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Decomposition of 1-Phenylethyl Hydroperoxide in
the Presence of Cobalt Acetylacetonates
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The decomposition of 1-phenylethyl hydroperoxide has been investigated in the presence of
Cof(acac), and Co(acac); in argon and oxygen atmospheres. Co(acac), accelerates the decomposition
of the hydroperoxide. The decomposition is preceded by the fast formation of a Co(acac), + ROOH
complex which is unaffected by the presence of oxygen in the temperature range studied. The
deactivation of the catalyst by the water formed in the decomposition reaction has been confirmed
from kinetic evidence. The rate constants for the formation and decomposition of the catalyst+
ROOH complex and the overall activation energy were determined.

In the presence of Co(acac); the decomposition starts after an induction period being longer in
oxygen than in argon. It is assumed that the actual catalyst of this process is also Co(acac),. The
overall activation energy of the decomposition has been determined.

It is generally accepted that the reactions between hydroperoxides and transition
metal complexes serve as initiation reactions for catalytic hydrocarbon oxidations.!-?
We have studied previously the thermal decomposition and autoxidation of cobalt
acetylacetonate complexes ;1° the present paper deals with the catalytic decomposition
of 1-phenylethyl hydroperoxide (ROOH) in the presence of Co"-, and Co'"'-acetyl-
acetonate [Co(acac), and Co(acac);], respectively, studied in chlorobenzene under
both argon and oxygen atmospheres.

EXPERIMENTAL
MATERIALS

The preparation of Co(acac),, Co(acac); and the purification of the chlorobenzene used
as inert solvent have been described previously.!® 1-Phenylethyl hydroperoxide (ROOH)
was prepared by the thermal oxidation of ethylbenzene at 90°C. The ROOH was pre-
cipitated by shaking the reaction mixture with a 50 % solution of sodium hydroxide. The
sodium salt was filtered and washed with ether, dissolved in water and neutralized with
HCI being careful to avoid an excess of acid. Repeating this procedure three times yielded
the hydroperoxide with an impurity of 3 %, consisting of acetophenone (R'COR") and
1-phenylethanol (ROH). Purity was checked by iodometric and g.l.c. analysis.

Argon gas was deoxygenated by metallic copper at 350°C.

ANALYSIS

The changes in the valency state of the catalysts were followed spectrophotometrically
using the method described previously.!® ROOH, R’COR” and ROH content of the samples
were analysed by g.l.c.!!

PROCEDURE

The experimental technique is described elsewhere.!! For the system Co(acac),+
ROOH, a modified twin oxidation vessel was used. The flow rate of oxygen was 12 dm?® h—1.
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400 DECOMPOSITION OF 1-PHENYLETHYL HYDROPEROXIDE

RESULTS AND DISCUSSION
THE SYSTEM Co(acac), + ROOH

Experiments were carried out in the temperature range 30-70°C. Initial concen-
trations were varied in the range 10~4-10-3 mol dm~2 for Co(acac), and 2x 10—2-
12%x10-2 moldm~—3 for ROOH. Typical kinetic curves for the decomposition
obtained by changing the initial concentrations of one of the reactants are shown in
fig. 1 and 2. The presence of oxygen does not affect the initial rate of the ROOH
decomposition.
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F1G. 1.—Kinetic curves of ROOH decomposition at 50°C in argon (x) and in oxygen (O). [Co
(acac)z]o : 3 x 10~* mol dm=3.
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FiG. 2.—Kinetic curves of ROOH decomposition at 50°C in argon (x) and in oxygen (O). [Co
(acac)z]o: 1 x107%(1), 3x 10-%(2) and 1 x 103 mol dm~3 (3).

The distribution of the catalyst between its bivalent and trivalent states (fig. 3)
during the initial period of the ROOH decomposition was similar whether argon or
oxygen was used. The fact that the samples taken after the first minute contain about
50 9 of the catalyst in its trivalent form suggests the existence of a fast reaction
between Co(acac), and ROOH. Experiments carried out with the stopped-flow
method indicated that this fast reaction yielding Co™ species came to an end within
0.3-0.5s. A similar fast process has been found !? in the reaction between t-butyl
hydroperoxide and Co(acac), ; again oxygen did not affect the reaction.

From the kinetic data the following overall rate expression can be obtained

wo = k[Co(acac),],[ROOH]3-3". )
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With respect to the mechanism based on our measurements and in agreement with
the literature data 3> 1* we assume the existence of a fast initial process
k2
Co(acac), + ROOH — Co(acac), - ROOH. 2

This complex presumably contains a loosened O—O bond and reacts promptly
with a second Co(acac), molecule

k
Co(acac), - ROOH + Co(acac), 3 Co(acac),0OH - Co(acac),RO-. (3)
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Fic. 3.—Kinetic curves of the valency change in the system Co(acac), +ROOH at 50°C in argon
(x, +) and in oxygen (O, ®). [Cof(acac);]o: 1% 10~3 mol dm~3, [ROOH], : 4.7 x 10~2 mol dm~3.

We suppose that reactions (2) and (3) occur while mixing Co(acac), and ROOH
and the binuclear complex formed shows the 1 : 1 ratio of the valency states as found
experimentally. Due to this fast reaction, practically no free Co(acac), remains in
the system if [ROOH], » [Co(acac),], and therefore the initial rates observed are
identical both in argon and in oxygen atmosphere. The products detected and
measured experimentally might be formed in the following reactions based on

literature data
1-e

ks)—— 2 Cofacac), + H,0+R'COR” (4a)
Cofacac),OH « Co(acac),RO- —| e
—— Cof(acac),OH + Co(acac),RO- (4b)
ks
2 Co(acac),OH — 2 Co(acac), + H,0+410, (5

k
2 Co(acac),RO- — 2 Co(acac), + ROH + R'COR”(ROOR)  (6)

K7
Co(acac), +nH,0 = Co(acac), - nH,O0. @)

In eqn (4a) and (4b) e denotes the proportion of radicals escaping the cage. Since
there is a deficiency of 15-16 9/ in the material balance we assume the formation of
further products (e.g. ROOR) undetected in reaction (6).

In order to confirm the existence of reaction (3) we have investigated the catalytic
decomposition of ROOH in the presence of 2,6-di-t-butylphenol as inhibitor. We
found that the rate of ROOH decomposition in argon was not affected by the inhibitor,
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in agreement with the data of Bulgakova et al.'®* This means that the radicals
formed do not induce the decomposition of the ROOH, or at least that the induced
decomposition is negligible. Similar suggestions have been made by Scott 4 and
Sapunov.'* Consequently, propagation processes were not included among the
reactions (2)-(7).

Measurements of the accumulation of the products yield a value of ~ 1.5 for the
ratio [R’"COR")/[ROH]. Since this ratio should be 1:1 according to reaction (6)
we have assumed two directions for reaction (4) i.e. the existence of a cage effect.
From this point of view step (4a) is a reaction taking place within the cage and leads
to the ““ molecular ”* decomposition of the ROOH while reaction (4b) represents the
““radical ” pathway yielding coordinated RO- radicals and Co(acac),OH molecules.
We succeeded in identifying Co(acac),OH in a CDCl; solution of Cof(acac), and
ROOH by n.m.r. measurements. Both the resonance values and the intensity ratio
were identical to those given by Boucher and Herrington.16

Reaction (5) cannot be regarded as an elementary process and, though not in
contradiction with the experimental results, should be affirmed separately. Co(acac),
can also be regenerated by processes (8) and (9)

Co(acac),OH+ROOH — Co(acac), + H,O+RO,. (8)
Cofacac),OH+ ROOH — Co(acac), + H,O+R-O0H C)]

where R-OOH represents the radical CoH;—C-(OOH)-—CH; formed via abstraction
of the tertiary hydrogen.

The existence of reaction (7) is very likely. The kinetic curves of fig. 1 and 2
show the reduction in the rate of the decomposition reaction, and according to fig. 3
Co" accumulates simultaneously in the system, presumably as the inactive Co(acac),-
2H,0.17

By applying the steady-state treatment to the radicals and active catalyst species
we obtain the rate equations corresponding to reactions (2)-(7). Assuming k3 > &,
as suggested by Johnson and Gould *? and using the stoichiometric expression for
the free Co(acac),

[Co(acac),liee = [Cofacac),lo/{1 + (k,/k4)[ROOH]+ K,[H,01"} (10)
the rate equations are
—d[ROOH]/d¢ = k,[Co(acac),]o[ROOH]/{1 + (k,/k,)[ROOH]+ K,[H,0]"} (11)
d[R’COR"}/dt = (1 —e/2)k,[Co(acac),]o[ROOH]/{1 + (k,/k,)[ROOH] +

+ K,[H,0]"} (12)
d[ROH]/d? = (e/2)k,[Co(acac),)o[ROOH]/{1 + (k,/ks)[ROOH]+
K,;[H,0]"} (13)
d[H,0]/d? = (1 —e/2)k,[Co(acac),lo[ROOHI/{1 + (k,/k)[ROOH] +
K,[H,01"}. (14)

In order to describe the initial rate of the ROOH decomposition two conditions
should be fulfilled: (i) according to the experimental conditions [ROOH], »
[Co(acac),], and thus the consumption of the ROOH during the initial stages of the
reaction can be neglected : [ROOH] ~ [ROOH],. (ii)) At the beginning of the
decomposition there is no water in the system and therefore in the denominator of
eqn (10) K;[H,0}" = 0. Consequently the initial rate of the ROOH decomposition is

(—d[ROOH]/d?), = wo = k,[Co(acac),}o[ROOH],/{1+ (k2 /ks)[ROOH],}. (15)


http://dx.doi.org/10.1039/f19777300399

Published on 01 January 1977. Downloaded by University of Connecticut on 29/10/2014 11:00:58.

View Article Online

G. VASVARI AND D. GAL 403
In linearized form
1/wy = 1/k4[Co(acac),], +1/k,[Co(acac),]o[ROOH], (16)
or
1/wo = (1/k4+1/k,JROOH],)/[Co(acac),]o. an

Relations (16) and (17) are plotted in fig. 4 and the straight line representing eqn (16)
is suitable for determining the corresponding rate constants. An expression similar
to eqn (15) was suggested by Skibida et al.*® for the decomposition of n-decyl
hydroperoxide in the presence of Co(acac),.

1/[ROOH],
320 40 60 80 100

10_4/W()

10-3/[Co(acac):lo
F1G. 4.—Plot of eqn (16) and (17) at 50°C in argon (+, @) and in oxygen (O).

The rate constants at 50°C are
k, = 22.6 dm3 mol-! s~? and k, =0.6s%

The value of e can be estimated from the measured product distribution. From eqn
(12) and (13) we obtain e = 0.835.

Eqn (11) and (14) enable us to calculate the values of K, and n, respectively.
Using the kinetic data from fig. 1 we obtain at 50°C

K, = 1.76 x 10°> dm® mol~2 and n=2.

The value n = 2 strongly suggests that the deactivated form of the catalyst is the
compound Co(acac), - 2H,0. The apparent activation energy of the overall initial
rate of the ROOH decomposition both in argon and in oxygen is F = 24.3%+
2kJ mol-'. The error was calculated by the least square method.

THE SYSTEM Co(acac); + ROOH

The following experimental conditions were chosen : temperature range, 80-120°C;
[Co(acac);]o : 10~4-10-2 mol dm~3; [ROOH],: 2x 10-2-12x 102 mol dm~—3. The
corresponding kinetic curves measured both in argon and oxygen atmosphere
are plotted in fig. 5 and 6. A well defined induction period was observed in both
cases and as a result of secondary reactions in the presence of oxygen, Co(OAc),
appears in the system as an end product of the transformation

Co(acac); — Co(acac), — Co(OAc),.

The induction period is longer in oxygen and its length varies inversely as the
initial concentrations of the reactants and the temperature. Bulgakova !? has also
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observed an induction period during the decomposition of n-decyl hydroperoxide in
the presence of Co(acac);. The overall activation energy based on the maximal rates
of the ROOH decomposition both in argon and oxygen is ~ 125 kJ mol-!.
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Fi1G. 5.—The reaction between Co(acac); and ROOH in argon at 90°C. (a) Kinetic curves of the
valency change of the catalyst, ® Co(acac)s;, O Cofacac),; (b) kinetic curves of the ROOH decom-
position and product accumulation, @ ROCH, O ROH, +R’COR".

i
O
o

|
3 {‘“\.

P

n
1
w
@)
1.

[Co]/10* mol dm™3
concentration/10% mol dm—3
— N
Q e

(@) time/h ) time/h

F1G. 6.—The reaction between Co(acac); and ROOH in oxygen at 90°C. (a) Kinetic curves of the
valency change of the catalyst, +Co(acac),, ® Cofacac)s, O Co(OAc),; (b) kinetic curves of the
ROOH decomposition and product accumulation, +~R’COR”, @ ROOH, O ROH, x benzaldehyde.

The existence of an induction period supports the assumption that no direct
reaction takes place between Co(acac); and ROOH if Co(acac); represents the
coordinatively saturated complex of octahedral configuration with closed ligands.
Considering our previous observations !° on the thermal decomposition and autoxida-
tion of Co(acac); we suggest that the opening-up of one of the ligands represents the
first step followed by

kis
Cof(acac),acac+ ROOH — Co(acac),acac - ROOH (18)

k
Cof(acac),acac+0, = Co(acac),acac- Q.. (19)
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Here Co(acac),acac represents the opened-up chelate. Further reactions are strongly
influenced by the readiness of these intermediates either to decompose into active
species, eqn (21) and (23), or to regenerate the initial reactants, eqn (20) and (22).

Co(acac),acac- ROOH ]Zf Co(acac); + ROOH (20)
Co(acac),acac - ROOH /2: active species @n
Co(acac),acac- O, k—zj Cofacac); +0, (22)
Cof(acac),acac O, k—zf Co(acac), +acacO,. (23)

The length of the induction period is determined in argon by the ratio of the rate
constants of the reactions (20) and (21). In the presence of oxygen all four processes
might take place and since according to our calculations k,, > k,3, the length of the
induction period increases indicating competition between ROOH and O, molecules
for the free coordination sites of the Co(acac),acac molecule.

Our hypothesis is strongly supported by the fact that the 125 kJ mol-! activation
energy found experimentally is in good agreement with literature data, 108-138 kJ
mol-!, observed in processes starting with the opening-up of one of the ligands of
Co(acac);. Banerjea '° also assumed a ligand opening in the acid-catalysed decom-
position of Co(acac); and found an overall activation energy of 138 kJ mol-t. The
oxidation of a-naphthol in the presence of Co(acac); studied by Martemianov and
Denisov 2° proved to be autocatalytic. It was established that the Co(acac),-
a-naphthol complex plays the role of the accelerating intermediate. The overall
activation energy of the process was 126 kJ mol-1.

The number of ROOH molecules decomposed by one molecule of Co(acac),, i.e.
the number of catalytic cycles, increases with increasing [ROOH], and decreases with
increasing [Co(acac);]y. A retarding effect of oxygen can also be observed causing
a significant decrease in the number of cycles.

Data on the number of cycles are given in table 1.

TABLE 1.—NUMBER OF CYCLES IN THE Co(acac); CATALYSED DECOMPOSITION OF ROOH

number of cycles

[Cofacac)slo [ROOH],

fmol dm~3 fmol dm~3 in argon 90°C in oxygen 100°C
3x10-* 2x 102 143 103
3x10~4 4.7%x 1072 244 149
3x10-* 11.8x 102 355 197
1x 104 4.7x10~2 628 209
Ix10-3 4.7x 102 88 81

The ratio [R’COR"]/[ROH] calculated from the product distribution was ~ 2.
In the presence of an inhibitor the formation of ketone becomes predominant
([R’COR"}/[ROH] ~ 3) while at higher temperatures or at higher catalyst concentra-
tions this ratio decreases to 1.5.

The experimental data cannot be explained by assuming that the mechanism of
the ROOH decomposition consists only of reactions (2)-(7) as suggested for the
Co(acac), + ROOH system. Under our experimental conditions the steady state
concentration of the active Co(acac), is very low, 10-5-10-7 mol dm~3, thus the
probability of reaction (3) diminishes and simultaneously the monomolecular
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decomposition of the Co(acac), - ROOH complex formed via reactions (21) and (23)
becomes significant

k3
Cof(acac),-ROOH — Co(acac), + R'COR"+H,0. 3"

Reaction (3’) is exothermic 2! even in the absence of catalyst. Assuming that the
ratio [R’"COR"]/[ROH] = 2 is determined by the ratio of the rates of reactions (3")
and (3), it is likely that the use of an inhibitor might enhance this ratio by reacting
with the free Co(acac),, i.e. decreasing further the rate of reaction (3). An increase
of the temperature or of the initial concentration of the Co(acac);, both resulting in
the increase of the steady state concentration of Co(acac),, leads to the ratio 1.5
obtained for the system Co(acac),+ROOH. This means that reaction (3') becomes
negligible and consequently it has not been included in the mechanism set up for
the latter system.

Since no information is available concerning the changes taking place during the
induction period, we assume that the presence of Co(acac), is an essential condition
for the catalytic decomposition of the ROOH, and it seems very likely that the fast
decomposition is caused by the catalytic cycles realized via valency changes rather
than by a free radical chain reaction.
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