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The l iquid-phase oxidation of cumene and ethylbenzene by molecu la r  oxygen can be catalyzed by lamel la r  
compounds of graphite (LCG) with t rans i t ion-meta l  chlor ides ,  react ion proceeding according to a he te rogene-  
ous-homogeneous mechanism withthe format ion  of hydroperoxides  [1]. It is,  moreove r ,  known that hydro-  
peroxides  are  capable of epoxylating olefins in the p r e sen ce  of compounds of the metals  of Groups V and VI 
of the per iodic  table [2]. 

It s eemed  of in te res t  to develop a p rocess  in which the epoxylating hydroperoxides  might be d i rec t ly  
fo rmed  in the react ing sys tem r a the r  than int roduced into the la t te r  f rom without. Cyclohexene (CH) sug- 
ges ted i tself  for  such a study since it is readi ly  epoxylated by hydroperoxides ,  and se lec t ive ly  oxidized by 
molecu la r  oxygen in the p resence  of cyclohexenyl hydroperoxides  (CHHP) [3]. 

The p resen t  work was a study of the oxidation of CH, and the decomposit ion of CHHP, in the p resence  of 
LCG with Cu, Co, Mn, Fe,  Ni, Zn, andMochlo r ides .  For  comparison,  s tudywas a l somade  of the catalytic activity 
of the f r ee  chlor ides  of these same meta ls .  

E X P E R I M E N T A L  

The l amel la r  compounds of graphite with metal  chlor ides  (Table 1) were  p r ep a red  by the methods of [4-7]; 
the i r  s t ruc tu re s  were  de termined by x - r a y  d i f f rac tomet ry  using a Dron-1 d i f f rac tomete r  (CuK~ radiation, Ni 
f i l ter) .  The LCG were  used [n powder form,  the powders having approximately the same granular  composit ion 
with specif ic  surface  a reas  falling in the 0.5-0.8 m2/g  range.  

The cyclohexane was p r epa red  by the method of [8] and dist i l led over  metal l ic  sodium. The CHHP content 
of the olefin was 2 ' 10 -3 m o l e / l i t e r .  Catalytic act ivi t ies  were  de termined  f rom the O 2 uptake as m easu red  in 
a gasomet r i c  sys t em at 60~ and 1 arm p r e s s u r e .  The volume of the liquid phase was 3 ml in every  case.  

Exper iments  of CHHP breakdown used its solution in cyclohexene,  p repared  by CH oxidation [9], and con- 
ta[ning 0.10-0.12 m o l e / l i t e r  of CHHP. 

The products  obtained f rom CH oxidation and CHHP breakdown were  analyzed by LG chromatography 
(30% PEG-1500 on NAW-HMDS Chromaton,  120~ The concentra t ion of active oxygen in the oxidate was de- 
t e rm ine d  iodometr ica l ly  [10]. 
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TABLE i. Rates of Oxygen Uptake (W02), and Product Distributions, 
in the Oxidation of Cyclohexene on Transition Metal Compounds at 

60~ 

Catalyst 

~l thout  catalys$ 
Graphi te  

LCG - CuCI~ 
LCG -CuC12 

CuCl~ 
LCG -s 
LCG-CoC12 

CoCI~ 
LCG-MnCI~ 
LCO -MnClz 

MnClz 
LCG-FeCI3 
LcG-FeCI3 

FeCh o 
LCG -FeClz  
LCG -NiCI~. 
LCG-NiCI~ 

NiCI2 e 
LCG-MoC15 

MoC15 e 
LCG - ZI1CI2 

' SaR LCG Salt con- [m" centtationbl ~ % 
content eche- �9 ~ Time, 

of LCG,?o lon a q '103 '  ] ~ o hole]liter / ~  ~ rain 

Selectivity, % 

CHOL + 
CHONE 

19,0 I 
19.0 I 

~2,0 I 
32,0 

46,0 
~6,0 

46,6 
46,6 

38,6 
44,0 
44,0 

38,0 

27,7 

0,4 t30 
i2,7-- d 0,7 120 
0,4 0,3 J20 

57,2 t0,6 24 
4,3 90 

1,2 9,0 12 73 
58,8 tl,9 27 

I 1,0 3,5 [31 
L2 5,5 I 38 

57,4 9,5 I 62 
t,2 2,41185 

I i,l 2,0 148 
58,2 3,7 135 

t3  07 t21 
- t 2  t~8 33 
II 59,0 2,4 I i7t 

3,8 / II 58,9 t82 
II 1,0 0,4 t40 

0,5 t54 
III 
- t , 0  0 3  | t95 
III 58,7 t',2 1 30 

CHHP 

1oo 
86 

too 
5o 
6t 
66 
5i 
62 
84 
76 
83 
84 
93 

1oo 
9o 
75 
77 

1oo 
leo 

t9 
4 

9o 

CHO 

0 

0 

3 3g 
7 ~7 
8 4~l 
2 :~(; 

9 f5 
6 ~l 
6 Weak 
5 2 
0 O 
4 g 
4 21 
5 lg 
0 0 

reak (~ 
i0 41 
15 51 

5 

a .  T h e  n u m b e r  of g r a p h i t i c  c a r b o n  s h e e t s  b e t w e e n  s u c c e s s i v e  

l a y e r s  of c o m p o u n d .  

b .  T h e  v a l u e  of q w a s  c a l c u l a t e d  f r o m  t h e  s a l t  c o n t e n t  of t h e  L C G  

c o m p o u n d .  

c .  T h e  r a t e s  g i v e n  h e r e  a n d  i n  T a b l e  3 a r e  m a x i m u m  v a l u e s .  

d. Graphite content in g/liter. 
e. Salts of limited solubility in the reaction mixture. 

DISCUSSION OF RESULTS 

The rate of oxygen uptake (We2) in the presence of LCG with metal chlorides was considerably higher 
than the rate of either thermal CH oxidation or the oxidation of CH in the presence of graphite alone (see Table 
i). Comparison showed that, with the exception of LCG-MoCI 5, the order of decrease of the catalytic activity 
of the LCG in the CH oxidation was exactly the same as the order of decrease of the activities of the free chlor- 

ides, namely, CuCI 2 > CoCl 2 > MoCl 5 > IVInCI 2 > FeCI 3 > NiCI 2 for the former and CuCI 2 > CoCI 2 > MnC! 2 > 
FeCl 3 > NiCI2 ~ MoCI 5 for the latter. Similar relations were observed in the compositions of the reaction 
products (see Table I). rl~xe indication here was that the catalytic activity of the I_CG is determined by the nature 
of the salt embedded in the graphite, the chloride molecules located between the graphite sheets and on the 
faces of the graphite crystals functioning as catalytically active centers. The specific catalytic activity of the 

LCG (per g-atom of salt) could be expressed relative to the face molecules, or relative to the entire amount of 

salt embedded in the graphite. In the first case, the activity of the LCG was several orders higher than the ac- 
tivity of the free chloride, while in the second case the two activities were of the same order of magnitude. 

The fact that the rate of oxidation of the oxidate after removal of the LCG was still 20-30% of the oxida- 
tion rate in the presence of the catalyst suggested that a small amount of the salt must have passed out of t/ae 
graphite in the course of reaction. It would seem, however, that it was only those molecules which were weaMy 
bound between the graphite sheets which passed into solution since changes h~ the LCG activity and selectivity 
were not observed with samples in which chloride leaching had been brought to an end by a preliminary 4-h 
treatment in a cyclohexene CHHP solution at 60~ 

It seems likely that the mechanism of the catalytic action of the LCG with a given metal chloride is sim- 
ilar in many respects to the mechanism of the catalytic action of the chloride itself. The fact, however, that 
the Fe, Ni, and Me chlorides were less active in oxidation, and more active in CHHP decomposition, than their 
LCG counterparts suggested that nonradical hydroperoxide breakdown must occur in their presence (see Tables 
1 and 2). 

Cyclohexene hydroperoxide, cyclohexene oxide (CHO), cyclohex-2-ene-l-ol (CHOL), and cyclohex-2-ene- 
1-one (CKONE) were the principal products obtained from CH oxidation, on both the free metal chlorides and 
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TABLE 2. Rate of Breakdown of Cyclohexene tIydroperoxide 
(WcHIIp), and the Distribution of Products  f rom the CHHP Break-  
down, on Transi t ion Metal Compounds, at 6 0~ 

Catalyst 

without catalyst 
LCG -CuC12 

CuCI2 
LCG-CoCI2 

CoCI~ 
LCG-MnClz 

MnCIz 
LCG-FeCh 

FeCl~ b 
LCG-FeClz 
LCG -NiClz 

NiC12 b 
LCG-MoC15 

MoCl~ ~ 

WCHHP ~ 
103, mole/ 
(liter.see) a 

0,02 
1,0 
1,4 
t,5 
i,0 
0,7 
0,6 
0,5 
2,0 
2,3 
0,t 
t,0 
4,3 

20;0 

Initial 
CHHP 

Conce[ l -  

tration, 
mole/1 

O, lO 
O,tO 
0,12 
030 
0,t2 
OgO 
0,i2 
0,12 
0,t2 
0,10 
0,10 
0,12 
0,05 
0,05 

qct~ 3, 
mole/ 
liter 

5 ,7 
t,1 

58,3 
t,i 

57,7 
t,1 

59,6 
0,9 

58,7 
59,0 
t,t 
1,0 
1,0 

T2's 
93 
91 
~0 

97- 

63 
42 
05 
92 
43 

Product concentrations, 
mole/liter 

CHHP CHO 

0,099 - 
0,063 Trace 
0,ttl 
0,046 Trace 
0,110 0,0Ol 
0,074 Trace 
0,iti 
0,116 
0,1t8 
0,087 
0,096 Trace 
0314 
0,004 0,040 
0,00i 0,047 

CHOL + 
CHONE 

Trace 
0240 
0,012 
0,057 
0,005 
0,027 
0,001 
0,003 
Trace 
0,020 
Trace 

0,042 
0,050 

a. Initial ra tes  of CHHP breakdown; over  15-20 rain in the case 
of LCG wi th t rans [ t tonmeta l  compounds, and over 3-5 rain in the 
case of f ree  chlorides.  
b. Salt of l imited solubility in the react ion mixture.  

the LCG. The composit ions of the products  obtained under the two types of catalysis  were approximately the 
same,  and were charac te r i s t i c  of those met in rad ica l -cha in  olefin oxidation p rocesses  [3]. 

In the case of the LCG-CuC12, LCG-CoC12, LCG-MnC12, LCG-MoC15 catalysts ,  the rate of CH oxidation 
increased  with an increase  in q, the amount of catalyst  present  in the sys tem,  eventually reaching a limiting 
value charac te r i s t i c  of the catalyst  i tself  (Fig. 1). At low LCG concentrat ions,  the react ion o rder  was 0.5. 
This par t icu lar  react ion o rde r  is charac te r i s t i c  of those heterogeneous-homogeneous hydrocarbon oxidation 
mechanisms in which the catalyst  se rves  only to initiate the reaction.  In the case of oxidation in the presence  
of the LCG with MoC15, the react ion rate  rose ,  reached a maximum value, and then fell off sharply,  showing 
that cr i t ical  effect which is charac te r i s t i c  of cata lys ts  for  rad ica l -cha in  oxidation p rocesses  [11]. 

On the basis of the data obtained here  it was assumed that the LCG initiated the oxidation p rocess  by : 
promoting radical  breakdown of the CHHP formed as intermediate  oxidation products.  This assumption was 
supported by the following facts:  1) with exception of LCG-MoC15 and LCG-FeC12, the catalytic activit ies of the 
LCG in CHHP breakdown can be cor re la ted  with their  catalyt ic  activit ies in CH oxidation; 2) the oxidation of 
CH is an autocatalytic p rocess ,  possibly because of CHHP buildup; 3) the initial rate of oxygen uptake increases  
with an increase  in the initial CHHP concentrat ion in the cyclohexene. The catalytic action of the LCG was not, 
however,  l imited to promoting peroxide breakdown since the relat ive amounts of the CHoxidat ionproducts  de-  
pended on the nature of the catalyst  and var ied  over wide l imits  (see Table 1). Buildup of CHO in the rad ica l -  
chain CH oxidation could occur  as the resul t  of cyclohexylperoxy radical  addition at the cyclohexene double 
bond [12]. It seems likely that this would be the mechanism of CHO format ion in the presence  of compounds of 
Cu, Co, Mn, Fe,  Iqi, and Za since epoxides a re  a lmost  completely  lacking inthe products resul t ing  f rom CHHP 
breakdown on these catalysts  (see Tables t and 2). On the other hand, CHO formation on LCG-MoC15, and on 
free MoC15, proceeds largely  through CH epoxidation by CHHP, the intermediate  oxidation products  as evidenced 
by the fact  that CHO did. not appear  among the products  obtained f rom CHHP breakdown on these catalysts  (see 
Table 2). The resul ts  of the experiments  covered by Fig. 2 point to the direct  involvement of the CHHP in CHO 
formation.  There LCG-MoC15 was introduced into CH which was undergoing oxidation on LCG-CoC12. The fact 
that there was an abrupt  drop in the CHHP concentrat ion,  and an equally abrupt increase  in the CHO concentra-  
tion, in the f i rs t  5 rain af ter  this addition was taken as indication of epoxidation by the hydroperoxides.  

In the p resence  of Mo compounds, the CHHP can break down through ei ther  a radical  or  a molecular  me-  
chanism (CH epoxidation). It is possible that the high activity of MoC15 in epoxidation of the CHHP could account 
for  the fact that  the rate of oxygen uptake was low, and the induction per iod long (40 rain), for  CH oxidation on 
this compound. In the case of the LCG with MoC15, an increase  of the amount of cata lyst  p resen t  in the sys tem 
led to an increase  in the rate of CHHP breakdown through the molecular  mechanism,  and a reduction in the rate 
of free radical  formation,  the net effect being to reduce the rate of oxidation in the presence  of large amounts 
of the catalyst .  It is, however,  possible that this cr i t ical  effect resulted from participation of the LCG-MoC15 
catalyst  in the chain rupture p rocess  [8]. 
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TABLE 3. Rate of Oxygen Uptake (Woz), and CHO Formation 
(WCHO), and the Composition of the Reaction Products Resulting 
from CH Oxidation on CatA and CatB Catalysts 

CatA 

q'10 3, mole/ 
liter 

0 Time, 

. . . .  i 
| molel(lit er. " CatA CatB 

Composition of products, 

[C~HP~ CHO CHOL+ �9 CHONE 

LGC-CuCI 2 
LCG-CuCI: 
LCG- (CuCI~+MoCI~) a 

LCG ~CoCIe 
LCG-CoCI~ 
LCG - (CoC]2+MoCIs) a 

LCG -MnC12 

0.9 
!4 o.9 

1,0 a 
~,1 LO 
7 0 I,G 4,2: 
i ,9 
l , l  t.0 

3,1 
7,0 
72 
3,9 

4,5 
7,1 
2,4 

3,8 

2,5 
3,8 
3.3 
214 

3,1 
3,8 
1,9 

3,3 

240 
i00 
30 

i65 

140 
127 
228 

18(} 

t5 
22 
37 
28 

t5 
33 
22 

11 

42 43 
34 44 
28 35 
32 40 

47 

40 

43 /~6 

a. Without CatB 
b. CuCIz content. 
c. MoCI~ content. 
d. CoCl 2 content. 

O 
/2 

"r 
O 

2 

C, mole/ti~e~ 

::i ! 

~ ~ I/l 

~ n l  n I ~ ~___~L___L___.N~_I . I 
0 J 2 J # .5 8 #a 8a IgO 1~g ~09 

qct.102, mole/liter q~ mill 

Fig. 1 Fig. 2 

Fig. i. Variation os the maximum rate of cyclohexene oxidation wit2~_ 
the amount of catalyst present in the system: 1) LCG-CoCI~; 2) LCG- 
CuCl2; 3) LCG-MnC12; 4) LCG-MoC15. 

Fig. 2. Build-up of reaction produ.cts after the introduction of LCG- 
MoC15 into cyclohexene undergoing oxidation on LCG-CoCI2: 1) Cy- 
elehexene oxide; 2) cyclohexene hydroperoxide, formed during oxi- 
dation of LCG-CoC12; 3) cyclohexene hydroperoxide, after introduc- 
tion of LCG-MoC15. 

Cyclohexene oxidation was also carried out oncatalyt[c pairs with a view to promoting epoxide formation. 
Here catalyst A was responsible for CHHP formation and catalyst B for epoxidation by the CH hydroperoxides. 
Lamellar graphite compounds with high activity in CH oxidation and high selectivity in CHHP formation were 
chosen as component A, while LCG-MoCI 5 served as component B. Study was also made of two-component LCG, 
one containing CuCI 2 and iKoCls, and tl]e other CoCl 2 and MoCI 8 (Table 3). 
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The ra t e  of 02 uptake and the ra te  of c i t e  fo rmat ion ,  were  higher  fo r  CH oxidation on the ca ta lys t  pa i r s  
than for  oxidation on ca ta lys ts  A and B alone. Inc reas ing  the act ivi ty of ca t a lys t  A for  CH oxidation reduced 
both the se lec t iv i ty  fo r  CHO fo rmat ion  and the durat ion of catalyt ic  act ivi ty in the s y s t e m .  These same  effects  
were  found to accompany an inc rease  in the A / B  mole rat io .  An inc rease  in the A / B  mole ra t io  did not, how- 
eve r ,  lead  to an inc rease  in the act ivi ty,  in e i ther  oxidation or  CHO format ion ,  in the case of LCG-CuC12. This 
was in line with the resu l t s  of e a r l i e r  expe r imen t s  on CH oxidation on mixed homogeneous ca ta lys t s  [13]. The 
highest  CHO yields  were  obtained in the LCG-MnC12 and LCG-MoC12 s y s t e m s .  In the las t  case ,  the high CHO 
yield  may  resu l t  f r o m  the low act ivi ty  of the ca ta lys t  in rad ica l  CHHP breakdown. The catalyt ic  ac t iv i t ies  of 
the two-component  LCG, i .e . ,  of compounds containing two chlor ides  embedded in the s a m e  graphi te ,  p roved  
to be lower  than the ac t iv i t ies  of mix tu res  of the individual LCG's .  

CONC LUSIONS 

i. Lamellar compounds of graphite with Cu, Co, Mn, Fe, Ni, Me, and Znchlorides are catalytieallyactive in 
the liquid-phase oxidation of cyclohexene by molecular oxygen and in the breakdown of cyclohexyl hydroper- 
oxides. Appreciable quantities of cyclohexene oxide are formed in these reactions on LCG-MoCI 5. 

2. On the basis of the determined product compositions, and our knowledge of the kinetics of hetero- 
geneously catalyzed liquid-phase oxidation reactions, oxidation in the presence of the LCG must proceed 
through a radical-chain heterogeneous-homogeneous mechanism. 
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