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The use  of complex compounds of meta l s  of var iab le  valence as ca ta lys ts  of the oxidation of organic 
subs tances  in a number  of cases  p e r m i t s  a substant ial  inc rease  i n the  r a t e  of these  p r o c e s s e s .  The nature  
of the ligand bonded to the meta l  ion has  a significant influence on the p r o p e r t i e s  of the ca ta lys ts .  A quan- 
t i ta t ive  cha rac te r i za t ion  of the influence of the s t ruc tu re  of the ligand on the catalyt ic  p r o p e r t i e s  of meta l s  
was es tabl ished in our invest igat ion of the ra te  of decomposi t ion of i sopropylbenzene hydroperoxide  to f r ee  
rad ica l s  in the p re sence  of substi tuted N-a ry l -O-van i l a l imina t e s  of Co(I1) (chain branching during oxi-  
dation) [1]. 

The use  of complex compounds of meta l s  opens up ways not only to inc rease  the ra te  of the p r o c e s s e s ,  
but also to inc rease  the i r  se lect ivi ty .  Thus, ca ta lys i s  by complex compounds of molybdenum substant ia l ly  
i n c r e a s e s  the yield of oxides in the oxidation of unsaturated compounds [2]. The d i rec ted  oxidation of 
ethylbenzene to acetophenone was achieved using t r i s - ( t r iphenylphosphines)  of meta ls  of the pla t inum group 
as ca ta lys t s  [3]. Although the l is t  of such examples  could be continued, we must  s ta te  that the ca ta lys i s  by 
complex compounds in oxidation reac t ions  has  p rac t i ca l ly  not yet been investigated.  

It  is known th~ +, complexes  of copper  with o-phenanthrol ine in aqueous solutions a re  good ca ta lys t s  of 
the oxidation of such difficultly oxidized compounds as methanol [4]. In this work we studied the catalyt ic  
action of mix tu res  of copper  s t ea r a t e  with o-phenanthrol ine in the oxidation of ethylbenzene.  The reac t ion  
was studied both at low t e m p e r a t u r e  (50-80 ~ according to the absorpt ion of oxygen on a manomet r i c  appa ra -  
tus [5] and at a h igher  t e m p e r a t u r e  (120 ~ according to the ra te  of consumption of ethylbenzene and the ac-  
cumulat ion of hydroperoxides ,  alcohols,  ketones,  and acids.  

E X P E R I M E N T A L  M E T H O D  

The initial hydrocarbon  was analyzed on a Chrom-3  g a s - l i q u i d  chromatograph .  Polyethylene g lycol-  
1500, applied in an amount of 5% of the weight of the c a r r i e r  on adso rben t -G  (40-60 mesh),  was used as the 
packing, colunm length 2 m, d i am e t e r  3 mm;  column t e m p e r a t u r e  120~ c a r r i e r  gas  argon; r a t e  of de l ive ry  
of the c a r r i e r  gas  1.5 l i t e r s / h .  The samples  col lected during the reac t ion  were  analyzed for  the i r  content 
of oxidation products  of ethylbenzene: hydroperoxides ,  alcohols,  ketones,  and acids.  The content of imp u r -  
i t ies was de te rmined  iodometr iea l ly .  The alcohols were  analyzed on a UR-20 IR s p e c t r o m e t e r  in the r e -  
gion of 3580 cm -~, cuvette th ickness  0.41 ram. The acids were  t i t r a ted  with alcoholic alkali .  The ketone 
concentrat ion was es tabl ished by back t i t ra t ion  (at - 7 0  ~ ) of the hydrochlor ic  acid l ibera ted  in the in teract ion 
ofketones  with hydroxylamine hydrochlor ide.  Thoroughly pur i f ied ethylbenzene,  containing no oxidation 
products ,  was subjected to oxidation. 

D I S C U S S I O N  OF R E S U L T S  

Copper  s t e a r a t e  in a mix ture  with o-phenanthrol ine mani fes t s  a substant ia l  catalyt ic  effect in the oxi-  
dation of ethylbenzene by molecu la r  oxygen at 120 ~ The ra t e  of oxidation of ethylbenzene a t  ce r t a in  ra t ios  
of the components  of the ca ta lys t  is a lmost  two o rde r s  of magnitude g r e a t e r  than the r a t e  of the uncatalyzed 
reac t ion  (Fig. 1, curves  1, 4). The effect  is apparent ly  due to the fo rmat ion  of a complex compound of cop-  
pe r  with o-phenanthrol ine (o-Ph), s ince CuSt 2 and o-phenanthrol ine in t hemse lves  a r e  weak oxidation 
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Fig. 1. Kinetic curves  of the consumption of ethylbenzene: 1) pure ethylbenzene: 2) [o-Ph] 
= 3 . 1 0  -3 M; 3) [CuSt2] = 3" 10 -3 M; 4) [CuSt2] = 0.75.10 -3 M, [o-Ph] = 2 .25 .10  -3 M. 

Fig. 2. Dependence of the rate  of oxidation of ethylbenzene on the concentration of [o-Phi 
and [CuSt2] at 60 (1) and 120 ~ (2); [CuSt2] + [o-Ph] = 3" 10 -3 M. 

Fig. 3. Kinetic curves  of the consumptionofethylbenzene (1, 2) and accumulation of the 
sum of hydroperoxides,  alcohols, ketones, and acids (1', 2') in the oxidation of ethylbeny 
zene  in the p resence  of o -Ph  and [CuSt2]: 1, 1') [o-Ph]/[CuSt2] = 3 : 1; 2,2') [o-Ph]/[CuSt2] 

= 1 :  1; [CuSt2] + [o-Ph] = 3 . 0 . i 0  -3 M, 120% 

cata lys ts  (curves 2 and 3). Ex t remely  interesting pat terns  were obtained in an investigation of the depen- 
dence of the rate  of oxidation of ethylbenzene on the composit ion of the catalyzing mixture at a constant 
total concentrat ion of the components of the catalyst  (Fig. 2, curve 2). With increasing CuSt 2 content in 
the mixture,  at f i rs t ,  an increase  in the react ion rate  is observed, then at a rat io [o-Ph]/[CuSt2] = 3 : 1, a 
maximum ra te  of oxidation is reached.  When the rat io [o-Ph]/[CuSt2] is fur ther  reduced, the ra te  of oxi- 
dation of ethylbenzene passes  through a minimum (the rat io [o-Ph]/[CuSt2] at the point of the minimum is 
close to 1 : 1). The maximum value of the react ion rate  is more  than twice as great  as the rate  of oxidation 
in the p resence  of CuSt 2 alone; the minimum value proves  to be less  than the rate  of oxidation in exper i -  
ments  with CuSt 2 without additions of o-phenanthroline. 

The dependence of the ra te  of oxidation of ethylbenzene on the composition of the CuSt2-o-Ph  mix-  
ture  in the tow- tempera ture  oxidation of ethylbenzene is of an analogous nature. In this case the rate  of 
absorption of oxygen was measured  at 60 ~ (see Fig. 2, curve 1). It was pre l iminar i ly  demonstrated that the 
consumption of oxygen is due vir tual ly  only to oxidation of ethylbenzens, since the oxidation of o-phenanthro-  
line in an inert  solvent (anisole) p roceeds  at negligible rates .  F rom a comparison of curves 1 and 2, it is 
evident that the posit ions of the maximum and minimum depend little on the tempera ture  of the reaction.  
The rat io of the o-phenanthroline and copper s teara te  concentrations Mso substantially influences the com-  
posit ion of the oxidation products  of ethylbenzene. Table 1 presents  the composition of the basic oxidation 
products  of ethylbenzene at rat ios  [o-Ph]/[CuSt2] corresponding to maximum and minimum ra tes  of oxidation 
of ethylbenzene after  6 h of oxidation. 

F r o m  a considerat ion of the table it is evident that a mixture of [CuSt2] with o -Ph  promotes  p redom-  
inant format ion of acetophenone in compar ison with the uncatalyzed reaction, which is charac te r ized  by the 
format ion of approximately  equal amounts of acetophenone and methylphenylcarbinol.  At the minimum r e -  
action ra te  (ratio [o-Ph]/[CuSt2] = 1 : 1), the only oxidation product is acetophenone (the amount of acetophe- 
none formed pract ical ly  coincides with the amount of the hydrocarbon consumed). 

At a composit ion of the mLxture [o-Ph]/[CuSt2] = 3 : 1 (at the maximum oxidation rate),  acetophenone 
~A1 also be the basic oxidation product.  However, in this case a new react ion pathway appears,  accord-  
ing to which up to 50% of the total amount of the reacted ethylbenzene is consumed. Possibly ethers or 
oxygen-eontaini~4,~ polymer  products  are  formed under these conditions together with alcohols, ketones, 
and acids. 

In a consideration of the kinetics of the oxidation of ethylbenzene in the presence of CuSt 2 and o-lOb, 

it is necessary to take note of still another interesting peculiarity of this reaction. From the kinetic curves 
of the consumption of the hydrocarbon at ratios [o-Ph]/[CuSt2] = 3 : 1 (curve I) and 1 : 1 (curve 2, light 
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Fig. 4. EPR spec t ra  of complexes 
of copper with o -Ph  at various 
ra t ios  of the concentrat ions of o- 
Ph and CuSt2; [CuSt2] 0 = 5" 10 -3 M, 
50 ~ . 

o-Ph,  since the appearance of the red 
observed. 

TABLE 1 

Product 

droperoxides ....... 
thylphenylcarbinol . . 

Acetopnenone ....... 
Acids ............. 

Hydrocarbon consumed . 

Concentration (M) at 
[o- P]/[cust2] 

3 : 1  i : l  

0,0t34 0,008 
0,25 
t,3 f ,-0"2 
0,06 0,004 
2,9 t,03 

points), cited in Fig. 3, it is evident that the ra te  of consumption 
of the hydrocarbon gradual ly drops with increasing depth of the 
p rocesses ,  and oxidation prac t ica l ly  ceases  long before the com-  
plete consumption of ethylbenzene. Poss ib ly  the observed effect 
is associated with the formation of products  that deactivate the cat-  
alyst. 

One of the causes of the complex variat ion of the catalytic ac-  
t ivity of a mixture of o-Ph  and CuSt 2 as a function of the rat io of 
these substances may be the formation of severa l  complexes with 
different compositions, differing in their  catalyzing proper t ies ,  in 
such a system. In an invest igat ionofthe oxidation of methanol 
in aqueous solutions of KOH in the presence  of CuC12 and o-Ph  [4], 
it was hypothesized that the catalyt ical ly active par t ic le  responsible 
for  the s trong accelerat ion of oxidation is a complex of o-phenan- 
throline with univalent copper. In our case, in all probability,  
catalysis  is accomplished by complexes of divalent copper with 
color  charac te r i s t ic  of complexes of Cu(I) with o -Ph  was not 

It is known that copper salts can form complex compounds with o-Ph,  with the composition CuSt 2 
�9 n(o-Ph) (wheren= 1, 2, 3), giving EPR spect ra  with various values of the splittings and the cha rac t e r i s -  
tic values of the g- fac tors .  In view of this, we attempted to detect the formation of complexes of CuSt 2 with 
o -Ph  in our sys tem by the EPR method. Copper s teara te  does not give an EPR signal. The addition of o- 
Ph leads to the appearance of a signal due to the formation of complexes of copper with o-phenanthroline. 
It was found in this case  that the shape of the EPR lines is unchanged when the rat io [o-Ph]/[CuSt2] is var ied 
f rom 1 : 1 to 10 : 1 (Fig. 4). The values of the g - fac to r  and AHp do not depend on the composit ion of the mixl  
ture  and are  equal to g = 2.1371 and AHp = 58 Oe. The signal intensity is also prac t ica l ly  independent of the 
amount of added o -Ph  and is determined only by the CuSt 2 concentration. Consequently, only one complex 
is formed in appreciable amounts in hydrocarbon solutions at 60-80 ~ . Poss ib ly  catalytic and inhibiting prop-  
er t ies  of the complexes of CuSt 2 with o -Ph  of another composition, formed in our sys tem but not detected 
according to the EPR spectra ,  are manifested during the reaction.  

One of the possible explanations for  the complex dependence of the ra te  of oxidation on the rat io [o-Phi 
/[CuSt 21 is the hypothesis that the effect obtained is associated with a change not in the composit ion of the 
complex, but in the absolute concentration of the complex CuSt 2 �9 o-Ph.  It is known that a change in the con- 
centrat ion of a compound of a metal of variable valence frequently leads not only to a change in the catalytic 
activity, but also to a t ransi t ion f rom catalysis  to inhibition of the oxidation p rocess  [5] as a resul t  of a 
complex influence of the catalyst  on various e l emen ta ry  steps of the oxidation p rocess .  

CONCLUSIONS 

i. The effectiveness of the catalytic action of a mixture of copper stearate and o-phenanthroline in the 
oxidation of ethylbenzene is determined by the ratio of the components of the catalyzing system. 

2. In the presence of phenanthroline complexes of copper, ethylbenzene is oxidized primarily to 
acetophenone. At a ratio of copper stearate and o-phenanthroline ensuring a maximum rate of the process, 
a new reaction pathway appears, according to which N50% of the initial ethylbenzene is consumed �9 
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