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The photochemical oxidation of ethyl benzene in the presence of coba\t(III) 2,4-pentanedionate 
has been investigated. On the basis of results for the kinetics of chemical transformation of cata
lyst in the course of this reaction, a hypothesis is advanced concerning photoinitiating effect 
of coba\t(III) 2,4-pentanedionate on ethyl benzene oxidation. 

The way in which substrates are activated photochemically in oxidation reactions 
is not only of practical interest, but is also an important issue in the elucidation 
of mechanism of these processes. Some thermal and photochemical oxidations 
of aliphatic and aromatic hydrocarbons are accelerated by transition metal ions. 
For thermal reactions this effect has mostly been explained in terms of participation 
of metal ions in free radical chain mechanisms by which these processes have been 
assumed to occur. Acceleration of photochemical processes has usually been ex
plained as being due to the ability of coloured metal complexes to act as photosensiti
zers 1 or photocatalysts2 • To date there are few instances in which the photocatalytic 
effect of metal ions has been demonstrated. 3 

The aim of this work was to study the effects of Co(III), Co(II), Fe(II) and Mn(I1I) 
2,4-pentanedionates on photochemical oxidations of aromatic hydrocarbons, and 
io make an attempt, at least in one of the cases, to elucidate the mechanism of metal 
ton action. 

EXPERIMENTAL 

Chemical: Ethylbenzene was shaken with an aqueous solution of sodium sulphite, washed 
with water, dried with sodium, rectified on a 100 cm packed column in an atmosphere of nitrogen, 
and stored in sealed ampoules under nitrogen at - 5°C. 2,4-pentanedionates of Co(III) (ref. 4), 
Co(Il) (ref. 5) and Mn(III) (ref. 6) were prepared following published procedures. Iron(lll) 
2,4-pentanedionate was a commercial product (Merck). 
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Procedure: The photochemical oxidation was carried out in a thermostatted quartz vessel 
placed in a dark box and connected to a thermos tatted gas burette. The vessel was provided with 
a closure which permitted sampling during experiment. The full output of a HBO 200 high-pres
sure mercury arc was used for irradiation. 10 ml of substrate was placed in vessel, and the ap
paratus was thermos tatted at the required temperature. The vessel was shaken throughout the 
experiment. Oxygen consumption was measured as a function of time, and samples were taken 
for analysis. 

Analytical: The rate of substrate oxidation was followed by measuring the volume of consumed 
oxygen. The hydroperoxide content was determined by iodometric titration. 7 Other reaction 
products were analyzed using a Chrom IV gas chromatograph (1'2 m column, Inerton A W, 5% 
Carbowax 20M). Chemical changes of catalyst were followed as described by Vasvari and co
workers.s 

KESULTS AND DISCUSSION 

Trial experiments with benzene, toluene and ethylbenzene as substrates, and co
halt(III) 2,4-pentanedionate as model catalyst were carried out to choose a suitable 
hydrocarbon for the study of the effects of metal ions on photochemical oxidations. 
The criteria for the choice were sufficient differences in reaction rates of photo
ini1 iated catalyzed and non-catalyzed reactions, and in rates of catalyzed thermal 
and photochemical reactions. Results of the trial experiments (Fig. I) showed ethyl
benzene9 to pass the test of both criteria. The data for the thermal oxidation of ethyl
benzene were taken from the literature10 •ll • 

Testing various transition metal 2,4-pentanedionates in photochemical oxidation 
of ethylbenzene (Fig. 2) led to the choice of cobalt(III) 2,4-pentanedionate as cata
lyst for use in the present study. It is of interest to compare the rates of oxygen con
sumption for catalysts with cobalt in different oxidation states. As shown in Fig. 2, 
the reaction rate is the same for eo(III) and eo(II), but a marked induction period 
is observed with eo(n). 

Reaction products of photochemical oxidation of ethyl benzene were determined 
by gas chromatography. I-Phenyl-I-hydroperoxy ethane was analyzed by iodo
metric titration. It was found that the photochemical and thermal reactions yield 
the same products, namely I-phenyl-I-hydroperoxy ethane, acetophenone, I-phenyl 
ethanol, and traces of benzaldehyde and phenol. Kinetic data for the formation 
of the major products and for oxygen consumption are summarized in Table I. 

By following oxygen consumption at various concentrations of cobalt(III) 2,4-pen
tanedionate, the reaction rate was found to increase most markedly at catalyst 
concentrations ranging between 1.1O- 3 moll- 1 and 1. 10-4 mol 1- 1 (Fig. 3). 
I ncr-easing the concentration above I. 10 - 3 mol 1- 1 no longer caused a change 
in the rate of oxygen consumption, but had a pronounced effect on the thermal 
reaction (the latter was followed in all cases 60 min before and af(er irradiation). 
It may be stated that within the catalyst concentration range 0-1.10- 2 moll- 1 

the thermal reaction prior to the photochemical process is negligible, the maximum 
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oxygen consumption being 1 ml/60 min. The rates of the thermal and photochemical 
reactions become comparable as the catalyst concentration approaches 1. to-I 

TABLE I 

Build-up of products and consumption of oxygen in photochemical oxidation of ethylbenzene_ 
[CoWl) 2,4-pentanedionate] = I _ 10- 3 moll-I; T= 333 K; [02 ] saturated 

Time 
min 

0 
60 

120 
180 
240 
300 
360 

Acetophenone 

0-008 
0'032 
0-060 
0'094 
0'135 
0·174 
0·194 

I-Phenyl 
ethanol 
moll- I 

0-004 
0-026 
0-047 
0'081 
0'112 
1-141 
0·161 

I-Phenyl-1-hydro- 02 
peroxy ethane ml 

0'001 
0-005 5'3 

1H 
21·0 
30-4 
47·1 

0·016 58·4 
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FIG. I 

Non-catalyzed and catalyzed photochemical 
oxidations of hydrocarbons. [Co(UI) 2,4-
.. pentanedionate] = 1 _ 10 - 2 mol 1- 1; T = 

= 333 K; [02] saturated. The arrows indica
te the end of irradiation. 1 toluene, no cata
lyst; 2 ethyl benzene, no catalyst; 3 benzene, 
with catalyst; 4 toluene, with catalyst; 
5 ethyl benzene, with catalyst 

20[ 1 -- 1- --1-

5 

o ml I 
2' 

12 

min 

FIG. 2 

Photochemical oxidation of ethylbenzene_ 
[Catalyst] = 1.10- 2 moll-I; T= 333 K; 
[02 ] saturated. Irradiation started at t = 

= 30 min for 3, 4, and at t = 60 min for 
1, 2, and 5_ The arrows indicate the end 
of irradiation. 1 no catalyst; 2 Mn(acach; 
3 Fe(acach; 4 Co(acach; 5 Co(acach 
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mo]]-l. The catalyst concentration has an even more pronounced effect on the rate 
of thermal reaction after irradiation. At low catalyst concentrations (0-1 . 10- 3 

mol 1- 1), the thermal reaction is slowed down or stopped altogether on switching 
off the light, whilst no change in the rate is observed on terminating the irradiation 
if the catalyst concentration is 1.10-2 moll- 1 and higher. 

The photochemical oxidation of ethylbenzene in the presence of 1 . 10- 2 moll- 1 

cobalt(III) 2,4-pentanedionate is temperature dependent (Fig. 4). The reason for this 
observation may be that oxygen is consumed in a series of reactions where the rate
-limiting step is not the primary photochemical process, but some of the subsequent 
thermal reaction. 

The variation in oxygen consumption with time at 80°C is of autocatalytic character 
for both the photochemical and thermal reactions. At lower temperatures the rate 
of thermal reaction before irradiation is negligible. At a catalyst concentration 
of 1 . 10- 2 moll-I, a change of temperature has almost no effect on the rate of ther
mal reaction, and the thermal and photochemical reactions occur at the same rate. 

1 ---
40 r- --,--------,.- 4·· ------r--------,------. - -- 'i 

o2,mll- . 
I . 

FIG. 3 

Dependence of the rate of photochemical 
oxidation of ethyl benzene on the concentra
tion of Co(III) 2,4-pentanedionate. T = 

= 333 K; [02) saturated. Irradiation started 
at 1 = 60 min. The arrows indicate the end 
of irradiation. 1 no catalyst; 2 1 . 10 - 5 mol. 
.1- 1; 3 1.1O- 4 moll- 1 ; 41.1O- 3 mol. 
.1- 1 ; 5 1.10- 2 moll-I; 6 9.74.10- 2 

moll-I 
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FIG. 4 

Dependence of the rate of photochemical 
oxidation of ethyl benzene on temperature. 
[Co(III)2,4-pentanedionate) = 1.10- 2 mol. 
.1- 1 ; [02 ) saturated. Irradiation started 
at 1 = 60 min. The arrows indicate the end 
of irradiation. 1 293 K; 2 313 K; 3 333 K; 
4 353 K 
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As shown by the previous experiments, the rate of ethylbenzene oxidation is 
strongly dependent on the presence of cobalt ions in the reaction mixture. Since 
the irradiated solution changes its colour during the reaction, it may be expected 
that the catalyst undergoes a chemical change in the course of the oxidation process. 
Information on the mechanism of catalyst transformations, on products and inter
mediates of these processes may contribute significantly to the elucidation of the 
overall mechanism of photochemical oxidation of ethylbenzene. Drawing on previous 
work on thermal8 and photochemicaP2 decompositions of cobalt 2,4-pentanedionates 
we investigated changes in oxidation state of the central atom and in the ligand field 
of Co(llI) 2,4-pentanedionate. It was found that 2,4-pentanedionate is oxidized 
to acetate and Co(III) is reduced to Co(II) during photochemical oxidation of ethyl
benzene (Fig. 5). The concentration of CO(III) 2,4-pentanedionate in the reaction 
mixture rapidly decreases and insoluble cobalt(I1) acetate separates from the solu
tion. The variation in the concentration of Co(I1) 2,4-pentanedionate with time 
indicates that this compound is the intermediate of the overall process. For compari
son, kinetics of Co(I1I) 2,4-pentanedionate photolysis in an inert solvent (benzene) 
under conditions comparable to those in photochemical oxidation of ethylbenzene 
are shown in Fig. 6. 
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FIG. 5 

Photochemical decomposition of Co(lll) 
2,4-pentanedionate. Oxygen consumption, 
58·5 ml!360 min. [Co(III) 2,4-pentanedion
ate] = 1.10- 2 moll-I; T= 333 K; [02 ] 

saturated; solvent, ethylbenzene. 1 Co(acach; 
2 Co(OAch; 3 Co(acac}z 

FIG. 6 

Photochemical decomposition of Co(III) 
2,4-pentanedionate. Oxygen consumption, 
2·85 ml!270 min. [Co(III) 2,4-pentanedion
ate] = 1 . 10- 2 moll-I in benzene; T = 
= 333 K; [02 ] saturated. 1 Co(acach; 2 
Co(OAch); 3 Co(acach 
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It may be concluded that Co(UI) 2,4-pentanedionate does not act as a genuine 
homogeneous catalyst in photochemical oxidation of ethylbenzene, since the con
centration of the soluble form rapidly decreases. This decrease does not cause a slow
down of the rate of photochemical reaction, but at lower initial catalyst concentrations 
it has a marked effect on the subsequent thermal reaction. It is likely that Co(III) 
2,4-pentanedionate plays an important role primarily in the initial stages of the 
photochemical reaction by acting as an initiator. Filipescu and RIa Way, who 
studied photolysis of Co(III) 2,4-pentanedionate in various organic solvents12 , 

have proposed a mechanism assuming the formation of several intermediates of per
oxidic or free radical character which may, with great probability, initate free radical 
processes. The products of the photolysis were almost the same as those identified 
in our system. 

When the peroxide concentration has built up sufficiently, peroxide decomposi
tion, which may occur by the combined effect of metal ions, light, and thermal 
energy, becomes the rate-limiting step. This is in line with the observation that 
at high catalyst concentrations, where the residual metal concentration is still relati
vely large, there is no marked change in the rate of thermal reaction on termination 
of irradiation. If the Co(III) concentration is low, all of the catalyst is rapidly 
converted into its insoluble form, and the rate-limiting step is hydroperoxide decom
position, which stops on terminating the irradiation. The thermal reaction does not 
occur in this case. 
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