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The autoxidation of 2,6-dialkyl substituted phenols has been studied using salcomines, the 
complexes derived from cobalt (II) and schiff bases of salicylaldehyde and ethylenediamine, 
and metal phthalocyanines (M-PC) in N,N’-dimethylformamide. With salcomines and Co(II)- 
PC, the predominant products are the corresponding 2,6-dialkylbeneoquinones along with some 
minor quantities of 3,3’,5,5’-diphenoquinones. This is the first reported use of a phthalocyanine 
complex in selective oxidation of disubstituted phenols. Solvent and temperature affect the 
course of oxidation and the selectivity to products. With phthalocyanine complexes of Cu(II), 
Mn(II), or Fe(II), diphenoquinone compounds originating from the coupling of aroloxy radicals 
are favored over benzoquinones. Mechanistic aspects are proposed to explain the course of 
oxidation. 
Salcomines also catalyze the oxidation of monoalkylphenols and phenol but require higher 
temperature and more severe conditions. Co(II)-PC, the most active of the phthalocyanine 
complexes tested, also catalyzes the oxidation of monoalkylphenols to a limited degree but does 
not affect phenol itself. 

INTRODUCTION 

The catalytic oxidation of hindered phe- 
nols has been studied rather extensively 
during the last several years. A large num- 
ber of oxidizing agents have been used 
with different phenols (1-S). A radical 
mechanism involving the transfer of one 
electron from phenol to an oxidant result- 
ing in the formation of a phenoxy radical 
has almost always been postulated (S,4). 
This can be explained by the resonance be- 
tween the structures shown. After the initial 
step, a variety of products can be formed as 

1 Presented in part at the 169th National Meeting 
of the American Chemical Society, Philadelphia, Pa., 
April 1975. 

the resultant phenoxy radical undergoes a 
complex series of reactions. The literature 
(5-8) is extensive on autoxidation of phe- 
nols catalyzed by transition metal com- 
plexes. The catalyst is generally a cobalt-, 
manganese-, or copper-amine compound 
and the products of oxidation reactions are 
their corresponding benzoquinones, diphe- 
noquinones, polyphenylene ethers or com- 
bination of them. The selectivity to a par- 
ticular product depends upon the catalyst, 
solvent, and the phenolic compound. 

The oxidation of 2,6-disubstituted phe- 
nols catalyzed by salcomine [bis (salicylal- 
dehyde) -ethylenediamine-cobalt (II)] and 
its derivatives is of interest because it af- 
fords a system in which the relationship 
between the states of oxygen adductsand 
the mode of oxidation can be studied (7- 
11). It is well known that salcomine, pyri- 
dine-salcomine, and their derivatives are 
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oxygen carriers (12) and act as homogene- 
ous catalysts for the oxidation of phenols 
with molecular oxygen in organic media. 
The main product in many cases is the cor- 
responding p-benzoquinone. This indicates 
the selective introduction of oxygen at 
para-position occurs and side reactions s-uch 
as those leading to derivatives of diphenyl 
originating from coupling reactions are less 
important. 

The use of metal-phthalocyanines in oxi- 
dation reactions has been known for a long 
time (IS) ; however, only recently have they 
been studied as catalysts in autoxidation of 
phenols (11). The catalytic activity of 
iron (II)-phthalocyanine in autoxidation of 
di- and tri-t-butylphenols to their radical 
coupled dimeric products has been studied 
by Tada and Katsu (11) because of its 
structural similarity to a biologically im- 
portant hemin, the oxygen carried in blood. 
They also tested other metal-phthalocy- 
anines containing Co (II), Mn (II), Ni(lI), 
and Cu(I1) but found them to be inactive 
in autoxidation of phenolic compounds. 

In this paper it is our objective to show 
that dialkylphenols can be oxidized selec- 
tively to their dialkylbenzoquinones by 
salcomine catalysts at a low concentration 
in N,N’-dimethylformamide (DMF), a 
polar solvent having the ability to function 
as a ligand. The data will show that DMF 
is an effective and more selective solvent. 
In this solvent, we also studied the oxida- 
tion of less reactive monoalkylphenols and 
phenol and found that corresponding 
p-quinones are formed under proper reac- 

tion conditions. We also wish to report for 
the first time the use of Co (II)- and Cu (II)- 
phthalocyanines for selective oxidation of 
dialkylphenols to their dialkylbenzoqui- 
nones in DMF. 

Materials 
EXPERIMENTAL 

Phenol (Eastman and Fisher), 2+butyl- 
phenol (Aldrich), 2,6-dimethylphenol (Ald- 
rich) and 2,6-di-t-butylphenol (Ethyl) were 
used without further purification. Reagent 
grade solvents used were N,N’-dimethyl- 
formamide (Aldrich), dimethylsulfoxide 
(MCB), 1-methyl-2-pyrrolidinone (Ald- 
rich) and hexamethylphosphoramide (Ald- 
rich). Cobalt (II), copper (II), manganese 
(II), and iron (II) phthalocyanines were 
purchased from Eastman. Pyr-salcomine 
[bis (salicylaldehyde)ethylenediamine- 
cobalt (II)-monopyridine] was prepared ac- 
cording to the procedure of Bails and Cal- 
vin (la). Salcomine [his (salicylaldehydc)- 
ethylenediamine-cobalt (II)] (14) was 
prepared for equimolar quantities of co- 
baltous acetate and schiff base in DMF. 

Oxidation Procedure 

In a typical experiment, pyr-slacomine 
or metal-phthalocyanine (1.0 g or less) was 
dissolved or suspended in lo-20 ml of DMF 
and the solution of phenolic compound in 
25-100 ml of DMF was added to the cata- 
lyst. In a pressure reaction, a 500 ml pres- 
sure resistant bottle containing catalyst, 
phenolic compound, and DMF was clamped 
in a Parr apparatus, evacuated and pres- 
sured with 50-50 psig of oxygen. The oxida- 
tion was started at a desired temperature 
with the bottle being rocked continuously 
so as to cause a good mixing of reactants. 
The oxygen pressure was recorded periodic- 
ally and readjusted when a drop of 15-20 
psig had occurred. The reaction was termin- 
ated after a specified length of time or when 
further pressure drop became negligible. 
When oxidation was carried out at atmo- 



TA
BL

E 
1 

O
XI

D
AT

IO
N

 
O

F 
2,

6-
D

IA
LK

YL
PH

EN
O

LS
 

BY
 S

AL
C

O
M

IN
E~

 

Ex
pt

 
Ph

en
ol

 
C

at
al

ys
t 

(s
)*

 
So

lv
en

t 
02

 
Te

m
p.

 
Ti

m
e 

Ph
en

ol
 

Se
le

ct
iv

ity
 

(%
) 

B&
 

(p
sk

) 
(“C

) 
04

 
co

nv
. 

D
PQ

 
(%

I 
B

Q
 

D
PQ

 
O

th
er

& 

1 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

Py
r-s

al
co

m
in

e 
(5

) 
M

et
ha

no
l 

55
 

20
 

1.
0 

98
 

93
.2

 
6.

8 
- 

13
.7

 
2 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
Py

r-s
al

co
m

in
e 

(2
) 

D
M

F 
55

 
24

-5
0 

0.
5 

10
0 

99
.0

 
1.

0 
- 

99
.0

 
3 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
Py

r-s
al

co
m

in
e 

(1
) 

D
M

F 
55

 
20

-4
6 

0.
75

 
96

 
98

.8
 

1.
2 

- 
81

.8
 

4 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

Py
r-s

al
co

m
in

e 
(1

) 
D

M
F 

at
m

 
20

-3
5 

20
.0

 
89

 
88

.0
 

4.
5 

7.
5 

19
.6

 
5 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
py

r-s
al

co
m

in
e 

(0
.5

) 
D

M
F 

54
 

20
-3

5 
3.

0 
92

 
88

.2
 

10
.6

 
1.

2 
8.

3 
6 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
Py

r-s
al

co
m

in
e 

(0
.5

) 
D

M
F 

54
 

60
65

” 
1.

0 
99

 
46

.5
 

54
.5

 
- 

0.
85

 
7 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
Py

r-s
al

co
m

in
e 

(1
) 

D
M

SO
 

55
 

15
-4

0 
2.

5 
49

 
84

.0
 

1.
5 

14
.5

 
56

.0
 

8 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

Py
r-s

al
co

m
in

e 
(1

) 
1-

M
e-

2-
Py

’ 
55

 
20

-4
0 

2.
5 

75
 

95
.2

 
4.

8 
- 

19
.8

 
9 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
Sa

lc
om

in
e 

(1
) 

D
M

F 
55

 
20

45
 

0.
5 

10
0 

99
.5

 
0.

5 
- 

19
9.

0 
10

 
2,

6-
D

im
et

hy
lp

he
no

l 
Py

r-s
al

co
m

in
e 

(1
) 

D
M

F 
55

 
25

45
 

2.
5 

95
 

98
.0

 
2.

0 
- 

49
.0

 
11

 
2,

6-
D

im
et

hy
lp

he
no

l 
Sa

lc
om

in
e 

(1
) 

D
M

F 
55

 
20

-4
5 

0.
75

 
10

0 
12

 
-1

00
.0

 
- 

- 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

M
n(

II)
-S

al
en

 
(5

) 

- 

D
M

F 
54

 
22

-3
0 

<0
.2

 
10

0 
<O

.l 
99

.9
 

- 
- 

a 
C

o(
II)

-S
al

en
. 

Sa
le

n 
is

 [
bi

s(
sa

lic
yl

al
de

hy
de

)e
th

yl
en

ed
ia

m
in

e]
. 

* 
M

ol
e 

%
/m

ol
e 

of
 p

he
no

l. 
c 

BQ
 

an
d 

D
PQ

 
ar

e 
th

e 
co

rre
sp

on
di

ng
 

2,
6-

di
al

ky
lb

en
zo

qu
in

on
e 

an
d 

3,
3’

,5
,5

’-t
et

ra
al

ky
ld

ip
he

no
qu

in
on

e,
 

re
sp

ec
tiv

el
y.

 
d 

U
ni

de
nt

ifi
ed

 
he

av
ie

s.
 

* 
H

ea
t 

ap
pl

ie
d.

 
In

 
ot

he
r 

ex
pe

rim
en

ts
, 

ris
e 

in
 

te
m

pe
ra

tu
re

 
is

 d
ue

 
to

 
ex

ot
he

rm
 

of
 

re
ac

tio
n.

 
f 

1-
M

et
hy

l-2
-p

yr
ro

lid
in

on
e.

 



OX1 OF PHENOLS BY SALCOMINES AND M(II)-PC 183 

TABLE 2 

OXTDATION oF MONO.ILKYL ANT) ~~NSURSTITK'TED PHENOLS BY P~R&I,COI\IINE~ 

Expt Phenol Pyr-sal- 
comine* 

(%I 

Solvent 02 
(p&9 

Temp. 

(“C) 

Time Phenol BQ Sel. 
W conv. (%I’ 

(%I 

9 2-Methylphenol 
10 2-Methylphenol 
11 Phenol 
12 Phenol 

2-t :Butylphenol 3.0 DMF 
2-t-Butylphenol 3.0 Methanol 
2-t-Butylphenol 3.0 I-Me-2-Py” 
2-t-Butylphenol 3.0 HMPAd 
2-t-Butylphenol 3.0 DMSO 
2-&Butylphenol 3.0 DMF 
2-kButylpheno1 3.0 DMF 
P-t-Butylphenol 3.0 I)JfF 

2.5 Met,hanol 
3.0 DMF 

10.0 Methanol 
6.0 DMF 

54 20-35 
50 22-38 
54 20-35 
54 20-35 
54 20-35 

50-60 72-74” 
atm 80” 
at.m lO(t105” 

54 2240 
54 2240 
54 20-75 
90 68-73” 

1.5 46 96 
20.0’ 33 68 

2.0 40.4 98 
2.0 10.2 -100 
2.0 35.0 98 
2.0 64.8 -100 
5.0 49.0 99 
5.0 68.1 80 
8.0 75.1 65 

22.09 10.2 77 
3.0 26.5 92 
2.5 10.5 -100 
2.0 23.1 -100 

a Co(II)-salen with pyridine. 
* Mole %/mole of phenol. 
c l-Methyl-2-pyrrolidinone. 
d Hexamethylphosphoramide. 
6 Heat applied. In other cases, rise in temperature is due to exotherm of reaction. 
/ Corresponding benzoquinone. 
0 Reaction left for overnight. 

spheric pressure, oxygen was bubbled 
through the reaction mixture, with stirring, 
at a desired temperature in a 250 ml flask. 

Data pertaining to temperature, reaction 
time, catalyst concentration, solvent, con- 
version of phenolic compound, and selec- 
tivity to oxidation products are recorded in 
Tables 1, 2 and 4. The oxidation products 
are the corresponding benzoquinone and/or 
diphenoquinone and some unidentified 
heavies. 

cane and 2,6-di-t-butyl-4-methylphenol in 
2,6-di-t-butylphenol oxidation products, 
2,6-di-t-butyl-p-benzoquinone in 2-t-butyl- 
phenol oxidation runs and 2-t-butyl-p- 
benzoquinone in phenol oxidation products 
analyses. 

Since both 2,6-dimethylphenol and the 

TABLE 3 

RELATIVE ~~ID.~TI~N POTENTIALS 

OFSELECTED PHENOLS 

VPC Analysis 

The analyses of reaction products were 

Phenol E, (Ein milli- (OP)O (18) 

volt4 (4) 

carried out with a Hewlett-Packard F & M 
700 thermal conductivity chromatograph 
using two 6 ft X Q in. 10% UC-W98 col- 
umns at 130-160’. Heavies were analyzed 
by programming the GC unit at lO”/min 
from 130-160” to 250-265’ and then hold- 
ing the final temperature constant. The in- 
ternal standards employed were N-dode- 

Phenol 
a-Methyl 
4-Methyl 
2-t-Butyl 
4-t-Butyl 
2,6-Dimethyl 
2,6-Di-t-butyl 
2,4,6-Trimethyl 
2,4,6-Tri-t-butyl 

+1004 0.92 
+ 556 0.85 
+ 543 0.84 
+ 552 0.81 
+ 578 0.84 

- 0.64 
- 0.71 
- 0.64 

-59 0.69 



TA
BL

E 
4 

O
XI

D
AT

IO
N

 
O

FP
H

EN
O

LS
 

BY
M

ET
AL

-P
H

TI
L~

LO
C

YA
N

IN
ES

 

Ex
pt

 
Ph

en
ol

 
C

at
al

ys
t 

(%
)o

 
So

lv
en

t 
01

 
(p

si
g)

 
Te

m
p.

 
(“C

) 
Ti

m
e 

Ph
en

ol
 

Se
le

ct
iv

ity
 

(%
) 

(W
 

co
vn

. 
(%

) 
B&

c 
D

PQ
d 

O
th

er
s’

 

8 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

C
u(

II)
-P

C
 

(5
) 

D
M

F 
55

 
22

-2
7 

9 
2,

6-
D

i-t
-b

ut
gl

ph
en

ol
 

C
u(

II)
-P

C
 

(5
) 

D
M

F 
55

 
71

-7
3”

 
10

 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

M
n(

II)
-P

c 
(4

) 
D

M
F 

52
 

20
-3

0 
11

 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

Fe
(II

)-P
c 

(4
) 

D
M

F 
55

 
23

-3
0 

12
 

2-
t-B

ut
yl

ph
en

ol
 

C
o(

II)
-P

C
 

(5
) 

D
M

F 
55

-6
0 

75
-8

0’
 

13
 

Ph
en

ol
 

C
o(

II)
-P

C
 

(4
) 

D
M

F 
90

 
72

-7
p 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
C

o(
II)

-P
C

6 
(5

) 
D

M
F 

50
 

22
-2

7 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

C
o(

II)
-P

C
 

(5
) 

D
M

F 
50

-6
0 

4&
50

0 
2,

6-
D

i-t
-b

ut
yl

ph
en

ol
 

C
o(

II)
-P

C
 

(5
) 

D
M

F 
5o

-(i
o 

68
-7

0’
 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
C

o(
II)

-P
C

 
(5

) 
D

M
F 

90
 

68
-7

0”
 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
C

o(
II)

-P
C

 
(5

) 
D

M
SO

 
55

 
22

-3
0 

2,
6-

D
i-t

-b
ut

yl
ph

en
ol

 
co

 (
II)

-P
C

 
(7

) 
M

et
ha

no
l 

55
 

22
-3

2 
2,

6-
D

im
et

hy
lp

he
no

l 
C

o(
II)

-P
C

 
(5

) 
D

M
F 

53
 

22
-2

8 

3.
0 

10
0 

1.
5 

10
0 

1.
3 

10
0 

1.
3 

10
0 

3.
0 

22
 

6.
0 

16
.4

 
3.

0 
96

 
5.

0 
10

0 
3.

0 
10

.5
 

2.
0 

10
0 

3.
0 

95
 

2.
0 

18
 

3.
0 

17
 

2.
0 

- 

73
 

26
 

1 
51

 
49

 
- 

33
 

67
 

- 

33
 

67
 

- 
25

 
54

 
21

 
E 

51
 

49
 

- 

10
0 

- 
- 

10
0 

E 
- 

- 
u 

41
 

59
 

- 
e 

12
 

88
 

- 
0.

5 
99

.5
 

Ei
 

- 
22

 
78

 
- 

12
 

- 
- 

- 
- 

- 

a 
M

ol
e 

%
/m

ol
e 

of
 p

he
no

l. 
b 

PC
 =

 
ph

th
al

oc
ya

ni
ne

. 
c 

C
or

re
sp

on
di

ng
 

be
nz

oq
ui

no
ne

. 
d 

C
or

re
sp

on
di

ng
 

di
ph

en
oq

ui
no

ne
. 

* 
H

ea
t 

ap
pl

ie
d.

 
1 

U
ni

de
nt

ifi
ed

 
he

av
ie

s.
 



OX1 OF PHENOLS BY RALCOMINEH AND hf(Il)-Pc 185 

resultant benzoquinone have very close re- IWSULTS AND L)ISCUSSION 

tention values, the reaction mixture was 
reduced with Zn-HCl and 2,6-dimethylhy- 

Slacomine compounds, the complexes of 

droquinone was analyzed by gas chromatog- 
bis (salicylaldehyde)ethylenediamine con- 
taining cobalt (II) as the central metal ion, 

raphy. are known oxygen carriers and combine re- 

Recovery of Products 
versibly with molecular oxygen. The fol- 

2,6-Dimethylbenzoquinone was isolated 
lowing two, salcomine and pyr-salcomine, 
were used in this study. 

in 95yo of theoretical amount by concentra- 
ting the filtered reaction mixture to near 
dryness and extracting it with petroleum 
ether. After removal of solvent by evapora- 
tion, the material was dried in a vacuum 
oven, mp 70-72”, lit. 71-73” (16). 

In the oxidation of 2,6-di-t-butylphenol 
with salcomine catalyst, the reaction mix- 
ture was filtered to remove insoluble 3,3’, The salcomines are related to the natural 
5,5’-tetra-tert-butyldiphenoquinone. It was 
recrystallized from hot methanol, mp. 243- 

oxygen carriers, hemoglobin and hemocy- 

244’, lit. 246” (1). With metal phthalocy- 
anin (12,16) and used as model compounds 

anine as the catalyst, it is also filtered off. 
in the study of reversible oxygenation pro- 

The diphenoquinone is separated from 
cesses. In addition, the catalytic activity 

phthalocyanine compound by extracting 
of oxygen carriers is an area of considerable 

it with petroleum ether. 2,6-Di-t-butyl- 
interest (7-11). 

benzoquinone was also isolat’ed by concen- 
Several investigators have reported the 

trating the DMF filtrate, after removal of 
use of salcomines for the oxidation of 2,6- 

diphenoquinone, to near dryness and ex- 
disubstituted phenols in methanol, chloro- 

tracting it with petroleum ether or 
form, and benzene (7-11). The products are 

methanol. Upon removal of solvent by 
predominantly the corresponding benzoqui- 

evaporat,ion, the residue was dissolved in 
nones (BQ) and/or 3,3’,5,5’-tetra-substi- 

acetic acid ; 2,6-di-t-butylbenzoquinone 
tutcd diphenoquinones (DPQ) as shown 
below. 

crystallized on addition of some water to 
hot acetic acid solution, mp 65-66”, lit. 
67” (1). 2,6-Di-t-butylbenzoquinone can 
also be recovered by precipitating it out 
from filtrate by slow addition of some cold 
water. 

No efforts were made to isolate quinones 
from phenol and monoalkylphenol oxida- 
tion runs. We, on the other hand, have found that 

Infrared Spectra 
when dimethylformamide (DMF) is em- 
ployed as solvent, the oxidation process rc- 

The identity of 2,6-di-t-butylbenzoqui- quires much less catalyst and a shorter time 
none, 2,6-dimethylbenzoquinone, and 3,3’, and is specific for BQ. Thus, from the data 
5,5’-tetra-tert-butyldiphenoquinone were summarized in Table 1, it can be concluded 
confirmed by infrared spectroscopy with a that DMF is the most effective and efficient 
Perkin-Elmer 137 recording spectropho- solvent for oxidation of dialkylphenol to its 
tometer. corresponding BQ. 
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Examination of Table 1 shows that oxy- 
gen pressure of about 50 psig is judged to be 
near optimum to obtain high yield of di- 
alkylbenzoquinones. At atmospheric pres- 
sure, the reaction rate and BQ/DPQ ratio 
are lowered (Expt 3 vs 4). Generally, high 
BQ yields are favored by high catalyst con- 
centration (Expt 2 vs 3), lower reaction 
temperature, and shorter reaction time 
(Expts 5 and 6). This indicates that the 
rate of aroloxy coupling increases with 
temperature and reaction time. If reaction 
time is unusually long, some unidentified 
heavies other than DPQ are also formed 
(Expt 4). It is of interest to note that the 
oxidation in DMF is more efficient than in 
DMSO at the same catalyst level (Expt 3 
vs 7). Since both DMF and DMSO are ex- 
cellent coordinating solvents and act as 
ligands (L) in the formation of complexes 
of type slacomine (L)Z (14), the poor per- 
formance is attributed to some properties 
other than the coordination ability. On the 
basis of the time required to obtain high 
conversions, the salcomine appears to be 
somewhat more active than the pyr-sal- 
comine (Expt 9 vs 3 and 11 vs 10). The rate 
curves of oxygen consumption by salcomine 
and pyr-salcomine illustrated in Fig. 1 in- 
dicate that the rate of oxygen absorption 

Time Lminl 

FIQ. 1. Rates of oxygen consumption by (a) pyr- 
salcomine and (b) salcomine for oxidation of 2,6-di- 
t-butylphenol. 

is higher for the salcomine than for the 
pyr-salcomine catalyst in the oxidation of 
dialkylsubstituted phenols. 

Mn (II)-salen [bis (salicylaldehyde)ethyl- 
enediamine-manganese (II)], previously 
found to be inactive (8), also oxidizes 2,6-di- 
t-butylphenol to 3,3’,5,5’-tetra-tert-butyl- 
diphenoquinone (Table 1, Expt 12). 

The oxidation of monoalkylphenol (10) 
and phenol (8), previously unsuccessful 
with salcomine catalysts, has also been ac- 
complished in fairly good yields in DMF 
and other solvents under proper reaction 
conditions. These results are recorded in 
Table 2. As can be seen, DMF is again the 
best solvent for 2-t-butylphenol oxidation 
reactions (Expt 1 vs Expts 2-5). Under 
optimum oxygen pressure of 50-60 psig and 
temperature in the range of 70-80”, a good 
yield of 2-t-butyl-p-benzoquinone is ob- 
tained (Expt 6). Heavies start to build up 
with further increase in temperature and 
prolonged reaction time (Expt 3). The 
oxidation of phenol, first studied by Hutch- 
ings (I’?‘), is even more difficult than that of 
monoalkylphenol and requires still higher 
catalyst concentration. The selectivity to 
p-benzoquinone is nearly quantitative at 
low conversion (Expt,s 11-12). Dimethyl- 
formamide is again superior to methanol as 
the solvent. 

The oxidation potentials of phenols are 
reported in the literature (4,18) and some 
are listed in Table 3. The oxidation poten- 
tial of phenol decreases as the number of 
alkyl substituents on 2-, 4-, and 6-positions 
of the aromatic ring increases ; also, steric 
as well as electron donating inductive effects 
of these alkyl groups cause changes in the 
oxidation potentials. Thus, the monoalkyl- 
phenols and phenol have higher oxidation 
potential than 2,6-dialkylphenols and, con- 
sequently, require more energy to generate 
aroloxy radicals. The more vigorous condi- 
tion for oxidation results in an accelera- 
tively faster rate of catalyst deactivation. 
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As a result, lower conversions are found 
with 2-alkylphenol and phenol. 

Previous study has found that Co(II), 
Cu (II) and Mn (II) phthalocyanines are all 
nearly inactive for oxidat,ion of 2,6-di-t- 
butylphenol (11). It can be seen from the 
data summarized in Table 4, that in DMF, 
Co (II)-PC (hereafter, PC for phthalocy- 
anine) is an effective catalyst for selective 
oxidation of 2,6-dialkylphenols to their cor- 
responding benzoquinones (BQ) (Expts 1 
and 7). As the reaction temperature is in- 
creased, more diphcnoquinone (DPQ) is 
formed, indicating that the rate of coupling 
of phenoxy radicals at para-position is 
favored as the temperature rises (Expts 
l-3). The ratio of BQ/DPQ is thus temper- 
ature dependent (Fig. 2). 

The oxidation of 2,6-di-t-butylphenol by 
Cu(II)-PC and Fe(II)-Pc results in a low 
conversion and some benzoquinone (Expts 
8 and 11). Fe(II)-Pc has been reported to 
catalyze the oxidation of 2,6-di-t-butylphe- 
no1 exclusively to 3,3’,5,5’-tetratert-butyl- 
diphenoquinonc when a much greater rcac- 
tion period is employed (II). Cu(II)-PC 
requires a higher temperature for the reac- 
tion to go to completion and diphenoqui- 
none, the coupling product, is favored 
(Expt 9 vs 8). Mn(II)-Pc catalyzed reac- 
tion also yields nearly all diphenoquinone 
(Expt 10). 

Co(II)-PC, the most active of the metal 
phthalocyanines, is inactive for the oxida- 
tion of phenol (Expt 13) but will catalyze 

FIG. 2. A plot of BQ/DPQ vs temperature for the 
oxidation of 2,&di+butylphenol with Co(II)-PC. 

the oxidation of monoalkylphcnol such as 
2-t-butylphenol to a small extent at higher 
temperature (Expt 12). This is, then, again 
due to higher oxidation potentials of mono- 
alkylphenol and phenol. 

Mechanism of Phenol Oxidation 

Some theories have been proposed for 
salcomine (7) and metal phthalocyanine 
(11) catalyzed phenol oxidation. 

a. Salcomine catalysts. Van Dort and 
Geursen (7) suggest that the ortho disub- 
stituted phenol-oxygen bridged salcomine 
intermediates, shown below, are formed. 
Their proposal of intermediate I is not adc- 
quatcly supported and in fact can be ques- 
tioned since coordination of hindered phenol 
such as 2,6-di-t-butylphenol and salcomine 
seems unlikely. 

Another weakness of this mechanism is that 
it fails to account for specificity of attack at 
the 4-position when the 6-position is un- 
substituted. 

We propose an alternate four-step mcch- 
anism in which the first step is the forma- 
t(ion of oxygen bridged salcomine or pyr- 
salcomine dimer, which then equilibrates 
with its monomeric form. Floriani and 
Calderazo (14) have reported that in a 

2 Pyr-salcomine+02Z(Pyr-salcomine)202 

(Pyr-salcomine) *02 

ZPyr-salcomine +Pyr-salcomine : O2 

solvent such as toluene, the equilibrium is 
shifted toward a less soluble (Pyr-salco- 
mine)zOz. However, in a polar solvent such 
as DMl?, the equilibrium concentration of 
monomeric pyr-salcomine : O2 adduct is 
much higher. 
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We believe that, in DMF(S), the mech- 
anism consists of pyr-salcomine: 02 or sal- 
comine: 02 adduct abstracting hydrogen 
from a hindered phenol such as 2,6-di-t- 
butylphenol; the resultant aroloxy radical, 
then, interacting with the hydroperoxide 
ligand of the catalyst giving rise to a hydro- 
peroxide intermediate that rearranges to 
beneoquinone compound. 

OH b 

\I \I 
1. 

L I 

\I 
Y 2 s-ccl + cl,-- s-co- 02~s-co~oo. .+ s- o 

I\ 
I\ 2 I\ 4 

4.&- + + Hz0 

0 

I/ 
s-co + 02 - S-LO. 

j\ I\ 

The arguments advanced in the above- 
postulated mechanism also explain the ap- 
parent specificity of the reaction at 4-posi- 
tion when 6-position is open as in case of 
2-alkylphenol. If the complex-hydroper- 
oxide were to be dissociated prior to attack 
on aroloxy radical, some formation of 
ortho-quinone should result. The specifi- 
city is believed to be due to the bulkiness of 
salcomine-hydroperoxide, which preferenti- 
ally attacked the 4-position. 

b. Phthalocyanine catalysts. The phthalo- 
cyanines of Co(II), Cu(II), or Fe(I1) are 
not known to function as oxygen carriers. 
This would, then, tend to suggest that a 
one-electron transfer oxidation process like 
that proposed by Tada and Katsu (11) is 

operating. However, for cumene oxidation 
by Cu(II)-PC, Kropf (19) has postulated 
the formation of copper-phthalocyanine- 
oxygen intermediate that reacts with cu- 
mene, giving rise to cumyl radical as shown 
below. 

cu-PC + 0, -+ [bPCl’ ---- IbJ 
[c”.pc]+ ----[6J + f-&H -- Cu-PC + Q-(+ ow 

In a like manner, we suggest that both 
cobalt and copper phthalocyanines form 
oxygen intermediates that react with phe- 
nol, forming aroloxy and hydroperoxide 
radicals. Thus, the oxidation of dialkylphe- 
nols by Co (II)-PC, yielding the correspond- 
ing beneoquinones, occurs by a pathway 
similar to that for the salcomine process. 
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