ratio of the target products (Table 1). 
The variable-valence metal salts not only catalyze, but 
also inhibit and control cyclohexane oxidation in the 
presence of propionic aldehyde. The elementary steps 
of the process involving variable-valence metal salts, in 
which the above functions of the catalysts are observed, 
are discussed in detail below. 

In the absence of a catalyst, the curves illustrating 
how the rate of oxygen consumption varies with the 
oxidation duration at 303.0 and 341.5 K show the same 
behavior. Only the numerical Vo2 values change from 
0.5 x 10 -5 and 0.4 x 10 -6 mol 1-1 s -1 at 303.0 K and the 
oxidation duration of 6 and 10 min, respectively, to 
12.0 x 10 -5 and 1.2 x 10 -5 mol 1-1 s -l at 341.5 K and the 
oxidation duration of 6 and 10 min, respectively. 
At longer reaction times (10-60 min), the rate Vo2 

decreases more smoothly and attains a virtually con- 
stant value close to zero after 20 min from the onset of 
the process. The curves that illustrate the time varia- 
tions in the rate of oxygen consumption in the presence 
the Mn 2+-, Co 2§ and Ni2§ at 303.0 K are sim- 
ilar to the curve obtained for the noncatalytic process 
(see, for example, curve I in Fig. 1). In contrast to this, 
the time variations in the rate of oxygen consumption at 
303.0 K in the presence of the Pd 2§ V 4§ Fe 3+-, and 
Cu2+-catalysts are described by a different curve (Fig. 1, 
curve 2). At 341.5 K, the rate of oxygen consumption 
in the presence of all catalysts studied (except for Co 2+) 
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Table 1. Effect of the catalyst on the rate of oxygen consumption and the yield of the products of cyclohexane oxidation in 
the presence of propionic aldehyde ([CH]) 0 = 9.10 mol/l; [PA]0 = 0.15 mol/l; [Cat] 0 = 4.2 x I0 -~4 mol/l; reaction duration, 60 min) 

Parameter 

E*, V 

Without 
catalyst 

Vo2 x 105, mol 1-1S -1 

[COL] x 103, mol/1 

[CON] x 103, mol/l 
[CHHP] x 103, tool/1 
[PPAc] x 102, mol/l 

[PAc] x 102, mol/l 

[CON]/ICOL] 
ZP** x 10 3, mol/l 

[CHHP]/ZP 

0.04 

0.2 

0.2 
1.6 
0.16 

1.0 

2.0 

0.8 

Vo2 x 105, mol 1-1 S - I  

[COL] x 103, moFl 
[CON] x 103, mol/l 

[CHHP] x 103, mol/l 
[PPAc] x 102, mol/1 
[PAc] x 102, mol/l 

[CON]/[COL] 
ZP** x 103, mol/l 

[CHHP]/ZP 

12.03 

30.2 
25.5 

2.0 
2.05 

0.84 

57.7 
0.03 

* Redox potential of the metal ion. 
** ZP = [COL] + [CON] + [CHHP]. 

Co 2+ 

1.82 

3.21 

5.14 

4.07 
1.82 

3.38 

0.79 

11.03 

0.17 

1.80 

32.3 
25.2 
0.40 
1.08 

0.78 

57.90 
0.07 

Ce 4+ 

1.61 

0.26 

0.30 
0.80 
0.87 

4.1 

1.15 

1.36 

0.59 

7.34 

18.6 
11.3 
7.40 

1.05 

11.7 

0.61 

38.35 
0.19 

Mn+ 

Mn2+ ] V4+ 

1.51 1.00 

303.0 K 

4.55 0.56 

4.37 0.43 
4.86 4.29 
4.70 1.68 

1.84 1.93 

1.5 1.2 

1.11 9.98 

13.93 6.40 

0.34 0.26 
341.5 K 

3.66 3.12 

29.7 6.7 
28.8 32.3 
4.20 0.40 
2.72 1.64 

2.8 2.4 

0.97 4.82 

62.70 39.40 

0.07 0.01 

pd 2+ 

0.99 

0.25 

0.67 
1.51 

3.26 
1.88 

1.2 

2.25 

5.44 

0.60 

12.25 

18.2 
29.4 
0.40 
2.42 

2.3 

1.62 

48.130 

0.08 

Fe 3+ 

0.77 

1.09 

0.77 

0.56 
0.27 

0.61 

9.7 

0.73 

1.60 

0.17 

6.02 

21.9 
18.0 
11.0 

1.74 

4.2 

0.82 

50.90 
0.22 

Ni 2+ 

0.49 

1.46 

0.06 

0.39 
0.26 
1.63 

9.7 

6.5 

0.71 

0.37 

7.75 

26.6 
12.3 

0 
2.31 
4.6 

0.46 

38.90 

0 

Cu 2+ 

0,15 

0.29 

0.90 

3.02 
3.02 

1.55 

11.1 

0.95 

4.87 

0.62 

5.91 

4.3 
4.3 

0 
2.31 

12.6 

1.00 

8.60 

0 

Cr 3+ 

0.15 

0.49 

0.43 
0.92 
1.07 

5.5 
0.88 

1.84 

0.50 

4.18 

0.02 
21.5 

8.6 
1.83 

12.3 

1075 

30.12 

0.29 

is described by a curve that is similar to curve 1 in Fig. 1. 
For the cobalt catalyst, the time variations in the rate of 
oxygen consumption at this temperature is also 
described by a curve similar to curve 2 in Fig. 1, and the 
average V'o2 value is close to 1.8 x 10 -5 mol 1-1 s -1. 

In the absence of propionic aldehyde, cyclohexane 
is not oxidized by molecular oxygen within the temper- 
ature range studied (303.0-341.5 K) even in the pres- 
ence of the catalysts. The propionic aldehyde additives 
markedly accelerate the catalytic oxidation and 
increase the yield of the target products. Synergism is 
observed at 303.0 K, which is especially pronounced 
for the Mn 2§ Co 2§ V 4§ Pd 2§ and Cu2+-catalysts. 
The catalytic action of the 0 3§ and Ce 4§ compounds is 
observed at the same temperature to a much lesser 
extent, whereas the Ni 2§ catalyst does not affect the 
yield of the target products as compared to the noncat- 
alytic process. The maximal yield of the target products 
and the maximal Vo2 value are obtained in the catalytic 

systems containing the Mn 2+ and Co 2+ compounds 
(Table 1). 

In the presence of the V 4+-, Pd 2§ and Ni 2+ catalysts, 
cyclohexane oxidation at 303.0 K results in the pre- 
dominant formation of cyclohexanone. During noncat- 
alytic oxidation and in the presence of the Mn 2§ and 
Cu 2§ compounds, the cyclohexanone and cyclohexanol 
yields are nearly the same both at 303.0 and 341.5 K 
(Table 1). Under the same conditions, the Fe 3+ and Co 2+ 
compounds favor a decrease in the [CON]/[COL] ratio 
in the reaction products. 

At 341.5 K, only the Mn 2+ + PA catalytic system 
exhibits a somewhat positive effect as compared to the 
noncatalytic process (Table 1). In the presence of all 
other catalysts, the yield of the target products 
decreases. Note that, at the same temperature in the 
presence of the Cr 3§ catalyst, the [CON]/[COL] ratio 
abruptly increases to 1075, whereas, at 303.0 K, it is 
only 0.88. This indicates a change in the oxidation 
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mechanism. This effect is discussed below based on the 
quantum-chemical calculations. 

In our opinion, the peculiarities of the action of the 
catalysts in the CH + PA system being oxidized is one 
of the most important problems. Therefore, our main 
concern in this paper is this particular problem along 
with the explanation of the effect of the catalyst metal 
on the elementary steps of the process. 

As follows from Table 2, the yield of the target prod- 
ucts at 303 K increases with the catalyst activity, which 
is indirectly related to the redox potential of the metal 
ion. In this case, the rate of oxygen consumption 
decreases. This apparently paradoxical effect may be 
attributed to catalyst deactivation in the course of the 
oxidation and rapid decarboxylation of acyloxy radi- 
cals (VII) accompanied by CO2 evolution (Table 2). 
The contributions of these factors to the overall rate of 
oxygen consumption were estimated as follows. 

At 303.0 K, the rate of the thermal decomposition of 
propionic peracid (reaction (VI)) is 

V 6 = k6[PPAc] = 7.0 x 10 -1~ mol 1 -l S - l  

The values of k6 = 4.4 x 10- 7 s -1 and [PPAc] = 0.16 x 
l0 -2 mol/1 are given in Tables 2 and l, respectively. The 
rate of the catalytic decomposition of propionic peracid 
(reaction (X)) is 

vl0 = kl0[PPAc][CoSt2] = 6.8 x 10 -6 mol 1 -l s -I, 

3 1 1 where kl0 = 4.0 X 10- 1 mol- s- ,  [PPAc] = 3.38 x 
10 -2 mol/l, and [CoSt2] -- 4.2 x 10 -4 mol/l. 

Therefore, we have at this temperature Vlo/V 6 = 104. 

At 341.5 K, we have 

v 6 = k6[PPAc] = 3.9 X 10 -7 tool l -l s -l, 

where k6 = 1.9 x 10 -5 s -t and [PPAc] = 2.05 x 10- 2 mol/l, 
and 

vl0 = kl0[PPAc][CoSt2] = 1.24 x 10 -4 mol 1-1 s -I, 

where kl0 = 27.4 1 mol -t s -l, [PPAc] = 1.8 x 10 -2 mol/l, 
and [CoSt2] = 4.2 x 10 -4 mol/l. 

In this case, vlo/v6 = 3.1 x 102. 
The rate of the noncatalytic decomposition of propi- 

onic peracid is more sensitive to the temperature than 
the rate of its catalytic decomposition: the ratio of the 
v6 values at 341.5 and 303 K is 5.6 x 102, whereas the 
ratio of the vl0 values at the same temperatures is 18. 
The Vlo/V 6 ratio at 303.0 K is by two orders of magni- 
tude higher than that at 341.5 K. This indicates the 
rapid deactivation of the catalyst by the oxidation prod- 
ucts and, hence, the small effect of variable-valence 
metal salts on the oxidation at high temperatures. 

The acyloxy radicals formed by reactions (VI) and 
(X) undergo rapid decarboxylation (reaction (VII)). 
Obviously, the evolution of carbon dioxide causes a 
dramatic decrease in the Vo~ value, which is most pro- 

nounced for the active catalysts such a s  C o  2+ and M n  2+. 

In the presence of these compounds, the rate of 

RC(O)O" generation from propionic peracid is higher 
than that in the case of the catalysts with lower redox 
potentials. 

The contribution of reaction (VII) to the overall rate 
of oxygen consumption was estimated by comparing 
the Vo2 values calculated from the rate of the formation 

of all oxygen-containing products (Vp) with the experi- 
mental rate of oxygen consumption (Ve). The difference 
between the Vp and v e values is the true rate of reaction 
(VII). 

The vp value, calculated from the overall yield of the 
main oxidation products formed during the first 10 min 
of the process is 1.9 • 10-4 tool 1-1 s -l at [CH] 0 = 9.1 mol/1, 
[PA]0 = 0.36 mol/l, [CoSt2]o = 5.6 • 10 -4 mol/l, and 
T = 303.0 K. 

The average rate of oxygen consumption during the 
same period measured on a gasometric setup is ve = 
4 . 7 4 x 1 0  - 5 m o l l  - i s  - l . T h e n v  7 = v . -  v e=  1.43x 
10 -4moll  -1 " ' " ~ " s -l. This indicates that reaction (VII) con- 
tributes significantly to the overall rate of oxygen con- 
sumption ((1.43 x 10-4/1.9 x 10-4)100% -- 90%). 

In contrast to the process occurring at 341.5 K, an 
increase in the redox potential of the catalyst (espe- 
cially, in the case of the Co 2§ and Mn 2§ compounds) at 
303.0 K is accompanied by an increase in the activity 
of variable-valence metal salts, which in turn results in 
an increase in both the rate of oxygen consumption and 
the yield of the target products. 

The contribution of the cyclohexyl hydroperoxide 
yield to the overall yield of the target oxidation prod- 
ucts (cyclohexanol, cyclohexanone, and cyclohexyl 
hydroperoxide) strongly depends on the redox potential 
of the catalyst, which is most pronounced at low tem- 
peratures. The activity of the catalyst cation in cyclo- 
hexyl hydroperoxide decomposition, the yield of the 
target products, and the oxidation rate is almost propor- 
tional (except for the Cu 2§ Pd 2§ and Ce 2+ compounds) 
to the redox potential of the central ion (Table 1). This 
agrees with a common idea concerning the influence of 
the catalyst on cyclohexyl hydroperoxide decomposi- 

2+ tion. This idea implies that the most active Co and 
Mn 2§ catalysts favor the rapid homolysis of hydroper- 
oxide, a decrease in its concentration, and an increase 
in the cyclohexanol and cyclohexanone yields due to 
cyclohexyl hydroperoxide decomposition and the 
acceleration of the radical initiation of the oxidation. 

The above data provide further evidence for the effi- 
ciency of the catalyst performance in the low-tempera- 
ture process and its insignificant effect on the oxidation 
at high temperatures because of the rapid deactivation 
of the central ion of a catalyst by the oxidation products 
(mainly, propionic peracid). 

In contrast to the yield of the target products of 
cyclohexane oxidation, the overall yield (including, 
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Table 2. Kinetic parameters of the elementary steps of cyclohexane oxidation by molecular oxygen in the presence of pro- 
pionic aldehyde 

6 

O 

cD 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XlII 

xIvl 

Reaction 

RCHO + 0 2 - RC' (O)  + HOO" 

(R = C2H5) 

RC(O)OO" + cyclo-C6H12 -- RC(O)OOH + cyclo-C6H~l 

(R = Ph) 

RC(O)OO" + RCHO ~ RC(O)OOH + RC' (O)  

(R = C2H5) 

cyclo-C6HllOO" + cyclo-C6H12 ~ cyclo-C6HllOOH + 

cyclo-C6H~I 

cyclo-C6HuOO" + RCHO - cyclo-C6HnOOH + RC ' (O)  

RC(O)OOH - RC(O)O" + HO" 

(R = CH3) 

RC(O)O" - R" + CO2 

(R = C2H5) 

RC(O)O" + cyclo-C6H12 

(R = Ph) 

RC(O)O" 4- RCHO 

- RC(O)OH + cyclo-C6H~l 

- RC(O)OH + RC (O) 

RC(O)OOH + M n+ - M (n + 1)+ + RC(O)O" + HO- 
M n+ = Ni 2+, R = Ph 
M n+ = Co 2+, R = p-CH3Ph 

RC(O)OOH + M (n + 1)+ 
(M(n + 1)+ = C03+, R = Ph) 

cyclo-C6HI1OOH + M n§ 

cyclo-C6H]]O" + HO- 
M n+ = Co 2+ 

M n+ = V 4+ 

M n+ = Cr 3+ 

M n+ + RC(O)OO + H + 

M(n + 1)+ + 

cyclo_C6HllOOH + M(n + 1)+ ___ Mn+ + 

cyclo-C6H11OO" + H + 
M(n + 1)+ = C03+ 

RC(O)OH + M n+ ,* M (n + 1)+ + RC(O)O" + H O -  
M n+ = Co 2+, R = CH 3 

M "+ = C o  3+, R = Ph 

M n+ = Fe 3+, R = C2H5 
M n+ = Ni 3+, R = Ph 

"6 aa 

td 

4.5 x 1014 117 

7.6 x 1013 

4.2 x 109 

1.6 x 108 

1.4 x 108 

4.3 x 108 

9.8 x 108 

1.6 x 1015e 

8.5 X 10 7 

7.9 x 101~ 

2.4 x 1012g 

3.0 x 109 

k a 

3.0 x 10 -6 (303 K) 

5.7 x 10 -4 (341.5 K) 

70.2 60 b (303 K) 

1.4 x 103 (341.5 K) 

32 1.3 x 104 (303 K) 

5.4 x 104 (341.5 K) 

57.7 1.8 x 10 -2 (303 K) 

0.2 (341.5 K) 

- 3.9 r (303 K) 

7.7 b (341.5 K) 

84.1 4.4 x 10 -7 (303 K) 

1.9 x 10 -5 (341.5 K) 

3.3 x 101~ (343 K) 

- -3 .3  x 10 l~ (341.5 K) 

16.3 6.7 x 105 (303 K) 

1.4 x 106 (341.5 K) 

15.2 2.3 x 106d (303 K) 

4 .6  x 106 (341.5 K) 

4.0 x 10 -3 (303 K) 

90.0 0.5 (303 K) 
27.4 (341.5 K) 

0.8 (298 K) 

42.0 4.9 f (303 K) 
32.0 (341.5 K) 

1.4 (303 K) 
20.0 (341.5 K) 

88.0 5.3 x 10 -5g (303 K) 
2.7 x 10 -3 (341.5 K) 

0.01 (298 K) 

79.5 

61.9 

4.7 x 10 -2 (303 K) 
1.7 (341.5 K) 

6.4 x 10 -2 (303 K) 
1.0 (341.5 K) 

6.8 x 10 -2 (293 K) 
1.8 x 10 -3 (353 K) 

Refe- 
rences 

[27] 

Our es- 
timates 

[31] 

[32] 

Our es- 
timates 

[33] 

[34] 

[35] 

Our es- 
timates 

[37] 

[38] 

[39] 

Our es- 
timates 

[81 

[8] 
[40] 

O u r  es-  
t i m a t e s  

[421 

[431 
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Table 2. (Contd.) 

6 

O 

t~ 

XV 

XVI 

XVII 

XVIII 

Reaction 

cyclo-C6HllOO" + M n+ 

cyclo-C6HtlO + HO- 
M(n + 1)+ = C02+ 

M(n + 1)+ = Mn2+ 

M(n+l)+= Cu 2+ 

cyclo_C6HnOO" + M(n + l)+ 
cyclo-C6H 11OH 
M(n + 1)+ = C02+ 

M(n + 1)+ = Mn2+ 

) M (n + 1)+ + 

M(n+l)+= Cu 2+ 

. . .  ) M n+ + 

A a 
"6 

ai 

1.5 x 109f 27.5 f 

9.9 x 10 llf 53.5 f 

2.5 x 1012f 54.9 f 

5.5 x 10 l~ 37.4 f 

8.8 • 1012f 56.2 f 

2.5 x 1012f 54.9 f 

RC(O)OO" + M n+ ,. M (n + D+ + RC(O)OO- 2.9 x 109 32.6 
(M n+ = Co  2+) 

cyclo_C6HllO O" + Mn+ ,. M(n + 1)+ + 2.9 x 109 32.6 

cycI~ 
(M(n + 1)+ = Co2+) 3.0 x 

k a 

2.7 x 104 (303 K) 
9.3 x 104 (341.5 K) 
9.9 x 102 (303 K) 
6.5 x 103 (341.5 K) 
8.6 x 102 (303 K) 

i2.0 x 104 (303 K) 
1.0 x 105 (341.5 K) 
1.8 x 103 (303 K) 
2.2 x 104 (341.5 K) 
8.6 x 102 (303 K) 
1.0 x 104 (341.5 K) 

7.0 x 103 h (303 K) 

3.0 x 104 (341.5 K) 

7.0 x 103 h (303 K) 

104 (341.5 K) 

References 

Our esti- 
mates 

Our esti- 
mates 

Our esti- 
mates 

Our esti- 
mates 

a Expressed in s -1, I tool -1 s -l, and 12 tool -2 s -1 for the first-, second-, and third-order reactions, respectively. 
laThe C2C15OO' and PhC(O)OO" radicals exhibit the same reactivity in the reaction with eyclohexane at 348 K (k 2 = 2.2 x 103 1 mo1-1 s -l) 

[28]. The activation energy of this reaction was calculated by the equation E 2 = 0.55D(cyclo-C6HII-H)---146.6 kJ/mol [29], where 
D(cyclo-C6H 1 l-H) = 399.6 kJ/mol is the C-H bond strength in cyclohexane [30]. 

c The rate constant of the reaction of cyclo-C6H 11 ~ O" radical with RC(O)H was calculated by the equation k s = k3k41k 2 using the kinetic 
parameters of reactions (II), (III), and (IV). 

d The activation energy and the rate constant for this reaction at 399 K were set equal to 15.2 kJ/mol and 1.0 x 1071 mo1-1 s -l, respectively, 
as for the reaction of the (CH3)3C O" radical with CH3C(O)H [36]. 

e Calculated from the data of [37]. 
f Calculated from the data of [8]. 
g Calculated from the data of [41]. 
h The rate constant for this reaction was set equal to that for the reaction of the CH 2C(O O')HPh radical with Co(AcAc) 2 [44]. 

propionic acid and peracid) is inversely proportional to 
the catalyst activity, which correlates with the redox 
potential. This may be explained as follows. The pri- 
mary product of  propionic aldehyde oxidation--propi-  
onic acid---decomposes to give acyloxy radicals under 
the action of  the catalyst and in the course of  the ther- 
mal process. The acyloxy radicals undergo decarboxy- 
lation (reaction (VII)) to give CO2 and the ethyl radical, 
which finally transforms into ethyl hydroperoxide, 
which is barely identified under experimental condi- 
tions. Because the decarboxylation rate is much higher 
than the rate of  the accumulation of  the products of  

cyclohexane oxidation, the overall yield of  the oxida- 
tion products decreases. We can illustrate this using the 
following calculations. The rate of  accumulation (Vacc) 
and consumption (V-co n) of  the products of  propionic 
aldehyde oxidation under the process conditions is 
determined by reactions (I), (II), (III), (VIII), (IX), (X), 
and (XIV): 

Vl = k1[PA][O2], 

v 2 = k 2 [RC(O)OO' ] [CH] ,  

v3 = k3[RC(O)OO'] [PA] ,  
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v 8 = k 8 [ RC(O)O" ] [ CH ], Vl5 = kl5 [cyclo-C6Hll OO" ] [Co2+],  

v 9 = k9[RC(O)O" ][PA], 

V,o = kloPPAc[M(.+l)+], 

V14 -- kl4[PA][M("+l)+]. 
The ratio of the rates of consumption and accumulation 
is equal to: 

Vcon/Vac c = Vlo/(V I + V 2+ V 3+ V 8+ V 9+ VI4 ). 

At [CH] = 9.1 mol/1, [PA] = [PPAc] = 0.24 mol/l (when 
50% of propionic aldehyde transforms into propionic 
peracid), [CoSt2] = 2.1 x 10 -z mol/l, T = 303.0 K, and 
v3/v2 = k3[PA]Ik2[CH] = 5.7, that is, v3 = 5.7 v2 (the rate 
constants of the corresponding reactions are given in 
Table 2). 

Because reaction (IX), like reaction (VIII), involves 

RC(O)O" radicals which are rapidly decarboxylated 
via reaction (VII), the contribution of these reactions to 
the overall rate of product accumulation may be 
neglected. Then, after substituting the values obtained 
into the expression for Vco,/Vacc, we arrive at: 

Vcon/Vac c = (0.12 X 10-4)/(1.14 x 10 -6 

+ 6.7 x 60[RC(O)OO'] x 9.1 ) 

= (0.12 x 10-4)/(1.14 x 10 -6 + 3.6 x 103[RC(O)OO']). 

Taking into account that the RC(O)O O" concentration 
in the reaction mixture is lower than 10-I~ -1~ mol/I 
(as determined by simulating the process kinetics), the 
second term in the denominator can also be neglected. 
Then, we have Vcon/Vac c = 10. Thus, the rate of propi- 
onic peracid consumption, which is the main interme- 
diate in propionic aldehyde oxidation, is more than ten 
times higher than the rate of its accumulation, which 
explains a decrease in the overall yield of the oxidation 
products in the presence of the active catalysts 
observed experimentally. 

The key elementary steps involving catalysts are (i) 
the decomposition of peroxide compounds via the 
Haber-Weiss mechanism (reactions (X)-(XIII)), alde- 
hyde oxidation by the cations of the metals in the high- 
est oxidation state (reaction (XIV)), and chain termina- 
tion on the catalyst (reactions (XV), (XVI), and 
(XVII)) (Table 2). As follows from the calculations 
based on the data of Table 2, most of the products of 
cyclohexane oxidation are formed via the reactions 
involving the primary cyclohydroxylperoxy radicals 
and the catalyst even at the early stages of the process. 

V4 -- k4[cyclo-C6H~IOO'][CH], 

v 5 = k 5 [cyclo-C6HllOO" ] [PA], 

v16 ---- kl6[cyclo-C6HllOO'] [Co3+]. 

At [CH] = 9.1 mol/l, [PA] = 0.15 mol/l, [Co 2+] = 2.1 x 
10 -4 mol/1, and the rate constants given in Table 2, the 
ratios of the reaction rates are 

Vl5/V 4 ---- 35.6, vls/v 5 = 9.7, 

Vl6/V 4 ----- 26.3, vt6/v s = 7.1 

at 303.0 K and 

V l5 /V  4 ---- 10.7, Vls /Vs  = 16.8, 

Vl6/V 4 -- 11.5, Vl6/V 5 = 18.1 

at 341.5 K. 

Thus, the overall yield of the target oxidation prod- 
ucts (cyclohexyl hydroperoxide, cyclohexanol, and 
cyclohexanone), stoichiometrically formed from cyclo- 
hexyl hydroperoxy radicals in the presence of the cata- 
lyst, ranges from 3 to 10%. In this case, the 
[CON]/[COL] ratio is nearly equal to unity, as in the 
absence of aldehyde additives. However, note that the 
catalysts, especially the Co 2§ and Mn 2§ compounds, not 
only control the composition of the oxidation products 
but also inhibit the process terminating the oxidation 
chain via reactions (XVII) and (XVIII). 

C r  3+, V 4+, and Pd 2§ compounds do not react with 
peroxy radicals [8], whereas Co 2§ Mn 2§ and Fe 2§ com- 
pounds do not. This explains a rather high yield of the 
target oxidation products in their presence despite the 
low redox potentials of these ions. In our opinion, the 
low catalytic activity of the Cr 3+ catalyst in the course 
of oxidation is due to its minimum redox potential and 
the heterolysis of peroxide compounds occurring under 
the action of this catalyst [8] and resulting in the forma- 
tion of nonradical products. The homolytic component 
of the decomposition of various peroxides is -100% on 
the Co 2§ catalyst [44], 4-20% on the V 3§ catalyst [45, 
46], 3-13% on the Cr 3§ catalyst [451, -4% on the Mn 2§ 
catalyst [47], and -2% on the Ni 2§ [44] and Cu [48] cat- 
alysts. 

To explain the experimental data on different effects 
of cobalt- and chromium-containing catalysts on the 
composition of cyclohexane oxidation products, we 
performed the quantum-chemical calculation of the 
configurations of the [M"§ transition states 
and the pathways of the decomposition of such com- 
plexes to radicals and molecular products. We found 
that the formation of the [metal ion-CCHP] complexes 
of type A and B is most likely (Figs. 2 and 3). Calcula- 
tions were performed using the MNDO method [49] 
with complete optimization of the structures by the gra- 
dient method assuming the mechanism for the forma- 
tion of cyclohexane oxidation products in the presence 

2+ 3+ of the Co and Cr catalysts. 
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Table 3. Heats of formation and decomposition and the activation energies of the decomposition of the [Mn+...CHHP] com- 
plexes of type A and B via pathways 1 and 2 of reaction (XIX) 

Complex 

cyclo-C6H l lOOH- Co 2+ 

cyclo-C6H 1100H �9 Cr 3+ 

Pathway 

1 
2 
I 
2 

AH 

56.1 
49.4 
53.2 
44.0 

A 

(303.0 K) 

77.4 
70.7 

108.4 
88.7 

AH 

146.5 
186.3 
94.6 

200.5 

B 

303.0 K 

58.6 
35.6 

136.0 
45.6 

341.5 K 

57.8 
29.7 

135.6 
32.2 

Note: The AH and E a values are expressed in kJ/mol. The AH values were calculated from the difference in the heats of formation of the 
decomposition products (cyclo-C6Hll O" and Mn+(OH)) and the corresponding initial complexes lMn+...cyclo-C6H 1100H]. The 
activation energies of the thermal decomposition of cyclohexyl hydroperoxide via (1') homogeneous and (2') heterogeneous path- 
ways are 229.0 and 249.5 kJ/mol, respectively: 

-,,- cyclo-C6HnO" + OH- (1') 

cycI~ - - L  cyclo-C6Hl00 + H20 (2') 

Table 3 presents the most important kinetic and ther- [M n§ CHHP] complexes and their decomposition via 
modynamic parameters of the transition states of the pathways 1 and 2 of reactions (XIX). 

M~ + ~ [A, B] 
cyclo-C6HnOOH + 

[A, B] 

�9 cyclo_C6Hn O. + M(~+ l)+ + OH- (1) 

�9 cyclo-C6Ht00 + M (~+1)+ + H20 (2) 
(XlX) 

As follows from the above data, the formation and 
further decomposition of metal-containing transition 
complexes is thermodynamically and kinetically pref- 
erable to the thermal decomposition of cyclohexyl 
hydroperoxide (see note to Table 3). The structure of 
the transition complex of type B, which is characterized 
by the formation of a three-membered cycle, is energet- 
ically preferable to the classical structure of type A, 
where the metal ion is removed from the hydrocarbon 
ring and directly bound to the terminal oxygen atom. 
The formation of an intermediate structure of type B is 
confirmed by the formation of hydrogen peroxide via 

the decomposition of this peroxo complex, as was 
observed experimentally [50]. 

Moreover, the formation of the complex of type B 
also explains the much higher rate of the process in the 
presence of the Co 2+ catalysts as compared to that in the 
presence of Cr 3§ compounds. 

It is well known that the overall rate of oxidation is 
determined by the rate of formation of free radicals, 
most of which are generated in the course of the cata- 
lytic decomposition of cyclohexyl hydroperoxide by 
reaction (XIX). 

Fig. 2. Structures of the possible transition states of the Co2+-CHHP complexes (a computational model). 
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Fig. 3. Structures of the possible transition states of the Cr3+--CHHP complexes (a computational model). 

As follows from our quantum-chemical calculations 
(Table 3), the activation energy of cyclohexyl hydrop- 
eroxide decomposition to radicals (pathway 1) at 303 K 
is by 77.4 kJ/mol lower than the activation energy of the 
same process involving the Cr 3+ compounds. For path- 
way 2 (without free radical generation), this difference 
is still less pronounced (10.0 kJ/mol). This pattern is 
also observed when comparing the transition corn- 

2+ + plexes of the Co and 0 3 ions with cyclohexyl hydro- 
peroxide formed via pathways 1 and 2 at 341.5 K. 

Our quantum-chemical calculations also explain the 
well-known experimental but still unclear fact, which 
was confirmed in our previous studies, that cyclohex- 
anone formation dominates over cyclohexanol in the 
course of cyclohexane oxidation catalyzed by the Cr 3§ 
compounds at low temperatures [8]. 

The temperature dependence of the activation 
energy of the decomposition of the Co 2+ and Cr 3§ com- 
plexes with cyclohexyl hydroperoxide suggests that 
pathway 2 of the decomposition of the [Cr~§ 
complex is energetically more favorable when the tem- 
perature increases from 303.0 to 341.5 K (the E a values 
decrease by 13.4 kJ/mol). The gain in energy in the 
reactions involving the Co 2§ compounds with an 
increase in temperature is only 2.1-5.9 kJ/mol (Table 3). 

The use of the MNDO method ensures a rather good 
agreement between the calculated and experimental 
data and suggests a model for cyclohexyl hydroperox- 
ide decomposition, the detailed mechanism of which 
may be studied later. 

CONCLUSION 

(1) The activity of variable-valence metal salts is 
determined by the rate of homolysis of peroxide com- 
pounds, which to a first approximation correlates with 
the redox potential of the metal ion (Tables 1 and 2). 

(2) The oxidation rate and yield of target products 
are proportional to the rate of initiation and inversely 

proportional to the efficiency of chain termination on 
the ions of the cyclohexane metal. The competition of 
these two pathways determines the cyclohexane activ- 
ity in the process under consideration. 

(3) Aldehyde mainly acts as a primary initiator of 
the chain process by reactions (I) and (XIV). Then, the 
required stable concentration of the highly reactive acy- 
loxy and acylperoxy radicals is maintained by the same 
reactions, as well as reactions (X), (XI), and (XIII). 
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