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Composition catalysts of ethylbenzene oxidation based on 
bis(acetylacetonato)nickel(n) and phase transfer catalysts as ligands 

1. Macrocyclic polyethers 
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The addition of the macrocyclic polyether 18-Crown-6 (18C6) increases the selectivity of 
oxidation of ethylbenzene to ct-phenylethylhydroperoxide (PEH) in the presence of Ni(acac) 2. 
The initial oxidation rate, selectivity and degree of conversion of ethylbenzene to PEH are 
greater than those catalyzed by Ni(acac)2 only. The efficiency of the macrocyclic ligand as an 
activator of Ni(acac) 2 exceeds that of monodentate donor ligands. The high selectivity of the 
process is due to both the "primary" Ni(acac)2" 18C6 complexes and the products of their 
transformation in the course of oxidation. The mechanism of ethylbenzene oxidation 
catalyzed by Ni(acac) 2 �9 18C6 complexes is discussed. 

Key words: oxidation, homogeneous catalysis, composition catalysts, bis(acetyl- 
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In  our  previous studies 1-3 we demons t ra ted  that  the 
selectivity o f  the  oxida t ion  of  a romat ic  hydrocarbons  to 
hydroperoxides  in the  presence of  homogeneous  cata-  
lysts based on meta ls  of  variable valency could be greatly 
improved  by in t roducing  donor  molecules  into the sys- 
tem,  which can form monoden ta t e  complexes  with metal  
ions. Invest igat ion of  the  mechan i sm of  these catalyt ic  
systems revealed tha t  the  high selectivity of  the oxida-  
t ion o f  e thy lbenzene  to  hydroperoxide  in the  presence of  
Ni (acac)  2 and donor  addit ives (D) is caused by the 
f o r m a t i o n  o f  the  m i x e d  l igand  b i n u c l e a r  c omp le x  
Ni2(acac)(OAc)3" D in the  course o f  oxidat ion.  Cyclic  
po lye ther  18-Crown-6  (18C6) and polyethylenglycols  
( P E G )  exhibit  a s imilar  modifying act ion on the oxida-  
t ion o f  e thy lbenzene  in the  presence of  b is(acetyl -  
ace tonato)cobal t ( I I ) .  4 

In present  s tudy the efficiency and mechan i sm of  the 
compos i t ion  catalyst  {Ni(acac) 2 + 18C6} in the oxida-  
t ion of  e thy lbenzene  are investigated. 

Experimental 

Ethylbenzene was oxidized in the presence of Ni(acac) 2 
and 18C6 at 120~ Ethylbenzene and its oxidation products, 
such as methylphenylcarbinol (MPC), acetophenone (AP) and 
phenol (P), were analyzed by GLC according to the procedure 
given in Ref. 1; the PEH concentration was determined 
iodometrically. 

As shown earlier, in the region of low Ni(acac)2 concentra- 
tions (1.10-4--1.10 -3 tool" L -1) rather high selectivity of the 
oxidation of ethylbenzene to PEH (90%) was observed, al- 

though there was a very low degree of conversion (C = 2-- 
4%). The addition of monodentate donor ligands (HMPA) 
does not have a substantial effect on the selectivity or yield of 
hydroperoxide under these conditions. 2 For this reason, to 
estimate the possible increase in the degree of conversion of 
ethylbenzene to hydroperoxide and the selectivity of oxidation 
in the presence of the macrocyclic polyether, the initial 
Ni(acac) 2 concentration was 1.5.10 -4 mol" L -1 in all experi- 
ments. 

Spectra of Ni(acac)2 were recorded with a Specord UV- 
VIS spectrophotometer in the UV region for aqueous solutions 
in the presence of 18C6 and N-methyl-2-pyrrolidone (MP). 

The initial rates of the reaction (W ~ were calculated by 
the procedure in Ref. 5, allowing us to determine W ~ with an 
accuracy of _+5%. 

Results and Discussion 

The addi t ion of  18C6 does not  inf luence the qual i ta-  
tive compos i t ion  of  the  products  of  e thylbenzene  oxida-  
t ion catalyzed by Ni(acac)  2 at 120~ however,  it does 
significantly change the ratio of  the products .  The  con-  
tent  of  PEH increases and the rate o f  phenol  accumula -  
t ion decreases significantly. The kinetics of  M P C  and 
AP accumula t ion  are pract ical ly  invariant.  In  this case 
the balance of  products  is always fulfilled: 

[PEH] + [MPC] + lAP] + [P] = [PEH] + r~[p] = A[RH] 

As can be seen from Fig. 1, when 18C6 is added the 
initial  rate o f  e thylbenzene oxidat ion increases greatly 
and at the ratio [18C6]:[Ni(acac)2 ] = 1:1 the init ial  rate 
is 4 - -5  t imes greater  than  that  in the  absence of  18C6. 
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Fig. 1. Dependence of the initial rate of catalyzed ethylbenzene 
oxidation in the presence of the catalytic system {Ni(acac) 2 + 
18C6} on the ratio of [18C6] to [Ni(acac)2]. 

The highest oxidation selectivity of hydroperoxide 
formation Sma x = [ROOH]/A[RH] in the presence of 
the {Ni(acac) 2 + 18C6} catalytic system is as great as 
97% (Fig. 2, a), whereas in the presence of {Ni(acac) 2 + 
HMPA} the maximum selectivity of RCOOH formation 
does not exceed 90%. 3 If  there is 18C6 present, the 
selectivity of oxidation S >__ 90% is maintained up to 
~ 16% conversion of ethylbenzene(eompared with 4% for 
HMPA). 

As in the case of HMPA, the decrease in selectivity 
that accompanies  the increase in the degree of  
ethylbenzene conversion, is due to the evolution of 
heterolytic reactions of PEH degradation in the system 
and the accumulation of a significant amount of phenol 
(Fig. 2, b) as a by-product of the reaction. 

In spite of the fact that 18C6 is comparatively easily 
oxidized by the radical chain mechanism, 6 the increases 
in lJ/~ and the selectivity of oxidation are not related to 
the additional initiation of the reaction by 18C6. In the 
absence of Ni(acac) 2 an autocatalytic evolution of the 
process is observed, whose initial rates are one order of 
magnitude lower; the selectivity of PEH formation equals 
85% in the beginning of the reaction and falls drastically 
as the degree of ethylbenzene conversion increases. 

Obviously, the effects observed are caused mainly by 
the formation of complexes between 18C6 and Ni(acac) 2, 
as was shown earlier for Co(acac) 2. Although the affinity 
of crown ethers for "soft" ions of transition metals is 
rather weak, the possibility of the formation of com- 
plexes of Ni(NO3) 2, NiC12 with 18C6 (composition: 2:1 
and 1:1) 7,8 was proved by means of IR-, NMR-,  ESP-, 
and mass spectroscopy. 

The formation of a complex between 18C6 and 
Ni(acac)z in our system is confirmed by comparison of 
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Fig.2. Dependence of the selectivity (a) and phenol content in 
products (b) during ethylbenzene oxidation catalyzed by 
Ni(acac) 2 (1) and {Ni(acac) 2 + 18C6} (2--5) on the degree of 
ethylbenzene conversion: [Ni(acac)2] = 1.5.10 -4 mol-L -1, 
[18C6] = 1.5.10 -4 (2), 3-10 -3 (3), 7.5.10 -5 (4), 6-[0 - 4  

mol. �9 L -1 (5), 120~ 

UV spectra of the initial components and their mixtures. 
As can be seen from Fig. 3, when an aqueous solution of 
18C6 is added to the Ni(acac)2 solution a decrease in 
absorption intensity of the acetylacetonate ion (acac)- 
and a short-wave shift of the adsorption maximum 
(spectra 1--3)* take place. A similar change in the 
intensity of the (acac)- absorption band is observed in 
the absorption spectrum ofbis(acetylacetonato)nickel(I[) 
when it is coordinated with a monodentate ligand, viz., 
N-methyl-2-pyrrolidone (spectrum 4). Evidently, the 
formation of a complex between Ni(acac)2 and 18C6 
does not lead to displacement of the acetylacetonate 
ligand from the inner coordination sphere of Ni(II), 
because otherwise the short-wave shift of the absorption 
band should be aceompained by a significant increase in 
the absorption of the solution at k = 275 nm, which 
corresponds to the absorption maximum of aeetylacetone 

*Ligands 18C6 and MP do not exhibit any absorption bands in 
the region considered. 
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TaMe 1. Rates of accumulation of products of ethylbenzene oxidation at the beginning of the reaction (W ~ and during oxidation 
(F-F), estimated rates of chain termination (W~ and chain propagation (W~ 

c" 104/mol �9 L -1 W" 106/mol �9 L -1" S -1 

Ni(acac)2 18C6 WORooH WOAP+MPC W0t  W0p WROOH WEp 

1.5 -- 21.0 2.7 0.3 2.4 11.0 1.3 
1.5 3.0 77.0 3.0 3.0 -- 15.0 2.6 

( 1 : 2 )  
1.5 1.5 85.0 2.9 3.6 -- 15.0 2.5 

(1:1) 
1.5 0.8 51.0 2.8 1.3 1.7 13.0 3.0 

(2:  1) 
1.5 6.0 42.0 2.4 1.0 1.4 13.0 2.9 

(1:4) 
. . . . . .  10.0 6.3 

(spectrum 5). The possibility o f  complex formation be- 
tween 18C6 and K(acac)  wi thout  displacement  o f  
acetylacetone from the coordinat ion sphere of  the metal 
ion was shown earlier. 9 

In the oxidation o f  alkylaromatic hydrocarbons in 
the presence o f  mixed ligand complexes M L  n �9 D (ML n 
is compound  with variable valence metal D is donor  
ligand) the dependence of  the selectivity o f  hydroperox- 
ide (S) formation on the degree of  conversion of  the 
hydrocarbon (C) usually has an extremal f o r m )  - 3  In 
this case the selectivity of  hydroperoxide formation de- 
pends greatly on the activity o f  the catalyst in the 
reaction o f  hydroperoxide degradation. In the course of  
oxidation, S increases due to the transformation of  
ML n �9 D complexes to new catalytic particles, which are 
less efficient in the catalytic degradation of  ROOH.  

In the course o f  the oxidation of  ethylbenzene in the 
presence of  Ni(acac)  2 �9 18C6 complexes, the selectivity 
of  PEH format ion is the greatest at the beginning (up to 
C = 2--4%),  when its value reaches S = 95--97%. 

A significant decrease in the oxidation rate is ob- 

served at C > 2--4% (Table 1, W = WROOH + WZp ). 
The selectivity of  the reaction remaines high (not less 
than 90%) up to C = 16%. The selectivity of  the process 
appears to be caused by the initial complexes as well as 
by the products  of  their conversion during the reaction. 

As is ev ident  f rom Table  1, w h e n  the rat io 
[Ni(acac)2]: [18C6] = 1:1 the initial rate of  PEH accu- 
mulat ion W ~ o is increased 4-fold, whereas the ini- RO H . . 
tial rates o f  AP  and M P C  accumulat ion practmally do 
not differ f rom W0,AP+MPC, in the absence of  18C6. ) . . 

By analogy wit~ the data pubhshed m Ref. 1, one 
can propose that the coordination of  the macrocyclic 
ligand 18C6 with Ni(acac)  2 leads to enhancement  of  the 
catalyst activity during chain generation apparently due 
to the activation o f  molecular  oxygen. 

The transition o f  Ni( I I )  to the high-spin state as a 
result o f  its coordinat ion with macrocyclic polyether 
makes possible the interaction between Ni(I I )  and trip- 

let 02, promoting its transition to the active O 3 form. 
02 is known to form rather stable adducts with 

{Ni(II)-azacrown ether}. 1~ For this reason the sugges- 
tion mentioned above, that coordination of  macrocyclic 
ether with Ni( I I )  complex would lead to activation of  
molecular oxygen, seems to be quite probable. 

At the same time, the complexes of  Ni(acac)2 with 
18C6 are apparently inactive in the decomposit ion of  
hydroperoxide at the central Ni atom. This results in a 
decrease in the rate of  R O O H  decomposi t ion and an 
increase in the rate of  its accumulation. 
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Fig.3. Electron absorption spectra of aqueous solutions: 
1, Ni(aeac)2; 2,3, {Ni(acac) 2 + 18C6}; 4, {Ni(acac)2 + MP}; 

4 4 3 5, Hacac. [Ni(acac)2] = 1 �9 10- , [18C6] = 2.10-  (2), 0 1.10- 
(3), [MP] = 1 �9 10 -1, [Hacac] = 1.9.10 -6 tool. L -1, 20 C. 



Thus, when 2.4" 10 .3 mol" L -1 of 18C6 is added to a 
solution containing 1.2.10 .3 mol. L - I  of Ni(acac)2 and 
8.9 .10 -2 mol" L -1 of ROOH the rate of PEH degrada- 
tion at 120~ drops almost 30-fold (from 3.4.10 -4 
(without 18C6) to 1" 10 -5 mol. L -1 ). 

The relationships observed can be accounted for 
within the framework of a radical chain mechanism of 
the reaction as confirmed by the following calculation. 

The expression for PEH accumulation may be writ- 
ten as: 

I,I/0ROOH = k2[RH][RO2" ] - W d 

If the reaction is catalyzed by Ni(acac)2 the rate of 
PEH* degradation (Wd) at the initial time is two orders 
of magnitude lower than the rate of its accumulation 
(see Table 1). For this reason, W d can be assumed to be 
close to zero. 

Therefore, the equation for the rate of chain termi- 
nation is derived as: 

wOoo. )2 
W t = k6[RO{]2 = k 6 k2[RH] (1) 

20 

In the case of catalysis by the system {Ni(acac)2 + 
18C6} these conditions may be assumed to be realized 
since, as we have shown, the addition of 18C6 reduces 
the rate of PEH degradation catalyzed by Ni(acac) 2 30- 
fold, and quadratic chain termination is likely to be the 
only reaction of AP and MPC formation. 

2 RO" 2 -~ R'=O + ROH + 0 2 

Using the data of Table 1 and Eq. (1) one can 
conclude that the rates of the chain termination reac- 
tions actually coincide with the rates of MPC and AP 
formation (g~AP+MPC) at least for two ratios of concen- 
trations [Ni(acac)2]:[18C6] = 1:1 and 1:2. 

When the reaction is stabilized by RO" radicals the 
obtained (WOAP+MPC) values are equal to the rates of 
chain generation as a result of RH and 0 2 interaction. 
In the calculation 12 the following values of the constants 
and concentrations of hydrocarbons were used: k 2 = 
23.6 L.mo1-1 .s -1, k 6 = 1.9.107 L-tool -1 "s -1, [RH] = 
8.2 mol. L -1. 

When the ratio [Ni(acac)2]:[18C6] is equal to 2:1 or 
1:4, the experimental values of the rates WOAP+MPC 
are nearly twice as large as the calculated rates (W~ O 
(Table 1). 

*The rate of PEH degradation at the beginning of the reaction 
was estimated according to the formula: 1 

ky, K 2 [Ni(acae)2 ] �9 [ROOH] 
W d = = 1.3" 10 -7 mol" L -1- s -1 

1 + K2[ROOHI 

at K S (the equi l ibr ium constant I o f  Ni(acac)2 �9 ROOH complex 
formation) = 21 mo l .  L - l ;  k S (the rate constant o f  complex 
degradation) = 0.398 s -1 and [ROOH]  ~ = 1 �9 10 -4 mo l .  L -1. 

At these ratios, the discrepancy between W t and 
IJZOAP+MPC may be accounted for the formation of AP 
and MPC not only as a result of the reaction of chain 
termination but also as a result of chain prolongation 

RO2 c a t  R '=O (ROH) + R" (2) 

At a low concentration of the catalyst, by-products 
of the reaction seem to form in the prolongation reac- 
tion and in the chain termination reaction. The partici- 
pation of Ni(acac)2 in the reaction of chain prolongation 
is supported by the stability of the ratio of the rates of 
AP and MPC accumulation at the rate of ROOH accu- 
mulation at t --+ 0, as well as by the existence of a linear 
relationship between Wp and Ni(acac)2 in the range of 
concentrations [Ni(acac);] = (1.5--10). 10 -4 mol. L -1 
(Fig. 4). 

The formation of a complex between Ni(acac)2 and 
18C6 results in inhibition of the chain prolongation reac- 
tion (Table 1). At the ratios [Ni(acac)2]:[18C6 ] = 1:I and 
1:2, Wp = 0~ evidently due to steric hindrances to the 
coordination of RO~ radicals by the catalytically active 
complexes Ni(acac)2 �9 18C6 and Ni(acac)2. (18C6)2. 

At the ratio [Ni(acac)2]:[18C6] = 2:1 the increase in 
the chain prolongation rate (Table I) seems to be ac- 
counted for by assuming that in this case part of the 
Ni(acac) 2 is not bound to 18C6. The increase in the rate 
of chain prolongation (Wp) when the concentration of 
18C6 is 4 times greater than that of [Ni(acac)2 ] is likely 
to be associated with the increased probability of coordi- 
nation of the RO~ radical with the metal ion as a result 
of opening of the acetylacetonate chelate ring. Axial 
coordination of electron donor ligands is known to 

Wp- 106/tool L -1 s-1 

15 

10 
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Fig.4. Dependence of the rate of chain prolongation (2) on the 
catalyst concentration in ethylbenzene oxidation reaction by 
Ni(acac)2, 120~ 
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increase the probability of  chelate cycle opening. 13 We 
have shown that at the ratio [18C6]:[Ni(acac)2 ] = 140:1 
the drop in the absorption intensity of the acetylacetonate 
ring is accompanied by the appearance of an absorption 
band at ~ = 270 nm, which can be assigned to a 
monodentate O-linked acetylacetonate ligand. 13 

In the reaction of ethylbenzene oxidation in the 
range of  C = 2--16% the react ion rate 

W =  WROOH + W Z is a constant that is not depen- 
dent on [18C6], it is ~11ve times lower than the initial rate 
W o = WOROOH + W0tO,+MPC and coincides with the 
noncatalytic oxidation rate. 

It may be assumed that in the reaction catalyzed by 
the {Ni(acac) 2 + 18C6} system the increase in selectivity 
of ethylbenzene oxidation in comparison with non- 
catalyzed oxidation (Snoncat << 80%) is related to the 
inhibition of  chain radical degradation of PEH: 

ROH + RO + 0 2 

ROOH + RO 2 (3) 

R '=  COR'" + R" 

The change in the rate and mechanism of the forma- 
tion of the oxidation product is obviously due to trans- 
formation of  the initial complexes Ni(acac)2" (18C6) n 
(n = 1, 2) into new catalytically active particles, as we 
have shown earlier for monodentate donor ligands D. 
This modification occurs by activation of the CH-methine 
bond (acac)-  with respect to the electrophilic addition 
of oxygen. 3 

Crown ethers are lalown to catalyze the electrophilic 
addition of acetylacetonate ions to the y-carbon a t o m )  4 
Therefore, it is quite possible that Ni(acac)2. (18C6) n 
complexes transform into Nix(aCac)y(AcO) z �9 (18C6) par- 
ticles as a result of the regioselective addition of oxygen 
to the 7-carbon atom of the acetylacetonate ligand of the 
nickel complex controlled by the macrocyclic polyether. 

The drop in selectivity when C > 16% coincided with 
a significant increase in the rate of  phenol accumulation 
(Fig. 2), which can be attributed to the complete oxida- 
t ion of the mixed ligand complex 
Nix(acac)y(ACO)z-(18C6) to nickel(II) acetate, which is 
an efficient catalyst of PEH heterolysis. 

Thus, in the present study we established that the 
selectivity of the oxidation of ethylbenZene to PEH in 
the presence of the complexes Ni(acac)2-18C6 and 
Ni (acac)2. (18C6)2 is higher than that of  catalysis by 
Ni(acac) 2 complexes with monodentate electron donor 
axial ligands. 
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