
1980 569 

Oxidation by Cobalt(iii) Acetate. Part 2.l Oxidation of Styrene in 
Acetic Acid 

By Masao Hirano, Emi Kitamura, and Takashi Morimoto,* Department of Industrial Chemistry, Faculty of 
Engineering, Tokyo University of Agriculture and Technology, Koganei, Tokyo 184, Japan 

The oxidation of styrene with cobalt(i1i) acetate has been studied in acetic acid under nitrogen. The product 
distribution is greatly affected by the composition of the solvent; in acetic acid and in wet acetic acid the reaction 
exclusively leads to 1,2-addition products, whereas in dry acetic acid preconditioned with acetic anhydride 
extensive formation of radical products is observed. None of the conditions gave rise to a rearrangement product. 
A Co-co-ordinated intermediate is proposed for the formation of 1,2-addition products. 

THE oxidation of olefins by various metal acetate 

CeIV,12 etc., have recently attracted much attention. In 
the reactions with these oxidants the mechanisms can be 
conveniently classified into two types. For example, 
PbIV, HgII, and TlIII electrophilically add to olefins to 
form organometallic compounds. In the case of Hg'I 
the adducts are quite stable, whereas Pb adducts are 

oxidants, e.g, PbIV,z-5 HgII,2,3,6.7 TlIII,2,3.8 MnIII,9-11 
reaction, leading to the addition of a methyl and a 
acetoxy-group across the double bond. 

I t  has recently been reported that cobalt salts are 
potent reagents for the oxidation of various compounds, 
e . g . aldehydes ,13-15 alcohols ,15 alkanes ,16-19 a1 kylaroma- 

On the basis of kinetic results, 
the oxidation with cobalt (111) acetate has been considered 
to occur via an electron-transfer mechani~m.l~-~79~3 In a 

0 1 e f i n s , ~ ~ , ~ * ~ ~  etc. 

TABLE 1 
Distribution of products from the oxidation of styrene with cobalt(m) acetate in acetic acid a t  60 "C a 

Lxpt. 
no. 
1 
2 
3 
4 
5 
6 
7 

[coI'qo 
(M)  

0.2212 
0.2212 
0.2212 
0.2212 
0.2212 
0.2212 
0.2212 

[Styrene], 

0.2212 
0.1106 
0.1106 
0.1106 
0.1106 
0.0737 
0.0553 

(4 
[COIII] : [St] 
(mol. ratio) 

1 
2 
2 
2 
2 
3 
4 

Under N,. 

Time r- 

(h) (1) (2) 
42 50 1.8 

6 40 1.4 
12 19 1.8 
42 12 2.7 
72 4.3 2.2 
42 3.2 2.3 
42 0.6 1.6 

Recovered styrene in mol yo. 
too unstable to be isolated, resulting in the formation of 
1 ,%addition and allylic and skeletal rearrangement 
products. The TI adducts, though unstable, can be 
sometimes isolated under favourable conditions. A 
general scheme for the formation of 1,2-addition pro- 
ducts in which the reaction is considered as ionic is 
illustrated in Scheme 1. The reaction consists of (i) 

X X = solvent or additive 
I +  I I  -c-c- x- w-c-c- 

I I  
X X 

(iii) * I I (iv) 

SCHEME 1 

formation of an organometallic compound from olefin 
and oxidant, (ii) heterolytic metal-carbon cleavage to 
give a carbocation, and (iii) addition of a nucleophile to 
the resulting cation. 

In contrast, MnIII and CeIV acetates thermally de- 
compose to generate a carboxymethyl radical, giving 
eventually y-lactones (considered as a radical reaction). 
In the PbIV system, depending on the conditions, the 
radical reaction occurs competitively with an ionic 

Products (mol %) 

(3) (4) + (5)  (6) 
0.8 38 3.4 
1.0 37 0.8 
1.3 66 1.5 
1.2 75 5.7 
1.3 75 8.6 
1.9 77 7.2 
2.3 80 7.8 

7 

(7) 
2.1 
2.4 
2.1 
5.3 
4.3 

7.1 
11 

limited number of cases, a radical cation has been 
detected by e.s.r. spectroscopy.21,26 However, there is 
little detailed information on the reaction intermediates 
and products for the oxidation of olefins. 

In our previous paper,l we reported the oxidation of a- 
and cis- and trans-p-methylstyrene with cobalt(II1) 
acetate in acetic acid. The present study was under- 
taken in order to elucidate the reaction mechanism for 
the oxidation of styrene in acetic acid. The effect of 
solvent, reaction temperature, and acetate ion on the 
product distribution has also been investigated. 

RESULTS AND DISCUSSION 

Styrene was easily oxidized at 60 "C giving six pro- 
ducts: benzaldehyde (Z), benzylidene diacetate (3), 1- 
phenylethane-l,2-diol l-acetate (4) and 2-acetate (5),  
l-phenylethane-l,2-diol diacetate (6), and benzoic acid 
(7). The results are presented in Table 1. 

The major products, the glycol monoacetates (4) and 
(5),  are known to be interconvertible v ia  the inter- 
mediate (8) even at room temperature 27 and because of 
this we were unable to establish an exact product ratio 
for them by the present techniques. The glycol mono- 
acetates appeared as one peak on g.1.c. analysis, so that 
these were estimated as a single group. 

Further oxidation of primary products was unavoid- 
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able with prolonged reaction and cleavage products such 
as (2), (3), and (7) gradually increased with time. These 
products also increased when the ratio of the initial 
concentration of CoIII to that of styrene increased, 

(Table 4). The yields of the glycol monoacetates in- 
creased in proportion to the amount of water added, 
whereas there was a remarkable decrease of them on 
addition of acetic anhydride. 

TABLE 2 
Oxidation of the products with cobalt(Ir1) acetate a 

Expt. 
no. 

8 
9 

10 
11 
12 
13 
14 
15 

Substrates 

(2) 0.1334 
(3) 0.0667 

(MI 

(4) + (5 )  
(4) + (5) 
(4) + (5) * 8)) hL?7" 
(9) 0.0667 

[COIII] 0 

(M) 
0.1334 
0.1334 
0.0467 
0.0467 
0.0467 

0.1334 
0.1334 

Temp. 

70 
80 
80 
80 
80 
80 
80 
80 

( "C) 
Time 

47 
21 
4 

22 
48 
48 
21 
21 

(h) [Sub] 
36 
73 
88 
55 
23 
77 
93 

100 
In acetic acid under N,. Recovered substrates in mol %. 

showing the compounds are secondary products which 
are presumably derived from (4), (5),  and (6). In- 
dependent reactions of the compounds (4)-(6) with 
cobalt(m) acetate provide additional evidence for the 
hypothesis (Table 2). 

Experiments 1, 4, 6, and 7 show that the sum of the 

0 . 0 4 6 7 ~ .  

PhCHO PhCH(OAc12 PhCH-CH, PhCH-CH2 

I I  

(2) (3) (41 (5 )  

OH OAc 
I 1  

OAc OH 

PhCH-CHZ PhCO2H 
I I  

dAc OAc 

yields of the glycol monoacetates becomes almost 
constant at [Co~II],/[styrene], e! 2, indicating that the 
primary reaction follows the stoicheiometric relationship 
shown in equation (1). 

Efect of Temperature.-The effect of temperature on 
product distribution was examined in the range 70- 
100 "C (Table 3). With increased temperature, a little 

Products (mol %) 

4.4 
2.4 0.2 3.5 
1.5 12 
1.0 21 

23 
5.2 

-7 

(7) 
60 
19 
17 
37 
58 

8 Initial concentration of a mixture of the glycol monoacetates was 

A notable feature in the product distribution in the dry 
system was the increased yield of methyl adduct and 
formation of the y-lactone (10). These products are 
considered to be derived via a radical p a t h ~ a y . ~ * l l  

Ph CH-C H2 
I \  

Hence it should be noted that both ionic and radical 
pathways proceed competitively in dry acetic acid. 

Effect of Acetate Ion.-Although the remarkable 
acceleration of the reaction has been reported in the 
oxidation of alkylbenzenes with cobalt(r1r) a ~ e t a t e , ~ O * ~ ~  

the present reaction was not so affected by the addition 
of acetate ion alone (Table 5) .  However, co-existence of 
acetic anhydride with a large amount of KOAc or 
NaOAc altered the nature of the reaction: in the dry 
system containing alkali acetates a radical pathway pre- 
dominates over an ionic pathway. 

TABLE 3 
Effect of temperature on the product distribution a 

Products (mol %) 
Expt. Temp. Time r- h > 

no. ("C) (h) (1) (2) (3) (4) + (5)  (6) (7) (9) 
16 70 4 19 1.9 1.0 71 0.9 5.6 
17 70 22 7.9 4.7 1 .o 78 5.6 5.8 
18 80 4 16 2.9 2.2 70 2.5 7.7 0.2 
19 90 4 12 4.4 2.9 70 3.9 5.8 0.4 
20 100 2 14 4.6 3.3 56 3.8 3.9 0.9 
21 100 4 9.2 5.0 2.8 50 5.9 4.8 0.9 

In acetic acid under N,, [CoIII], = 0.1584111, [styrene], = 0 . 0 7 9 7 ~ .  Recovered styrene in mol %. 

of the methyl adduct, l-phenylpropyl acetate (9), was 
formed whilst formation of the glycol monoacetates 
dramatically decreased ; formation of compounds (2), 
(6), and (7) increased at the expense of (4) and (5).  

Effect of Solvent.-Product distribution was drastically 
affected by the addition of water or acetic anhydride 

Mechanism.-The reaction in acetic acid and in wet 
acetic acid exclusively leads to 1,2-addition products, 
whereas in dry acetic acid preconditioned with acetic 
anhydride radical products are preferentially formed. 
These results can be explained in terms of competitive 
oxidation of styrene versus the cobalt ligand itself. 



Formation of 1 ,2-Addition Products.-Although in 
comparison with lead(1v) acetate oxidations, it might 
appear not difficult, at first sight, to illustrate the reac- 
tion mechanism for the formation of 1,Z-addition pro- 
ducts in the present reaction, some modification of the 

P h CH CH 2 Me P h C H - C H 2  
I / \  

OAC ( 9 )  

II 
0 

mechanism is required because of the absence of re- 
arrangement products. 

In the present reaction a cationic intermediate would 
be expected to react with the most accessible nucleo- 
phile, AcOH, to give the lJ2-diacetate (6). However, 

Expt. 
no. 
22 * 
23 
24 
25 
26 
27 
28 
29 

Temp. 

60 
60 
60 
60 
70 
70 
70 
70 

( "C) 
Time 

72 
72 
72 
72 
20 
20 
20 
20 

(h) 

still formed in an almost constant ratio irrespective of 
the concentration of acetic anhydride added (last column 
in Table 4). This indicates that adventitious water is 
not the sole source of hydroxy-groups. An alternative 
possibility for the formation of glycol monoacetates is the 
insertion of a cobalt OH-ligand as suggested recently in 
the l i t e r a t ~ r e . ~ ~  However, the present results cannot 
be explained solely by a ligand-transfer mechanism , since 
the yield of (6) as well as the yield of (2) is too low com- 
pared with that of the glycol monoacetates; in addition, 
the glycol, phenylethylene glycol, was absent. We 
observed that glycols react readily with cobalt(Ir1) 
acetate in acetic acid to afford exclusively cleavage com- 
pounds such as aldehydes or ketones. The third pos- 
sibility for the formation of glycol monoacetates, that the 
diacetate (6) is hydrolysed during work-up and/or 
reaction, is ruled out, since (6) can be recovered essentially 

TABLE 4 

Effect of solvents on the product distribution a 

Additives ( M )  

H2O Ac,O 

0.05 
0.10 
0.20 

0.30 
0.50 
1.0 

50% Ac,O 

(1) 
14 

14 

43 
34 
32 
37 

6.1 

.9.5 

r- 

(2) 
8.1 
6.0 
4.5 
4.8 
5.3 
3.8 
3.5 
1.8 

(3) 
1 .o 
0.8 
2.5 

Trace 
6.3 
7.4 
6.5 
2.5 

Products (yo) 

26 4.4 14 
50 6.3 12  
59 6.7 8.8 
73 8.7 8.8 

> Mol 
(4) + ( 5 )  (6) (7) (9) (10) ratio t 
-A 

Trace 5.1 7.2 2.7 4.2 0.42 
7.8 7.8 2.2 6.1 0.40 

11 8.2 3.9 11 0.43 
13 7.8 1.7 24 0.40 

In acetic acid under N,, [CoIII], = 0.100~,  [styrene], = 0 . 0 5 ~ .  Recovered styrene in mol yo. 
* Expt. 22 arbitrarily chosen as standard. t Total yields of the products (2)-(7) us. consumed styrene. 

since the results show that incorporation of a hydroxy- 
rather than an acetoxy-group predominates , the presence 
of water or a hydroxy-group to attack a cationic inter- 
mediate generated during the reaction is necessary. A 
simple explanation for the results is that adventitious 
water is responsible for the formation of the glycol 
monoacetates. Control experiments show clearly the 

unchanged under these conditions or with only minor 
amount of benzaldehyde (experiment 14). 

Two pathways are possible for the formation of (6); 
(1) a nucleophilic addition of acetate ion to a cationic 
intermediate, and path (2)  acetylation of compounds (4) 
and (5 ) .  The lower yield of compound (6)  in experiment 
1 (as compared with experiment 12) and the small effect 

TABLE 5 

Effect of alkali acetates on product distribution a 

Additives Products (mol yo) 
Expt. Temp. Time r--7 r- A \ 

no. ("C) (h) Ac,O Acetates (1) (2) (3) (4) + ( 5 )  (6) (7) (9) (10) 
30 60 70 20 5.6 4.6 25 6.1 6.6 Trace 
31 60 70 Na 0. l~ 23 6.6 3.4 20 5.9 7.6 Trace 

70 K 0 . 0 5 ~  26 7.9 3.0 16 5.8 11 Trace 32 60 
* 9.1 16 
* 7.4 9.2 
* 7.8 10 
* 9.2 15 
* 7.4 15 
* 4.0 23 

1.4 12 3.5 23 
Na 0 . 5 ~  9.5 7.8 1.1 16 
K 0 . 5 ~  9.4 13 0.8 14 
Na 1 . 0 ~  19 6.0 1.4 4.5 

4.3 1.2 4.9 
38d 135 18 5% K 3 . 0 ~  24 3.7 Trace 6.1 

33 120 18 5% 
34 120 18 5 Yo 
35 120 18 5% 
36c  120 13 5 % 
37c 120 13 5% K 1.OM 19 

Under N,, [Co111], = 0 . 1 0 ~ ~  [styrene], = 0 . 0 5 ~ .  Recovered styrene in mol %. [CoIII], = 0 . 2 2 ~ ,  [styrene], = 0 . 1 0 ~ .  
d [ColII], = 0 . 2 0 ~ ,  [styrene], = 0 . 1 0 ~ .  

* Exact yield was unknown because of contamination of benzoic acid. 

contribution of water for the formation of (4) and (5) of added acetate ion (experiments 31 and 32) reduces the 
(experiments 23-25). Pretreatment of the solvent with possibility of path (1). Slow esterification of the glycol 
acetic anhydride to remove water also resulted in a monoacetates must, therefore, in the main be responsible 
decreased yield of the glycol monoacetates as expected for the formation of (6). 
(experiments 26--29). However, not only the diacetate It is found that the behaviour of cobalt(II1) acetate 
(6)  but also compounds (2) ,  (3), and (7), which are con- shows some resemblance to that of lead(1v) acetate 
sidered to be derived from the glycol monoacetates, were except that the latter oxidant with unsymmetrical 
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olefins 4*6 gives predominantly products resulting from 
skeletal rearrangement. The key to this rearrangement 
is the formation of a free carbocation (step 3 in Scheme 1). 
Thus the rearrangement competes with the incorporation 
of a nucleophile in the subsequent step: the former path 
sometimes predominates, especially if a potentially more 
stable carbocation can be formed thereby. 

Unlike PbIV oxidations, the present results provide no 
evidence for the formation of the rearrangement product, 
2-phenylethane-1,l-diol diacetate. The reaction of a- 
methylstyrene, which is expected to be a highly re- 
arrangement-prone system, with cobalt(rr1) acetate 
presented similar results in which rearrangement of the 
phenyl group scarcely occurred [under comparable 
conditions, optimum yields of the rearrangement pro- 
ducts, benzyl methyl ketone and its acetate, PhCH(0Ac). 
COMe, were less than 1 and 2y0, respectively].' 

Even if the present reaction proceeds via such a step- 
wise mechanism as proposed for the PbTV oxidation 

c 0 I'l I 
ocety lat ion lo/ -Co'l 

( 6 )  
SCHEME 2 

(Scheme l) ,  a lack of the rearrangement product in- 
dicates no formation of a ' free ' carbocation resulting 
from metal-carbon cleavage. Hence for the present 
reaction we propose a mechanism proceeding via an 
electron-transfer step (see Scheme 2) in which CoJII co- 
ordinates with the olefin to form a Co co-ordinated 
intermediate. The lack of oxidative rearrangement of 
the phenyl group can be adequately explained by con- 
version of the Co co-ordinated radical to a cation and 
subsequent addition of a nucleophile to the latter to 
yield a l,&addition product. There is evidence that the 
phenyl group contributes towards a stabilization of the 
intermediate, and an explanation for this has been 
rep0rted.l 

Formation of Radical Products.-In the dry system, 
rapid reduction of CoIII was observed as judged from the 
remarkable colour change of the reaction solution from 
dark green (CoIII) to pink (CoIT) regardless of the presence 
or absence of styrene. In the presence of styrene, the 
yields of (9) and (10) should be a measure of the extent of 
a radical pathway, since they result from the reaction of 
styrene with methyl and carboxymethyl radicals 

generated on the decomposition of cobalt(rI1) acetate and 
by the subsequent reaction of methyl radical with AcOH 
[equations (2) and (3) : see later]. In acetic acid, how- 
ever, (9) and (10) were scarcely obtained even in the 
higher temperature range (Table 3). The results suggest 
that little decomposition of CoTI1 occurs and also imply 
that the reaction is a process with high activation energy 
as compared to that of the reaction with styrene. Thus 
it should be noted that decomposition of CoIII occurs 
more readily in the dry system than in either acetic acid 
or in wet acetic acid. Oxidation by cobalt(II1) salts has 
been carried out mostly in aqueous media or in acetic 

and such a solvent effect on the stability of 
CoIII as well as the contribution of a radical mechanism 
to the oxidation has not yet been investigated, although 
there has been some ~pecu1ation.l~ An acceptable 
explanation as to why CoTI1 decomposes so readily in the 
dry system is that a new complex is formed by displace- 
ment of OH ligand by acetate ion.* The new complex 
so formed would be thermally less stable than the neutral 
complex, and thus it appears that electron-transfer from 
acetate ligand (self-decomposition) becomes comparable 
to that from styrene (ionic reaction). 

Literature reports l 5 v z 1  suggest that cobalt(II1) acetate 
in acetic acid could decompose in the manner illustrated 
in equations (2) and (3). A methyl radical could then 

Co(OAcI3  ___+ .CH3  + CO, + Co(OAc1, 12) 

\ 

H O  \ p 2  
II 
0 

react either with styrene or with acetic acid; formation 
of a preponderance of y-lactone relative to methyl adduct 
is considered to be a result of the difference in the con- 
centrations of styrene and AcOH available for these 
reactions. 

Manganese(rr1) acetate oxidation of olefins has been 
extensively studied, and most of the results have been 
successfully interpreted in terms of a radical mechanism. 
The reason why MnIII behaves in such a different manner 
from the analogous one-electron oxidant, CoIII, remains 
a problem. However, direct comparisons of the 
mechanisms are not possible, since the MnIII oxidations 
have been carried out mostly a t  higher temperature 
(reflux) and under rigorously dry conditions, Under 
these conditions, it has been found that a free-radical 
pathway is more favoured than an electron-transfer 

* Cobalt(n1) acetate is considered to be a di-y-hydroxo- 
binuclear complex.28P 2s 
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Hence i t  would be expected that a different 

mode of oxidation occurs under milder conditions as 
reported in a recent result.25 

Summing up, the oxidation with cobalt(II1) acetate 
proceeds via a mechanism similar to that proposed for 
PbIV oxidation except that oxidative rearrangement 
occurs extensively in the latter case. Lack of formation 
of a ' free carbocation during the CoTII reaction and 
addition of a nucleophile to a Co co-ordinated inter- 
mediate offers a rational explanation for this unique 
behaviour. The finer details in the initial interaction of 
CoIII with the olefin still remain obscure although results 
have recently been r e p ~ r t e d . ~ ~ * ~ ~  

EXPERIMENTAL 

1H N.m.r. spectra were measured for solutions in carbon 
tetrachloride on a Japan Electron Optics Laboratory Co., 
Ltd. model J NM-C-HL spectrometer. Infrared spectra 
were determined for liquid films on a Japan Spectroscopic 
Co., Ltd. DS-403G spectrophotometer. Gas chromato- 
graphy was carried out on a Shimadzu GC-4A instrument, 
with a 2 m column packed with PEG-20M 5% on Chromo- 
sorb GAW-DMCS, with temperature programmed from 
70 to 170 "C a t  4 "C min-l. For measurement of yields, 
biphenyl was used as internal standard. 

Starting Materials.-Styrene was commercial material and 
purified by distillation just before use. Cobalt(Ir1) acetate 
was prepared either by peracetic acid oxidation 28 or by 
ozoniation 29 of cobalt(r1) tetrahydrate in acetic acid con- 
taining acetic anhydride. The solution was evaporated to 
dryness under reduced pressure, and the solid obtained was 
stored in a desiccator. The conversion into CoIT1 as deter- 
mined by FelL and back titration with Ce1V as well as 
determination of total cobalt by EDTA titration was more 
than 95%. 

Oxidation Procedure.-A typical oxidation procedure was 
as follows. Styrene and biphenyl (internal standard) in 
acetic acid were mixed with a solution of cobalt(II1) acetate 
in acetic acid in a reaction vessel (ca. 10 ml). The vessel 
was flushed with dry nitrogen gas and sealed with a silicon- 
rubber stopper and then immersed in a thermostat. Reac- 
tion solution was poured into water and the products were 
extracted with ether. The extract was successively washed 
with aqueous sodium carbonate and water and then dried 
(Na,SO,) . Evaporation left a brown oil which was analysed 
by gas chromatography. The aqueous layer on acidification 
with hydrochloric acid gave a white precipitate which was 
recrystallized from water to give benzoic acid, m.p. 121 "C. 

Identijication of Products .-Reaction products, except for 
benzoic acid, were identified from their g.1.c. retention 
times. Benzylidene diacetate, l-phenylethane-l,2-diol 1- 
acetate and 2-acetate, and l-phenylethane- 1,2-diol diacetate 
were also identified by isolating the samples by preparative 
g.1.c. and comparing their i.r., n.m.r., and mass spectra with 
those of the authentic samples. 

Reference Cow@ounds.-Benzaldehyde, benzylidene di- 
acetate, and y-phenylbutyrolactone were commercial 
materials. l-Phenylpropyl acetate was prepared according 
to the l i t e r a t ~ r e . ~ ~  A mixture of l-phenylethane-1,2-diol 1- 

acetate and 2-acetate was obtained by Cohen's method.27 
l-Phenylethane-l,2-diol diacetate was obtained by acetyl- 
ation of the corresponding monoacetates with acetic anhy- 
dride. 
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