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Terephthalic Acid by Single-Stage Oxidation 

p-Xylene can be oxidized to give high yields of terephthalic acid under 
mild conditions, using a cobalt catalyst and a ketone activator system 

Important variables are oxy- 
gen pressure and concentra- 
tions of 

b catalyqt b water 
b ketone b xylene 

T E R E P H T H A L I C  ACID is useful in mak- 
ing condensation polymers, and its 
preparation by autoxidation of p-xylene 
has received much attention ( I ,  79). A 
process has been reported in which yields 
above 90% were obtained by using a 
high concentration of cobalt catalyst and 
a ketone activator (6). This report 
discusses the effect of reaction variables 
on the rate and course of this unique reac- 
tion. 

Experimental 

Materials. Cobaltous acetate tetra- 
hydrate was dried at room temperature. 
Cobaltic acetate was prepared by oxidiz- 
ing cobaltous acetate in acetic acid in the 
presence of acetaldehyde (22). Glacial 
acetic acid contained 0.570 water. An- 
hydrous acetic acid was prepared with 
boron triacetate. Liquid reagents were 
distilled through a 3-foot helices-packed 
column. $-Xylene was obtained from 
Oronite Chemical Co. and was designated 
98Y0 pure. The major remaining com- 
ponents were m- and o-xylene, ethylben- 
zene, and toluene. Chloroxylene (boil- 
ing point, 183 ’ to 186 ’ C. ; n?, 1.5227) 
was prepared by the method of Wahl 
(27). Toluic acid was prepared by oxi- 
dizing xylene in the absence of a solvent 
and recrystallizing twice from benzene. 
All other materials were purchased and 
were analytical reagent grade. 

Apparatus and General Procedure. 
When the reaction flask was immersed 
in a constant temperature bath at 90 C., 
the temperature measured in the reaction 
solution itself reached as much as 12 ’ C. 
higher. Also, it was not possible to 
operate without an  off gas. The first 
difficulty was overcome by using a 
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Thermocap control relay connected to a 
0.2’ aniline point thermometer to con- 
trol a Glas-col mantle which heated only 
the lower part of the reaction flask. The 
upper portion of the flask was cooled with 
air. U.S.P. oxygen passed through a “T” 
connection to a controlled leak, a potas- 
sium hydroxide trap, a water bubbler, a 
wet test meter, a drying tower, and then 
into the reaction flask. Exit gas from 
the reaction left a condenser and passed 
through a dry-ice trap and traps con- 
taining Drierite, or Ascarite and Drierite, 
and then to a wet test meter. 

The reaction solution was pipetted into 
the reaction flask. After rapid heating 
to the required temperature, the Thermo- 
cap was set, gas flow started, meters 
zeroed, and magnetic stirring initiated. 
Off gas was adjusted to between 10 and 
1 2  ml. per minute. When the reaction 
became exothermic, the cooling air was 
adjusted. 

A standard solution of 1 .OM p-xylene, 
0.1M cobalt acetate, and 0.1 or 0.2M 
methyl ethyl ketone was prepared for 
rate studies, which contained 9.2 mg. 
of water per ml. Analysis (20) showed 
the three solutions required in the course 
of the study to be 0.095, 0.094, and 
0.096M in cobalt. 

Between stirring rates of 800 and 
1200 r.p.m., no effect of stirring on the 
reaction was observed. In this range, a 
cone of gas extends from the surface of 
the liquid to the bottom of the flask 
leaving the Teflon bar exposed. In- 
troducing the gas a t  the surface gave 
the same rates as when inlet tubes led 
below the liquid surface and it avoided 
plugging with solid product. The effect 
of oxygen concentration was-determined 
by substituting cyclinders containing 

Products in Moles for Several Reactions 
TerA 

thalic Toluic Re- Re- 
Acid Acid Found quired Found quired 

0.14 0.12 0.41 0.40 0.714 0.600 
0.15 0.11 0.44 0.46 0.746 0.615 

1.00 0.818 0.27  0.005 

eph- p-  Water - Oxygen 

mixtures of oxygen and nitrogen for the 
cylinder of pure oxygen usually used. 
The mixtures were analyzed with a 
Burrell apparatus and a Beckman oxy- 
gen analyzer. 

The oxygen consumed during a reac- 
tion was determined periodically from 
the inlet and exit gas wet-test meter 
readings and was corrected for tempera- 
ture and the vapor pressure of water. 

Water in reaction solutions was deter- 
mined by the Karl Fischer titration 
procedure which was checked against 
prepared standards. Cobaltic ion was 
titrated by the method of Noyes and 
Deahl (75). Samples removed directly 
from the reaction were pipetted into a 
standard ferrous sulfate solution and 
back-titrated with permanganate. In  
the early stages of an oxidation, slightly 
more permanganate was sometimes con- 
sumed than required by the ferrous 
sulfate blank indicating interference by a 
reducing agent, perhaps a peroxide. 
Yields of p-toluic and terephthalic acid 
in incomplete reactions were determined 
by diluting with water and partially 
neutralizing the acetic acid solvent. 
After filtering the combined solid acids, 
toluic acid was separated by extraction 
with alcohol. 

These Compounds May Be Oxidized 
Alkyl  Aromatics Acids 

p -Xy I ene Terephthalic 

m -Xy I ene lsophthalic 

FROM Toluene TO Benzoic 

Chloroxylene Chloroterephthalic 

o -Xy I ene o-Toluic 

p-Toluic Terephthalic 
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Cobaltic ion reaches 5270 of the initial 
cobaltous acetate concentration in 6.1 
hours and then decreases to 447, by 24, 
hours. 

p-  and m-Xylene. In  a typical re- 
action, a 1 M  solution of fi-xylene in 
glacial acetic acid, 0.1M in cobalt 
acetate tetrahydrate, and 0.2M in 
methyl ethyl ketone is allowed to react 
with oxygen with efficient stirring a t  
90' C. and a t  atmospheric pressure. 
Following a n  induction period of ap- 
proximately 6 hours, characterized by a 
change in color of the reaction solution 
from purple to dark green and an in- 
creasing rate of oxygen absorption, a 
rapid reaction ensues, after which the 
rate gradually decreases. After 24 hours, 
the reaction was cooled and terephthalic 
acid filtered out. The product was 
washed with water or acid until pure 
white and dried a t  100" C. to give a 
93y0 yield. The neutral equivalent was 
83 (calculated 83) and ignition residue 
0.04%. The dimethyl ester after one 
recrystallization melted a t  140.3' to 
140.6' C. 

m-Xylene and mixtures of rn- and 
fl-xylene were oxidized in the same 
manner to give yields of isophthalic acid 
or mixed dicarboxylic acids of about 
93%. The filtrate from all oxidations 
could be made up to the initial concen- 
trations in xylene and ketone and the 
reaction duplicated. 

Other Alkyl Benzenes. The oxida- 
tion of 42 grams (0.3 mole) of chloro- 
xylene in 300 ml. of acetic acid contain- 
ing 4.2 grams (0.06 mole) of methyl 
ethyl ketone and 7.5 grams (0.03 mole) 
of cobalt acetate at  90° C. for 28 hours 
gave 35 grams of chloroterephthalic acid 
or 58.5y0 yield. When this was re- 
peated after adding 2 ml. of methyl 
ethyl ketone peroxide (Lupersol DDM) 
to eliminate the induction period, 40 
grams of product were obtained in 31 
hours. The dimethyl ester (melting point 
56 O to 58 ") was prepared in 82Y0 yield by 
heating a methanol solution saturated 
with hydrogen chloride for 4 hours. 
Dilution of the oxidation filtrate yielded 
3-chloro-4-methylbenzoic acid. Recrys- 
tallization from 50y0 methanol gave 
a melting point of 196" C. [reported 
194-6' C. (711. 

One mole of toluene in 500 ml. of 
acetic acid was oxidized in the usual 
manner a t  90' C. for 24 hours to give 
an 89% yield of pure benzoic acid. 

The oxidation of 34 grams (0.25 mole) 
of p-toluic acid in 250 ml. of solution 
containing 1.8 grams (0.025 mole) of 
methyl ethyl ketone and 6.2 grams (0.025 
mole) of cobalt acetate a t  90" C. ran 31 
hours. Rapid consumption of oxygen 
began after 10 hours. Filtration of the 
reaction mixture gave 34.1 grams, (82y0 
yield) of terephthalic acid with a neutral 
equivalent of 84. 

Ethylbenzene was oxidized a t  90' C. 
for 48 hours. The solution was diluted 

2.4 I t 

2.21 

2,01 1 5  

I. 6' 

0 2 a 6 8 13 1 2  14 I6 
T 1 1 ~ e  ( H o d  

Halving the methyl ethyl ketone concen- 
tration does not affect the maximum 
xylene oxidation rate 

Ketone concentration: A, 0.2M; B, 0.1M 

with ice water and made just alkaline 
with 207, potassium hydroxide and then 
acid with hydrochloric acid. Extraction 
with ether and removal of the ether gave 
22.5 grams of residue. Fractionation 
gave 9.2 grams of ethylbenzene a t  
45" C. (and 30 mm. of mercury), and 
9 grams (25y0 yield) of acetophenone 
a t  102" C. and 30 mm. of mercury, 
identified by its 2,4-dinitrophenylhydra- 
zone derivative. 

A liter of solution containing 106 grams 
(1.0 mole) of o-xylene, 24.9 grams (0.34 
mole) of methyl ethyl ketone, and 24.9 
grams (0.1 mole) of cobalt acetate was 
oxidized for 24 hours a t  90" C. Solvent 
was removed by distillation and the resi- 
due added to 100 ml. of hydrochloric 
acid which was then diluted to 3.0 liters 
with water. The product was filtered, 
washed: and dried to give 92.5 grams 
(68y0 yield) of o-toluic acid with a melt- 
ing point of 98' C. and a neutral equiva- 
lent of 135 (calculated 136). 

Any- retarding effect of carboxyl 
group cannot result from an inter- 
molecular effect. This \vas demon- 
strated by the oxidation of 1.OM 
toluene in the presence of 10% benzoic 
acid. Compared to toluene alone, the 
induction period was unchanged and, 
although the second-order plot did not 
fit well, the rate appeared to be slightly 
faster. 

Other Experiments with p-Xylene. 
To test the effect of base, a standard 
oxidarion was made, using 0.1M 
potassium acetate. There was no 
change in rate or yield. O n  the other 
hand, the use of a strong soluble acid, 
trichloracetic acid, was detrimental- 
negligible oxygen was consumed in 24 
hours. The addition of 2 ml. of either 
methyl elhyl ketone peroxide or a 25% 
solution of acetyl peroxide was effective 
in shortening the induction period to 4.5 
and 4.6 hours, respectively, but had no 

effect on the rate. Benzoyl peroxide, 
di-tert-butyl peroxide, or tert-butyl hy- 
droperoxide were unable to shorten the 
induction period. Ketones, in addition 
to numerous other compounds unsuitable 
for the present reaction, were first em- 
ployed as initiators by Loder who ob- 
tained a 2.070 yield of phthalic acids 
from mixed xylenes (74) .  

Results and Discussion 

Reaction condidons are limited to the 
use of cobalt and a ketone containing a n  
a-methylene group. Thus. with man- 
ganese acetate, nickel acetate, potassium 
permanganate, and chromium acetate 
the oxidation fails. 2,5-Hexanedione 
successfully activates the catalyst but 
acetone does not. Aldehydes are active 
but are consumed rapidly and must be 
used in greater than molar quantities 
(9,  70). Formaldehyde, trioxane, and 
paraformaldehyde failed to function. 

A sigma rate curve, typical of many 
autocatalytic reactions, is obtained by 
following the oxygen consumed with 
time. This was of little use in assessing 
the effect of reaction variables on 
rate. However, in the illustrated plot 
of l / C m e t h y l  LS. time, curve A gave a 
straight line whose slope was used for 
rate comparisons. A specific rate could 
not be obtained primarily because rate 
depends on ox)-gen concentration and 
concentration of a gas in a solvent is diffi- 
cult to measure under nonequilibrium 
conditions. The induction period, taken 
as the intersection of the line with the 
time axis. is reproducible within ap- 
proximately 1 Oq/, . 

With the efficient agitation used, con- 
sumption of oxygen was never linear 
with time; therefore rate is not expected 
to be diffusion-limited and the treat- 
ment described is valid. The reaction 
does appear independent of rapid stirring 
speeds, although with very slow agitation, 
both the rate and yields are strongly 
affected. 

By determining the water and car- 
boxylic acids formed for both the com- 
pleted and several interrupted reactions, 
the over-all reaction can be ascertained : 

C H ~ ~ C H ~  __ + 30,+ 

H O O C a C O O H  - + 2Hz0 (1) 

The oxygcn consumed is always higher 
than that required by the products 
shown on the right. The oxidations of 
methyl ethyl ketone and cobaltous ion, 
although they do not proceed to comple- 
tion, theoretically- require slightly more 
than 10% as much oxygen as Reaction 1, 
and along with the formation of carbon 
dioxide they help to account for the 
excess oxygen consumed. 

That  small amounts of added water 
affect oxidation rate only slightly (Table 
I) might result from the change in solva- 
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TEREPWTWALIC ACID 

Table 1. Water Affects the Oxidation 
of p-Xylene" 

Added Total Induction 
Water, Water, Relative Period, 
NIl./L. Ml./L. Rate Min. 

None 9.2 l.OOb 370 
16.5 25.7 0.94 390 
82.2 91.7 0.80 c 

165.0 174.2 0.80 
None 9.2 l.OOd 150 
33.0 42.2 0.71 310 
82.5 91.7 e 

E 

a 0.92M p-xylene, 0.09M cobalt acetate. 
0.18M Methyl ethyl ketone a t  90' C. 
Water added after linear rate obtained. 

d0.092M methyl ethyl ketone at  looo C. 
a No absorption. 

tion for the cobalt catalyst. In contrast, 
the induction period is increased and no 
reaction with oxygen occurs when 9.2y0 
water is present. The rates given for 
reactions containing this quantity or 
more of water are obtained by adding the 
water after initiation and attainment of 
a linear rate in the absence of water. A 
slight secondary induction period is then 
observed, followed by a linear plot. Al- 
though some complication may be intro- 
duced by the effect of water on the oxy. 
gen solubility, the marked effect of water 
on the initiation process appears to be 
real. When water normally present 
in the glacial acetic acid medium and 
water of hydration of cobaltous acetate 
is removed with acetic anhydride, catalyst 
precipitates from solution and no reac- 
tion occurs. 

An inverse relationship between rate 
and temperature, holds between 100" 
and 70" C. (Table II) ,  thereaction being 
most rapid at  the lower temperature. A 
very strong and more expected effect is 
exerted on the induction period which 
increases from approximately 3 hours a t  
100" C. to 27 hours a t  70" C. Lowering 
the reaction temperature to 60" C., which 
required initiation at  100" C., shows the 

Table I I .  Effect of Temperature Was 
Not Predictable 

Temp., Relative Induction 02 Solu- 
.a c. Rate" Period bilityb 

100 1.0 2.5 10.4 
90 1.8 6.0 14.6 
80 4.4 12.9 17.2 
70 4.9 27.1 19.7 
70 3.9 c 19.7 
60 1.4 c 22.7 

" 1.0-44 p-xylene, 0.1M cobalt acetate: 
K = 0.28 1. mole-' hr. -1 at 90' C. Cal- 
culated with the Henry's law constants for 
water (1.9) and the vapor pressure data for 
acetic acid, p-xylene, and methyl ethyl 
ketone (15). c 3.5 hr. a t  looo C. 

usually anticipated rate decrease but 
cannot be considered comparable to a 
reaction initiated and maintained at  a 
single temperature. This is evident 
from the slower rate resulting at  70" C., 
when the induction period is first 
shortened by initiation at  100" C. 

The apparent negative activation 
energy is probably a reflection of the 
change in oxygen solubility with temper- 
ature. Using equilibrium values and 
assuming, in the absence of the desired 
data, the solubility of oxygen in acetic 
acid to be close to that in water, it can 
be shown that to obtain a decrease in 
rate with a rise in temperature, a de- 
pendency on oxygen concentration to 
greater than the second power is re- 
quired. High dependencies have been 
reported rarely but were supported in 
the present case by a study of the ef%ect 
of oxygen pressure. I t  is interesting 
to note that the quantity of oxygen as- 
sumed in solution a t  80" C. would be 
entirely consumed in 0.02 minute if 
removed at  the absorption rate observed 
at  soy0 reacted. 

The. effect of oxygen concentration 
was studied using various mixtures of oxy- 
gen and nitrogen under conditions identi- 
cal to those employed with pure oxygen. 
The results, shown in Table 111, indicate 
that a decrease in oxygen pressure results 
in a decrease in rate and increase in 
inhibition period. The lack of reaction 
with 20% oxygen is surprising, because 
i t  is difficult to visualize an acceptable 
initiation process so strongly dependent 
on oxygen concentration. 

The concentration of added cobaltous 
acetate within the range covered has little 
effect on the rate (Table IV). The 
induction period, however, has a strong 
inverse dependence on catalyst con- 
centrations. This sets a lower limit on 
the quantity of catalyst which may be 
used; a concentration as low as O.Ol6M 
leads to an impractical induction period 
of 28.4 hours. Even this concentration 
of catalyst is greater than that usually 
employed in autoxidations, clearly indi- 

Table 111. Dependency on Oxygen 
Was Strong 

% Relative Induction 
Oxygen Hate" Period, Hr. 

100 1.00 6.2 
90 0.56 5.3 
74 0.13 16.9 
20 0.02 b 

a 1.OM p-xylene, 0 1M cobalt acetate, 
Started 0.2M methyl ethyl ketonc. a t  90' C 

with 10070 oxygen. 

shows an abrupt decrease in the rate at 
2 / a  reacted, both at  90" and 100' C. At 
the higher concentration this phe- 
nomenon is eliminated and the rate is the 
same as the early rate obtained a t  the 
lower concentration. A partial function 
of the ketone may be to chelate the 
catalyst, a minimum concentration be- 
ing required for this purpose. The 
oxidation of methyl ethyl ketone alone 
to acetic acid has been extensively in- 
vestigated ( 7 8 )  but not under conditions 
resembling those occurring in the present 
case. Therefore, an oxidation of 0.2M 
methyl ethyl ketone in the absence of 
p-xylene was conducted using a 0.09M 
solution of cobalt acetate in glacial acetic 
acid at 100" C. The data fit a first-order 
plot and give a kl value of 1.37 X 10-2 
min.-' The half life of 50 minutes for 
methyl ethyl ketone alone is considerably 
less than the 714-minute half life of the 
p-xylene oxidation at  this temperature. 

The net result of oxidizing methyl ethyl 
ketone alone in the presence of a high 
cobalt concentration is to produce an  
active catalytic solution, for when 0.5 
mole of p-xylene is added to the final 
oxidate obtained, the oxidation proceeds 
readily until 7170 of theoretical oxygen 
is consumed. It appears that cobaltic 
ion functions as an initiator and that an 

cating that high catalyst concentration 
is one of the unique characteristics of the Table I". Effect Of p-xylene and 
present reaction. Catalyst Concentrations 

The role of the catalyst and its rela- 
tionship to ketone is related to the pro- 
duction of cobaltic ion and the oxidation 
behavior of methyl ethyl ketone alone. 
The concentration of cobaltic ion found 
in final reaction mixtures obtained from 
oxidations under various conditions show 
that conditions favoring the rate are 
accompanied by high conversions of 
cobaltous to cobaltic ion. Thus, the 

'oxidation at  80" C. left 59y0 of the 

Mole/L. 
1.0a 
0. 75e 
0. 50a 
O.5Ob 

0.100 
0.050 
0.016 

p-Xylene 
Relative Induction 

1.0 6.2 
1.8 7.15 
3.2 7.6 
3.8 13.2 

Rate Period, Hr. 

>ob& Acetatec 
1.0 6.2 
1.2 14.4 
1 .o 28.4 

catalyst in the higher oxidation state. " 0.1M cobalt acetate, 0.2111 methyl ethlyl 

ethyl ketone "aCtiVator," 0.1M and methyl ethyl ketone. e i.01M p-xylene, 
0.2M, were studied. 

Only concentrations Of the ketone. b 0.05iW cobalt acetate, 0.1M 

At the lower con- 0.2M methyl ethyl ketone. 
centration, curve B in the illustration 
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oxidizing mixture of p-xylene alone is not 
effective in maintaining the required 
cobaltic concentration. A more quanti- 
tative check is obtained by oxidizing 
p-xylene in the absence of any ketone 
with a 0.2M concentration of separately 
prepared cobaltic acetate. After an  
induction period of 6 hours, a relative 
rate the same as that usually obtained 
with cobaltous acetate and ketone is ob- 
tained. At 60YO reacted. the relative 
rate then falls to 0.36. Despite the ease 
of oxidation of methyl ethyl ketone some 
of it is able to survive the oxidation of the 
p-xylene because a t  87Y0 reacted, a 
quantity of ketone equivalent to 49& of its 
initial concentration was isolated as 
its 2,4 - dinitrophenylhydrazone. This. 
along with the falling off of the rate at 
the lower ketone concentrations as with 
cobaltic acetate alone, is consistent with 
a role for the ketone of not only producing 
cobaltic ion during the induction period 
but of maintaining the required ratio of 
cobaltic to cobaltous ion after the maxi- 
mum rate is attained. 

Using the usual 0.2M methyl ethyl 
ketone and 0.1.44 cobalt acetate, de- 
creasing initial p-xylene concentration 
results in an  increase in rate (Table IV). 
That  this inverse relationship is not 
caused by the increase in the activator 
and catalyst to p-xylene ratio is shown 
using concentrations of ketone and cobalt 
of 0.1M and O.O5M, respectively. De- 
creasing the initialp-xylene concentration 
effects only a slight increase in the induc- 
tion period. 

The  Oxidation of Other Alkyl 
Benzenes. Several other alkyl aro- 
matic compounds (Table V) were in- 
vestigated with somewhat surprising 
results. No very large differences in 
rates are observed for any of the di- 
substituted benzenes. The behavior of 
p-toluic acid, as anticipated, and of p -  
xylene does not conform to the concept 
that a p-carboxyl substituent strongly 
inactivates the oxidation of a methyl 
group (1) .  This effect is only retarding 
and a %?yo yield of terephthalic acid was 
actually obtained from p-toluic acid. 
However, when the carboxyl group is in 

the ortho position the methyl group be- 
comes strongly resistant to oxidation as 
o-xylene yields only o-toluic acid. When 
the rate for o-xylene is calculated on the 
basis of a single methyl being available 
for oxidation, it is found to be only 0.37 
times that of toluene; this indicates 
that even o-methyl has a retarding effect. 
The effect is further demonstrated by 
chloroxylene whose rate is not only less 
than that of p-xylene but which yields 
3-chloro-4-methylbenzoic acid and no 
2-chloro-4-methylbenzoic acid as the 
incompletely oxidized by-product. 
Chloroxylene may be forced by long 
reaction times to yield the terephthalic 
acid derivative. 

A crude analysis of the effect of meta 
and para substitution indicates that the 
rate decreases in going from methyl to 
chlorine to carboxyl. The effect of a 
single meta or para methyl group (R, in 
Table V) may be obtained by considering 
the rates for the xylenes to be an average 
of the effects of carboxyl and methyl. 
O n  applying these values to the Hammett 
equation (8), a good straight line rela- 
tionship is observed yielding a rho value 
of -0.95. This indicates oxidation is 
favored by a high electron density a t  the 
reaction site. Although it is logical to 
assume that highly positive cobalt is 
involved in a step slow enough to in- 
fluence the rate, it must be pointed out 
that polar effects have frequently been 
observed for the attack of neutral free 
radicals on benzylic hydrogen ( 7 7). For 
the noncatalvtic oxidation of aralkyl 
hydrocarbons, Russell ( 76) has reported 
a negative rho for the propagation steps. 

Mechanism. High catalyst concen- 
tration requirements and gradual trans- 
formation of the catalyst to the higher 
valency state in the period preceding 
the maximum oxidation rate suggest the 
following initiation step : 

Co+++ + RH 4 Co++R. + H i  

This reaction was advanced (3 )  for the 
oxidation of trimethylethylene in acetic 
acid. 

The cobaltic ion is regenerated by the 
reoxidation of cobaltous ion by hydro- 

Table V. Other Alkyl Aromatic Compounds May Also Be Oxidized 
Induction Bestb 

Relative Period, Yield, 
Compounda Rate, R Hr. Product,b Acid % xc 

p-Xylene 1.00 6 Terephthalic 95 p-CH3 1.75“ 
m-Xylene 0 . 6 9  7 Isophthalic 90 m-CH3 1 .  13e 
Toluene 1.00 1 1  Benzoic 89 H 1 .o 
Chloroxylene 0.65d 6 Chlorotere- 75 m-C1, 0 .65  

phthalic P-CHs 
o-Xylene 0 .22  4 o-Toluic 76 o-CH3 0 . 3 7  
p-Toluic 0 .25  10 Terephthalic 92 p-COOH 0.25  
Ethylbenzene Slow None (Acetophenone) 25 

a 1 . O M .  Reaction times extended until no further reaction occurs-usually 24 hr.  or more. 
e R, = 2R- In XArCH3. d Relative rate calculated for oxidation of single methyl group. 

RCOOE. 

peroxide formed in the now commonly 
accepted propagation steps (5) which 
involve a reaction of the alkyl radical 
with oxygen to produce a peroxy radical, 
followed by hydrogen abstraction. I n  
the present case, the increased stability 
of benzyl radicals should lead to shorter 
chains while benzyl hydroperoxides may 
not efficiently regenerate cobaltic ion 
and radical fragments capable of initia- 
tion. The function of the more easily 
oxidized ketone may then be to produce a 
peroxide capable of readily oxidizing 
cobaltous ion. Peroxy radicals produced 
in the ketone oxidation may also be ca- 
pable of chain transfer by hydrogen ab- 
straction with the hydrocarbon but, be- 
cause ketone concentration does not 
have a direct effect on rate, this does not 
seem to be a dominant factor. The 
complicated nature of cobalt acetate in 
acetic acid is well recognized (4 ,  77) and 
complexing with the ketone is also in- 
volved. Oxidation of the aldehyde pro- 
duced on hydroperoxide decomposition 
is a rapid reaction proceeding through 
the peracid and yielding the final car- 
boxylic acid product (2). 
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