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Abstract

The autooxidations of cumene to cumene hydroperoxide (CHP) in the presence of various transition metal salts supported
on Bio-Rex 70 which is a macroreticular polyacrylate with carboxylate functional group, were investigated. The polymer
supported catalyst is denoted as MS-BR-r in which MS represents transition metal salt, BR represents the polymer support
and r istheloading of metal salt in the unit of mmoles per gram of dry support. In a catalyst loading of 0.20 g per 10 ml of
cumene and initial O, pressure 103 kPa at 363 K, the catalyzed autooxidation rate follows the order: Mn(OAc),-BR-0.6 >
Co(OAC),-BR-0.6 > FeCl ,-BR-0.6 > Cu(OAc),-BR-0.6 > Cr(NO;);-BR-0.6 > Ni(OAc),-BR-0.6. The selectivities to CHP
are 97% for Cu(OAc),-BR-0.6 and Cr(NO,),-BR-0.6; and 92% for Mn(OAc),-BR-0.6, Co(OAc),-BR-0.6 and FeCl ,-BR-0.6.
These data indicate that Cu(OAc),-BR-0.6 is the best catalysts among the catalysts investigated in this work. The metal
loading effect was investigated for Co(OAc),-BR-r, r = 0.3, 0.6, 1.5, 2.0 and 2.5. In the catalyst loading of 0.20 g per 10 ml
of cumene and initial O, pressure 100 kPa at 363 K, the oxidation rate increases with r from 3.96 X 107 M /sat r = 0.3
t0 8.35 X 107° M /s for r = 2.5. The selectivity to CHP decreases with increasing r from 93.8% for r = 0.3 to 88.1% for
r = 2.5 at a conversion of 7%. When cumene autooxidation catalyzed by Co(OAc),-BR-2.0 was investigated at temperatures
in the range of 363 K to 323 K, we found that oxidation rate decreases with temperature. However, unexpectedly, the
selectivity decreases with temperature. This is interpreted by considering the competing reactions between the formation of
CHP which has a high activation energy and the catalyzed redox decomposition of CHP which has a low activation energy.
When temperature decreases, the rate of formation of CHP decreases more than that of the decomposition of CHP. When the
autooxidation is catalyzed by a small amount of soluble copper(ll) laurate or copper(ll) stearate, the oxidation rate is faster
and the selectivity to CHP is lower than that catalyzed by Cu(OAc),-BR-0.6 under similar reaction conditions. The
carboxylate coordination environment on copper(l1) reaction center is not sufficient for Cu(OAc),-BR-0.6 to be an effective
catalyst in cumene autooxidation. We propose that the role played by the polymer support is that the backbone of the
polymer reduces the rate of the catalyzed redox decomposition of CHP by hindering the change of the coordination
environments on the copper center during the redox decomposition reaction of CHP. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Autooxidations of organic compounds are
important industrial processes in producing
commodity chemicals [1-10]. Reaction of
cumene with oxygen to produce cumene hydro-
peroxide (CHP) is one of such autooxidations.
In the Hercules and in the Allied industrial
processes, the operating temperatures are 353—
393 K; the pressures are 100-600 kPa (air);
reaction times are 4—20 h; selectivities to CHP
are in the range of 90—96%; initiator is CHP.
The major difference between the two commer-
cial processes is that acid neutralizing Na,CO,
is added to the reaction medium in the Hercules
process, whereas in the Allied process, the reac-
tion medium is washed with agueous NaOH
solution to keep the reaction medium in basic
condition. The autooxidation in the presence of
metal salts, either homogeneously or heteroge-
neously [11,12], has been investigated to find
the possible improvement in the operating con-
ditions on the sdectivity. Unfortunately, all
metal salt catalysts that have been investigated
so far, lead to a decreased selectivity to CHP
despite an accelerated autooxidation rate. One
possible approach to increase the selectivity of
CHP in the catalyzed reaction is to carry out the
catalytic reaction at a reduced temperature. One
of the main object of this work is to look into
the effect of temperature reduction in the transi-
tion meta salt catadyzed autooxidation of
cumene.

Recently, we reported [13,14] that the cata-
lysts which were prepared by supporting cop-
per(1l) acetate on polymers, can be very effec-
tive in catalyzing the autooxidation of cumene.
The nature of support has a great influence on
the performance of the supported catalyst. For
example, polyvinylpyridine is oxidized under
the cumene autooxidation condition. The cata-
lyst with Cu(OAc), supported on AG 50 W
polymer (trade name of Bio-Rad, a styrene-di-
vinylbenzene polymer containing sulfonate
functional group) does not have any catalytic
activity. However, we found that two polymer

supports, Chelex-100 (a trade name of Bio-Rad,
a styrene-divinylbenzene copolymer containing
imino-diacetate functional group) and Bio-Rex
70 (trade name of Bio-Rad, a macroreticular
acrylate polymer containing carboxylate func-
tional group), yield catalysts that are effective in
terms of a higher reaction rate and a better
selectivity to CHP in cumene autooxidation than
those initiated by CHP. The Bio-Rex supported
copper acetate catalyst is particularly attractive
for industrial application in that the catalyst can
increase the reaction rate by a factor of two
compared to that initiated with CHP, and the
selectivity to CHP is also better.

In this article, we investigate the effective-
ness of the catalyst prepared by supporting vari-
ous transition metal salts on Bio-Rex 70. Some
of the transition metal salts supported catalysts
give a high autooxidation rate. With this en-
hanced reaction rate, it is possible to study the
autooxidation reaction rate at a reduced temper-
ature. We found that the selectivity to CHP
deteriorates when the reaction temperature for
the catalyzed autooxidation of cumene de-
creases in contrast to the common accepted
notion that a lower reaction temperature should
lead to a better selectivity. In addition, the
effectiveness of Cu(OAc), supported on Bio-
Rex 70 and soluble copper(I1) carboxylate in the
catalyzed cumene autooxidation, were com-
pared in this work to understand the role played
by the polymer support.

2. Experimental
2.1. Material and equipment

Bio-Rex 70 (purchased from Bio-Rad) is a
macroreticular acrylic polymer containing car-
boxylic acid exchange groups (10 meq/dry g).
Cumene (purchased from Merck) was purified
by repeated reaction with concentrated sulfuric
acid until the acid layer was colorless. It was
then washed with water, neutralized with sodium
carbonate and washed with water again. After
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being dried over magnesium sulfate, and re-
fluxed over calcium hydride, cumene was dis-
tilled just before use.

Copper(1l) laurate, CuLu,, and Copper(Il)
stearate, CuSt,, were prepared by the direct
reactions of copper(ll) acetate with lauric acid
and stearic acid (both acids were purchased
from Showa Chemical (Tokyo), in a 1:2 molar
ratio in methanol. The solution in which lauric
acid or stearic acid is suspended, was stirred for
12 h. The blue color in the solution faded
completely and the suspension became blue.
After filtering the resulting Cu(ll) carboxylate
was washed repeatedly with methanol and dried
in a vacuum oven at 323 K. The elemental
analyses results are given below. For CuLu,,
found (theoretical, C,,H,0O,Cu) %: C:
68.3(68.6), H: 10.7(11.1), Cu: 10.4(10.2). For
CuSt,, found (theoretical, C5H,,0,Cu) %: C:
63.1(62.3), H: 9.87(9.96), Cu: 13.3(13.9).

The metal contents of the catalysts were ana-
lyzed on a Kontron Plasmakon model S-35 ICP
instrument. Elemental Analysis of results were
obtained on a Perkin—Elmer 240C-2400 EA
instrument. *H NMR spectra were recorded on a
Germini-300 or Unity-400 spectrometer.
Cumene and its oxidation products can be iden-
tified unambiguously in a *H NMR spectrum. In
the methyl region, the chemical shifts for the
relevant compounds in CDCl ; are 1.26 ppm for
cumene, 1.61 ppm for CHP, 1.57 ppm for 2-
phenyl-2-propanol and 2.61 ppm for aceto-
phenone. From the comparison of the integrated
areas of various methyl signals with that of the
methyl signal of a methanol internal standard,
the concentrations of cumene and its oxidation
products can be determined.

2.2. Synthesis of supported catalysts

Bio-Rex 70 (which contained about 65% wa-
ter as purchased) was dried in a vacuum oven at
323 K until a constant mass was obtained. The
dried support was then suspended in water and
the metal salt to be impregnated was then added.
After dtirring for 1 h, the supported catalyst was

collected by filtration. The catalyst was again
suspended in methanol under constant stirring
for 30 min. After filtration, the catalyst was
dried in a vacuum oven at 323 K. In the range
of metal loadings used in this work, all metal
salt used in the preparation was virtually com-
pletely adsorbed by the support. The catalyst is
designated as MS-BR-r, in which MS repre-
sents the transition metal salt; BR indicates that
the support is Bio-Rex 70 and r indicates the
amount of MS in mmol per gram of dried
support. The catalyst prepared include
Cu(OAC),-BR-0.6, Co(OAC),-BR-r (r = 0.3,
0.6, 15 20 and 25), Mn(OAc),-BR-0.6,
Ni(OAc),-BR-0.6, FeCl,-BR-0.6, Cr(NO,),-
BR-0.6.

2.3. Oxidation of cumene

Cumene oxidation was carried out in a closed
Pyrex glass system with an oxygen reservoir
(0.11 | thermostated at 298 K) and a reaction
flask in which the reaction temperature can be
controlled to within +1 K. A 10 ml of cumene
in the reaction flask was used in each reaction
run. To monitor the progress of the cumene
oxidation reaction, the oxygen pressure was
measured by a pressure sensing system which
stored al pressure data in a PC. The details of
the setup and the experimental procedure were
reported previously [13]. The cumene auto-
oxidation rate was measured when fresh O, was
repeatedly admitted to the reaction system after
the oxygen pressure dropped below ca. 47 kPa
until a steady oxygen consumption rate was
obtained. This steady rate was usually reached
in the second cycle after the first initiation
cycle. When the oxidation rate in the second
cycle varies with oxygen pressure, we take the
rate measured in the initial part of the second
cycle as the rate of autooxidation. The amounts
of the cumene oxidation products are deter-
mined from *H NMR spectra of the oxidation
mixture. To be more accurate, an iodometric
method [15] was used in determining the amount
of CHP.
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3. Results and discussion

3.1. Autooxidation of cumene catalyzed by the
transition metal salts supported on polymer

We prepared a series of catalysts in which
various transition metal salts, including
Ni(OAc),, Cr(NO,);, Co(OAc),, Mn(OAc),,
FeCl, and Cu(OAc),, were supported on Bio-
Rex 70 which is a macroreticular polyacrylate
with carboxylate functional group. These cata-
lysts are denoted as MS-BR-r, in which MS
represents the transition metal salt, BR is an
abbreviation for Bio-Rex 70 polymer support
and r isthe number of mmoles of metal salt per
gram of dried polymer support. The effective-
ness of these catalysts in catalyzing the auto-
oxidation of cumene was investigated at 363 K.
The results in Fig. 1 indicate that in the pres-
ence of Ni(OAc),-BR-0.6, no autooxidation of
cumene can be detected after a reaction period
of 10 h at 363 K. The reaction with Cr(NO,) .-
BR-0.6 has a long induction period of 5.5 h.

P (kPa)

40 T T T T T T
0 2 4 6 8 10 12 14

Time (hr)

Fig. 1. At 363 K, the pressure of oxygen P(O,) (V=0.111) asa
function of reaction time in the autooxidation of cumene (10 ml)
in the presence of catalyst (0.20 g); (@): Mn(OAc),-BR-0.6, (O):
Co(OAC),-BR-0.6, (m): Cu(OAC),-BR-0.6 (data from Ref. [14)),
(2): FeCl,-BR-0.6, (a): Cr(NO3);-BR-0.6, (O): Ni(OAC),-BR-
0.6.

The induction period follows the order:
Co(OAC),-BR-0.6 = Mn(OAc),-BR-0.6 < Cu
OAC(),-BR-0.6 < Fe€l ,-BR-0.6 < Cr(NO,),BR-
0.6 < Ni(OAc),- BR-0.6.

After the induction period, the oxygen pres-
sure dropped rapidly. When the oxygen pressure
dropped below 47 kPa, fresh oxygen was intro-
duced into the closed reaction system, rapid
oxygen pressure drop was observed except the
case of Ni(OAc),-BR-0.6 and Cr(NO,),-BR-0.6
catalysts. If fresh oxygen was added to the
reaction system, after the second cycle, rapid
oxygen consumption as in the second cycle was
detected. The rate of oxygen consumption in the
third cycle is amost identical to that in the
second cycle. Therefore, the oxygen consump-
tion rate in the second cycle can be used as an
indication of oxygen consumption rate. In the
case that the oxygen consumption in the second
cycle is dightly dependent on the oxygen pres-
sure, we take the average of the consumption
rate in the initial period of the second cycle as a
measure of the autooxidation rate. The oxygen
consumption rate is inversely correlated with
the induction period, except for FeCl ,-BR-0.6
and Cu(OAc),-BR-0.6 catalysts. In these two
catalytic reactions, the rate for Cu(OAc),-BR-
0.6 is less than that of FeCl,-BR-0.6, in agree-
ment with their relative magnitudes of induction
periods.

'H NMR spectra of the catalyzed reaction
mixtures indicate that CHP and 2-phenyl-2-pro-
panol (PP) are the only oxidation products. The
amounts of products and the selectivity to CHP
for the cumene autooxidation in the presence of
a variety of polymer supported catalysts are
shown in Table 1. When the conversion of
cumene is controlled in the range of 7%, which
corresponds to an oxygen pressure drop ca. 110
kPa in our experimental setup, the selectivities
for the FeCl,-BR-0.6, Co(OAc),-BR-0.6 and
Mn(OAc),-BR-0.6 catalysts are about 92%. This
selectivity is comparable with that of CHP initi-
ated reaction. For Cr(NO,),-BR-0.6 and
Cu(OAC),-BR-0.6 catalysts, the selectivities are
about 97%. Since the reaction rate of Cr(NO,) -
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Table 1

Product distribution and rate of the autooxidation of cumene (10 ml) in the presence of various catalyst (0.20 g) at 363 K; initial P(O,): 103
kPa(V=0.111

Catalyst a? (%) An(0,)° (mmoal) CHP® (mmol) PPY (mmol) S(CHP)® (%) Rate’ (1075 M /9)
CHP? 5.94 418 391 0.34 92.1 2.28
Ni(OAC),-BR-0.6 - - - - - -
Cr(NO,);-BR-0.6 8.01 5.66 5.56 0.17 97.0 2.23
Cu(OAc)Z—BR-O.6h 6.39 454 4.46 0.11 97.6 2.76
FeCl,-BR-0.6 7.39 5.10 4.82 0.47 91.2 3.81
Co(OAC),-BR-0.6 6.62 4.56 441 0.32 93.2 5.40
Mn(OAc),-BR-0.6 7.38 5.19 4.90 0.38 92.8 6.21

&Conversion of cumene.
PAmount of oxygen reacted.

°CHP denotes cumene hydroperoxide, determined by iodometric method.

4PP denotes 2-phenyl-2-propanol, analyzed by 'H NMR spectroscopy.

°S(CHP) denotes selectivity to CHP relative to cumene reacted.
"Rate is the oxygen consumption rate.

9The amount of CHP added is 0.64 g.

"Data from Ref. [14].

BR-0.6 catalyzed reaction is slow, Cu(OAc),
supported on Bio-Rex polymer is the best cata-
lyst among those in Table 1. This conclusion is
similar to what we have found when Chelex
was used as support [13]. Though Co(OAcC),-
BR-0.6 has the drawback of low selectivity, we
like to look more carefully into the effect of
Co(OAC), loading and temperature to find the
factors influencing the selectivity in the hope of
gaining more understanding on the character-
istics of the polymer supported catalyst.

3.2. Effect of Co(OAc), loading on the catalytic
autooxidation of cumene

The oxygen consumption curves for the
cumene autooxidation reactions in the presence
of Co(OAC),-BR-r (r=0.3, 0.6, 1.5, 2.0 and
2.5) are shown in Fig. 2. The induction period
decreases from 2.5 h for r =0.3 to 0.3 h for
r =0.6. For r > 1.5, there is no noticeable in-
duction period. The oxygen consumption rate
increases with r. When the conversion is lim-
ited to ca. 7%, the results of the reaction prod-
uct analyses are collected in Table 2. It is
obvious that when metal loading increases, the
selectivity decreases steadily from 93.8% for
r=0.3 to 88.1% for r=25. The oxidation

rates increases with r from 3.95x 10°° M /s
for r=0.3 to 835x10°° M/s for r=25.
The trade-off between selectivity and reaction
rate as a function of r is obvious, a Sower
reaction rate gives a better selectivity.

The normalized oxidation rates, defined as
the oxidation rate per unit metal loading per

110

100

90

80

P (kPa)

70 +

60 -

50

40 T T T T T T

Time (hr)

Fig. 2. At 363 K, the pressure of oxygen P(O,) (V=0.111) asa
function of reaction time in the autooxidation of cumene (10 ml)
in the presence of catalyst (0.20 g); (@): Co(OAC),-BR-0.3, (O):
Co(OAC),-BR-0.6, (4 ): Co(OAC),-BR-1.5, (m): Co(OAC),-BR-
2.0, (O): Co(OAC),-BR-2.5.
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Table 2

Product distribution and rate of autooxidation of cumene (10 ml) in the presence of catalyst (0.20 @) at 363 K; initial P(O,): 100 kPa

(V=0.111) as afunction of metal loading in Co(OAC),-BR-r

Catalyst a (%) An(0,) (mmol) CHP(mmol) PP(mmol) S(CHP)(%) Rate(107°M/s) R2(10°*M/9)
Co(OAC),-BR-0.3  6.84 4.75 4.58 0.31 93.8 3.96 6.60
Co(OAC),-BR-0.6  6.62 4.56 441 0.32 93.2 5.40 4.50
Co(OAC),-BR-15 7.34 5.00 4.60 0.65 87.7 7.71 257
Co(OAC),-BR-20  6.95 4.68 4.36 0.61 87.7 8.15 2.04
Co(OAC),-BR-25  7.49 5.05 4.72 0.64 88.1 8.35 1.67

All notations are the same as specified in Table 1.

®R is the rate per mmol of Cu(OAC), supported on each gram of dry support; it is given by rate divided by metal loading r and the amount

of catalyst.

gram of supported catalyst, are listed in the last
column of Table 2. It is clear that the effective-
ness of the catalyst on the basis of per unit of
Co(OAC), decreases with metal loading. This
may be caused by the increase of the relative
amount of inaccessible metal centers when the
metal loading increases.

3.3. Temperature effect on the autooxidation of
cumene catalyzed by Co(OAc),-BR-2.0

In Fig. 3, the oxygen consumption curves for
cumene autooxidation in the presence of
Co(OAC),-BR-2.0 are shown as a function of
temperature. When the reaction temperature de-
creases, induction period can be observed. At
323 and 333 K, the induction periods are about
0.5 h. At 343 K and above, no induction period
was observed. The oxygen consumption rate
decreases with temperature. It is noteworthy
that the oxygen consumption rate depends
dightly on the oxygen pressure. The rate slows
down when the oxygen pressure decreases. This
isin contrast with the Cu(OAc),-CHX-0.6 [13]
and Cu(OAc),-BR-0.6 [14] catalyzed reaction in
which the oxygen consumption rates are inde-
pendent of oxygen pressure when oxygen pres-
sures are over certain threshold value. This
threshold is approximately 30 kPa and increases
with the amount of CHP for the autooxidation
catalyzed by these two catalysts.

The results of product analyses are collected
in Table 3. At a conversion of 7%, the selectiv-
ity of CHP decreases with temperature. It de-

creases steadily from 87.7% at 363 K to 68.2%
at 323 K. This is unusual because in most
catalytic reactions the side reaction is often
suppressed with a decrease in the reaction tem-
perature. A reasonable explanation is that the
side reaction leading to PP has an activation
energy lower than that leading to the desired
product CHP. Under this condition, when tem-
perature decreases, the rate for CHP formation
slows down more than that for the side product
PP formation. Therefore, the amount of CHP
relative to PP is reduced at low temperature.
The oxygen consumption rate also decreases
with temperature, from 825X 10°° M/s at

110

P (kPa)

40 T T T T T

Time (hr)

Fig. 3. The pressure of oxygen P(O,) (V = 0.11 1) as a function of
reaction time in the autooxidation of cumene (10 ml) in the
presence of Co(OAc),-BR-2.0 (0.20 g) at various temperature:
(@): 323K, (0): 333K, (a): 343K, (O): 353K, (m): 363 K.
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Table 3

Product distribution and rate of autooxidation of cumene (10 ml) in the presence of Co(OAc),-BR-2.0 (0.20 g) at various temperatures;

initial P(O,): 100 kPa (V= 0.111)

Temperature (K) a (%) An(O,) (mmol) CHP (mmol) PP (mmol) S(CHP) (%) Rate (1075 M /s)
363 6.95 4.68 4.36 0.61 87.7 8.15
353 6.87 4.42 4.90 101 79.5 7.13
343 7.75 4.90 4.01 153 724 6.03
333 7.19 441 3.65 1.49 71.0 4.64
323 7.28 4.40 355 1.66 68.2 313

All notations are the same as specified in Table 1.

363 K t0 3.13X 107° M /s at 323 K. There-
fore, for the Co(OAc),-BR-2.0 catalyzed
cumene autooxidation, it does not have any
advantage to carry out the reaction at low tem-
perature from the consideration of both the reac-
tion rate and the selectivity to CHP. This con-
cluson may be hold for the autooxidation of
other organic compounds to hydroperoxide cat-
alyzed by a transition metal sat (see Section
3.5).

3.4. Comparison of the effectiveness of polymer
supported and soluble copper carboxylate in
catalyzing the autooxidation of cumene

From the dependence of the autooxidation
reaction of cumene on MS-BR-0.6, we found
that copper acetate is a good choice among the
transition metal salts based on the consideration
of both the reaction rate and the selectivity to
CHP. To understand the effect of polymer sup-
port, we compared the catalytic activities of
Cu(OAc),-BR-0.6 and soluble copper carboxyl-
ate sdts: CuLu, (Lu: laurate, C,;H,,COO™)
and Cu$t, (St: stearate, C,; H,cCOO™). In Fig.
4, a small amount of CuLu, or CuSt, are more
effective in oxygen consumption than
Cu(OAC),-BR-0.6. In contrast to Cu(OAcC),-
BR-0.6, no induction period was observed for
the soluble Cu(ll) carboxylates. The homoge-
neous catalysts also possess faster oxidation
rates. The results of product analyses are shown
in Table 4. In spite of using only about 20
umol of soluble Cu(ll) salt, the oxygen con-
sumption rates is 2—3 times faster than that with

the polymer supported catalyst of 120 wmol
Cu(OAc), in Cu(OAC),-BR-0.6. But the homo-
geneous catalytic systems have a selectivity to
CHP only ca. 70%. This selectivity is inferior to
that catalyzed by the polymer supported cata-
lyst. Furthermore, in the homogeneous Cu(ll)
catalyzed reactions, acetophenone (AP) has been
detected by "H NMR as indicated in Table 4. In
both soluble and polymer supported catalysts,
the copper(ll) ions are coordinated by carboxyl-
ate anions. Therefore, a Cu(ll) coordination
sphere with carboxylate is not a sufficient con-
dition in the copper catalyst to yield both a high
autooxidation rate of cumene and a good selec-
tivity to CHP.

110

P (kPa)

40 T T T T

Time (hr)

Fig. 4. At 363 K, the pressure of oxygen P(O,) (V=0.111) asa
function of reaction time in the autooxidation of cumene (10 ml)
in the presence of catalyst; (@): Cu(OAc),-BR-0.6 (0.20 g) (data
from Ref. [14]), (a): CuLu, (9.6 mg), (O): CuSt, (11 mg).
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Table 4

Product distribution and rate of the autooxidation of cumene (10 ml) in the presence of Cu(OAc),-BR-0.6 (0.20 g), or various homogeneous

catalysts at 363 K; initial P(O,): 100 kPa (V=0.111)

Catalyst a (@) An(O,) (mmol) CHP(mmol) PP(mmol) AP?(mmol) S(CHP)(%) Rae(107°M/s)
Cu(OAC)Z-BR-O.Gb 6.39 4.54 4.46 011 0 97.6 2.76
CuLu§ 6.74 421 357 1.06 0.19 74.1 5.02
CuStg 6.57 3.96 3.18 1.33 0.19 67.7 8.32

All notations are the same as specified in Table 1.
SAP: acetophenone.

PData from Ref. [14].

€9.6 mg (21 wmol) copper(ll) laurate.

911 mg (17 wmol) copper(ll) stearate.

3.5. Mechanistic interpretation on the selectivity
of CHP in cumene autooxidation catalyzed by
transition metal salt supported on polymer

The mechanism of the autooxidation or
cumene [16—18] can be described by the follow-
ing equations:

Initiation:

RH—-R- (1)
ROOH - RO - + - OH (2)
Propagation:

R-+0,— R0OO- 3
ROO- + RH - ROOH + - R (4)
Termination:

2R0OO0 - — inactive product (5)
2R- =R, (6)
R -+ ROO- - ROOR (7)
Branching:

ROOH + R- - ROH + RO - (8)

When the autooxidation reaction is catalyzed
by a transition metal salt, additional reactions
[19—-22] are included in the mechanism

ROOH + M"* - RO - + M™*D* 4+ OH™  (9)
MDD+ + ROOH > M"*+ ROO- + H™

(10)

Egs. (1) and (2) are the initiation mechanism

for the therma autooxidation. The presence of

transition metal salt may catalyze the initiation
reaction in Eqg. (1). In addition, it can also

generate more radicals by the redox reactions in
Egs. (9) and (10). The radicals produced in Egs.
(9) and (10) can participate in the reactions in
Egs. (3)—(8) directly or after further reaction.
Therefore, in general, the transition metal salt
can catalyze the autooxidation of cumene. The
absence of catalytic activity of Ni can be at-
tributed to the inability of Ni(ll) to participate in
Egs. (9) and (10). This is reasonable because
both Ni(l) and Ni(Ill) are highly unstable [20].
The ineffectiveness of Cr(NO,) ,-BR-0.6 may be
attributed to the difficulty of Cr(lIl) to change
its oxidation state. In Cu(OAc),-BR-0.6,
M +D+ in Egs. (9) and (10) is assigned to
Cu(ll), and M"" is assigned to Cu(l). This
assignment is based on the consideration that
Cu(lll) is inaccessible in this reaction because
of this uncommon oxidation state. The reason
that the Co(OAc),-BR-0.6, Mn(OAc),-BR-0.6
and FeCl -BR-0.6 supported catalysts have a
high oxidation rate is that these metal ions have
easily accessible + 3 oxidation states. For these
catalysts, the reactions in Egs. (9) and (10) are
very effective. Therefore, the radical concentra-
tion in the cumene autooxidation reaction
medium is high when these catalysts are pre-
sent. When Cu(OAc), is used as catalyst, the
rate of radical buildup (reactionsin Egs. (9) and
(10)) is moderate that lead to an autooxidation
reaction rate that is faster than that initiated by
CHP.

We carried out experiments to test the abili-
ties of Co(OAc),-BR-0.6 and Cu(OAc),-BR-0.6
in decomposing cumene hydroperoxide. We
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added 0.1 g of each catalyst separately to two
5.0 ml cumene solution of 0.23 M in CHP under
N, at 363 K. After 3-h reaction time, the con-
centration of CHP was measured to be 0.12 M
for the CHP solution containing Co(OAc) ,-BR-
0.6. For the CHP solution containing Cu(OAC) ,-
BR-0.6, the concentration of CHP was 0.19 M
after a 10-h reaction period. These results are
consistent with our explanation that the buildup
of radical concentration comes from the decom-
position of CHP by the transition metal salt.
Furthermore, these results also indicate that
Co(OAc)-BR-0.6 is more effective than
Cu(OAC),-BR-0.6 in decomposing CHP.

The mechanism for the cumene autooxidation
in Egs. (1)—(10) can also be used to explain the
peculiar phenomenon that the selectivity of CHP
in cumene autooxidation catalyzed by
Co(OAC),-BR-2.0 decreases with temperature.
The rate determining step in CHP formation is
the hydrogen abstraction in Eq. (4). This reac-
tion involves the cleavage of a C—H bond, and
is expected to have a high activation energy.
When temperature decreases, the reaction rate
of Eq. (4) reduced rapidly. However, the pro-
duction of radicals from the redox reactions in
Egs. (9) and (10) is a low activation process in
comparison with that of Eq. (4). Therefore,
when temperature decreases, the reaction rate of
Eq. (4) is reduced more than those of Egs. (9)
and (10). In other words, the rate of production
of CHP slows down more rapidly than that of
its decomposition. Therefore, in Co(OAc) -BR-
0.6 catalyzed autooxidation of cumene, the de-
crease of the selectivity of CHP with tempera
ture can be satisfactorily accounted for. In gen-
eral, the autooxidations of organic compounds
follow the same mechanism as listed in Egs. (1)
and (10). The same reasoning given for cumene
should also be applicable to other organic com-
pounds. Therefore, we expect that the selectivity
to organic hydroperoxide decreases with tem-
perature in the autooxidations of organic com-
pounds catalyzed by a transition metal salt.

In the cumene autooxidation to produce CHP,
whether under the catalyzed or thermal condi-

tions, the major reaction side product is PP.
This side product is produced mostly from the
hydrogen abstraction reaction of alkoxy radical,

RO- +RH > ROH +R- (12)

The alkoxy radical can be produced from the
branching reaction in Eq. (8). This branching
reaction is important when R- cannot react
rapidly with O, when O, concentration is low
or when there is an sufficient amount of ROOH.
On the other hand, the termination reaction Eq.
(5) can aso lead to the formation of the alkoxy
radical. Two pathways for the termination of
two ROO - radicals have been established for
tertiary peroxy radical [16—18].

2RO0- - 0, + ROOR (12)
2RO0- - 0, + 2RO~ (13)

Eq. (13) is the major pathway for the tertiary
akoxy radical. Therefore, both the termination
reaction Eq. (5) and branching reaction Eq. (8)
lead to the result that PP is the magjor side
product. We have examined carefully the prod-
ucts in the 323 K reaction listed in Table 3. In
the 'H NMR spectrum of the reaction mixture,
there is no trace of ROOR, in confirmation to
the significance of Eq. (13) relative to Eq. (12).

The redox potentials of the metal ions in the
supported catalysts are greatly affected by their
environments. But the different catalytic oxida
tion rates for various catalysts in Table 1 cannot
be explained on the basis of the redox potential
differences. This is because the redox potential
is an equilibrium quantity whereas the oxidation
rate is an kinetic quantity.

In the autooxidation of cumene catalyzed by
soluble copper(Il) carboxylates, the oxidation
rates (Table 4) are about as fast as that cat-
adyzed by MSBR-0.6 (Table 1, MS=
Co(OACc),, Mn(OAc), and FeCl,). However,
the selectivity to CHP is poor. Therefore, Cu(ll)
catalytic center coordinated by carboxylate is
not a sufficient condition for the polymer sup-
ported catalyst to be effective. The polymer
support must contribute significantly to the be-
havior of Cu(OAc),-BR-0.6. One possible ex-
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planation is that when the metal ions change
their oxidation states in Egs. (9) and (10), the
polymer support exerts some effect on this
change of oxidation states. For the metal ionsin
Mn(OAc),-BR-0.6, FeCl,-BR-0.6 and
Co(OAc),-BR-0.6, the most common coordina-
tion numbers are six regardless of the oxidation
states of metal ions being +2 or +3. There-
fore, there is no mgjor change of the coordina-
tion environments during oxidation state change
for Co(OAc),, Mn(OAc), and FeCl, on poly-
mer support. The coordination number of Cu(ll)
is most likely 4 (square) or 5 [23]. On the other
hand, the most common coordination number of
Cu(l) is 4 (tetrahedral). The coordination num-
ber 3 is also common for Cu(l) as in hemocya
nine and its model compounds [24—-28]. There-
fore, for copper salt catalyst, the oxidation state
change in Egs. (9) and (10), is accompanied
with a major change of the coordination envi-
ronment around copper center. In soluble cop-
per salt, copper ion is free to adjust its coordina-
tion environment. On the contrary, in a polymer
support, the adjustment is hindered by the poly-
mer backbone. Therefore, polymer supported
copper sat has a slow and effective rate of
generating radicals by Egs. (9) and (10). How-
ever, the hydroperoxide is not decomposed ex-
cessively in the presence of Cu(OAc), sup-
ported on Bio-Rex 70. Therefore, the selectivity
to CHP is high. It becomes an effective catalyst
for the cumene autooxidation to produce CHP.
For Mn(OAc),-BR-0.6, FeCl,-BR-0.6 and
Co(OAC),-BR-0.6 catalysts, the reaction ratesin
Egs. (9) and (10) are fast, therefore, the cumene
autooxidation rate is fast and the selectivity to
CHP is low.

4. Conclusion

From the results of cumene autooxidationsin
the presence of a series of transition metal salts
supported on Bio-Rex at 363 K, we found that
Cu(OAC),-BR-0.6 is the best catalyst. This cata-
lyst gives a fast autooxidation rate and a high

selectivity to CHP. The soluble copper(ll) lau-
rate or stearate catalyst can enhance the cumene
autooxidation rate but it gives a poor selectivity
to CHP. The major difference between the poly-
mer supported and soluble Cu(ll) catalytic cen-
ter may be attributed to that in the polymer
surrounding, the rate of redox decomposition of
CHP is reduced by hindering the oxidation state
change of copper center, whereas in soluble
catalyst no such hindrance exists. We also found
that in Co(OAc),-BR-2.0 catalyzed autooxida
tion, the rate of oxidation decreases with tem-
perature. However, unexpectedly, we found that
the selectivity to CHP also decreases with tem-
perature. This is attributed to that the formation
of CHP has an activation energy higher than
that of the catalyzed redox decomposition of
CHP. Therefore, when temperature decreases,
the rate of CHP formation is reduced more than
that of CHP decomposition, leading to the ob-
served trend in selectivity.
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