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PHOTO-INDUCED REACTIONS-IX 

THE HYDROXYLATION OF PHENOLS BY THE PHOTO- 
DECOMPOSITION OF HYDROGEN PEROXIDE IN 

AQUEOUS MEDIA iv ’ 

K. OMURA and T. MATSUURA 
Department of Synthetic Chemistry, Faculty of Engineering, 

Kyoto University, Kyoto, Japan 

(Received in Jopan 25 May 1967; accepted/or publication 21 November 1967) 

A-et-The photolysis of hydrogen peroxide in the presence of phenols in aqueous solution was used 
for the hydroxylation of various phenols on a preparative scale. Irradiation with the light at 2537 A 
resulted in the formation of orrho- and paro-dihydroxy compounds as the main products. The orrho- 

hydroxylation is predominant. Dihydroxybenzenes were also hydroxylated. In the case of psubstituted 
phenols, only an ortho-hydroxylated derivative was obtained. pCarboxy- and pmethoxy-phenols gave 
hydroquinone in addition to the usual catechol derivative. Photolysis under various conditions ofpcresol, 
gave the best yield of the catechol at pH 3-8. Irradiation of p-cresol in aqueous hydrogen peroxide with 
the light over 2800 A at pH ca. 1, in the presence or the absence of uranyl sulphate, resulted in the formation 
of a mixture of dimers as the main products. The mechanisms, including hydrogen abstraction and 
addition of hydroxyl radicals, are discussed. 

THE direct hydroxylation methods of phenol? include (1) Fenton’s reagent,4 (2) 
radiolysis of water,4* ’ (3) Udenfriend system,6 (4) photolysis of hydrogen peroxide,’ 
(5) organic peracids,* and (6) inorganic peroxides.’ The first four reactions are 
considered to proceed by homolytic mechanisms, the hydroxyl radical being the 
actual hydroxylating agent. lo In general, the yield of dihydroxybenzenes is limited 
because of further oxidation and side reactions. In the case of the Fenton and Uden- 
friend systems, the ferric ion formed can form a complex with phenols and can 
eventually oxidize them. I1 Although the radiolytic and photolytic procedures are 
less complex, the rate of hydroxyl radical formation is relatively slow, but the radicals 
are produced more effectively with lower energy photochemically and this procedure 
is therefore preferred for the preparative hydroxylation of organic compounds 
including phenols.* 

The hydroxylation of aromatic compounds by the photolysis in aqueous hydrogen 
peroxide, ‘7 i3* l4 has been applied to benzene, anisole, fluorobenzene, and benzoic 
acid to give corresponding phenols, but the relatively low solubility of these sub- 
strates in water renders the method of little preparative use. Finally, Boyland and 
Sims’ have reported that hydroxybenzoic acids are hydroxylated during photolysis 
in aqueous hydrogen peroxide at the orrho- and pma-positions with respect to the 
original OH groups. We report here the hydroxylation of various phenols with this 
system. 

l In the course of our study, the oxidation of epoxides on a preparative scale by the photolysis of 
hydrogen peroxide was reported.” 
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Prior to the preparative experiments, we examined the effect of a few organic 
solutes on the decomposition rate of aqueous hydrogen peroxide with the light at 
2537 A. The results are shown in Fig 1. It is obvious that the decomposition rate is 
decreased by the addition of organic compounds. The consumption of hydrogen 
peroxide has been regarded as due to a chain reaction initiated by an active species 

fWod af lrradiath (hr) 

FIG. 1 The effect of organic solutes on the decomposition. of aqueous H,O, by a 2537 A 
light. 

The aqueous solution (200 ml) containing about 0.3 mole of hydrogen peroxide and 1 g 
of each solute was photolysed with a low pressure mercury lamp of quartz housing:.. in 
the absence of solute; A, Allyalcohol (17.2 mmole);O, dioxane (11.4mmole); x phenol 
(10.6 mmole). 

(presumably OH radical) which is generated from hydrogen peroxide by light 
absorption. i5* l6 The results indicate that phenol is apparently an effective inhibitor 
for radical chain reactions,” though the effect of the absorption of the light by 
phenol itself must be considered. 

Irradiation with a low-pressure mercury lamp (mainly 2537 A) 
In a typical preparative run, a solution of pcresol (37 mmoles) and excess of 

hydrogen peroxide (ca. 03 mole) in distilled water (230 ml) was irradiated with a 
low-pressure mercury lamp of quartz housing under bubbling nitrogen at about 
40” for 8 hours. The initial colorless solution turned dark with some turbidity. 
VPC of the volatile product showed that this consisted of the starting material 
(O-63 g, 16%) and Cmethylcatechol(O96 g, 25%) besides several minor products. The 
non-volatile material which consisted of polymers weighed 1.72 g. In the case of the 
oxidation of p-cresol with Fenton’s reagent, it is known that dimeric compounds 
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such as Pummerer’s ketone (I) and 2,2’dihydroxy-5,5’dimethybiphenyl (II) are 
obtained without yielding the normal hydroxylated product.” Therefore, it seemed 
to be important for the mechanistic consideration of the present reaction to know 
whether these dimers are formed or not. VPC indicated that the minor products 
include three dimers (ca 01% yield), I, II and presumably 2,5’dihydroxy-2’,5- 
dimethylbiphenyl (III). This indicates the intermediary formation of cresoxyl radicals 
in this case. 

J-&J/W +$ 6-6 

CH, CH, CH, OH 

I II III 

The results of a similar procedure applied to a number of water-soluble phenols 
are summarized in Table 1. The reactions in the dark were carried out with pcresol, 
phloretic acid, and tyrosine. In each case, most of the starting material was recovered 
unchanged. In the case of phenoI, small amounts of pyrogallol and 1,2,4-trihydroxy- 
benzene were obtained in addition to catechol and hydroquinone but no resorcinol 
was detected (Exp. 2). As was expected from this result, c&echo1 gave further hydroxy- 
lated products, i.e. pyrogallol and 1,2,4_trihydroxybenzene (Exp. 3). It appears 
rather rare that pyrogallol is obtained in a fairly good yield by the direct hydroxy- 
lation of catechol which on oxidation often leads to the formation of o-benzoquinone 
or its further degraded products.* In the case of hydroquinone, 1,2,4_trihydroxy- 
benzene was the only product isolated (Exp. 4). The low yield might be due to the 
instability of the product under the conditions employed. The hydroxylation of a 
phenol, which bears a methoxyl or carboxyl group at the para-position, resulted in 
replacement of the group by an OH group to give hydroquinone in addition to 
the formation of the normal orcho-hydroxylated product (Exp. 5, 6). 

The pH of the reaction mixture falls in the course of the reaction. The hydroxylation 
of phenolic acids was not affected by the addition of one equivalent of alkali (Exp. 
6, 7, 8 and 9) although the reaction is much faster at a higher pH. In the case of 
sparingly soluble tyrosine, the photolysis at a temperature up to 67” yielded 3,4- 
dihydroxyphenylalanine (Exp. lo),” but if the photolysis of tyrosine was carried out 
in the presence of three mole equivalents of alkali (pH 10) the destruction of the 
phenolic ring yielded aspartic acid and no dihydroxyphenylalanine was detected 
(Exp. 11). 

In order to investigate the pH dependence of this reaction, p-cresol was irradiated 
in aqueous hydrogen peroxide varying the pH and other conditions (Table 2). The 
photolysis in the presence of an excess or an equimolar amount of hydrogen peroxide 
gave 3+dihydroxytoluene in a similar yield, although a longer period of irradiation 
was needed in the latter case (Exp. 13 and 14). As seen from Table 1 and 2, the nature 
of the reaction is not altered at the initial pH 3-8. However, the yield of the catechol 

l As an example of hydroxylation of polyphenols, gaallic acid is hydroxylated to 2.3.45tetrahydroxy- 
benzoic acid by radiation-induced oxidation in an aqueous solution saturated with oxygen.’ 
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was decreased at pH H 10 (Exp. 16), and it was not improved when the reaction 
period was shortened (Exp. 17). Addition of a mineral acid (PH ca 1) decreased the 
yield of the catechol (Exp. 18 and 19 ). The rate of the photo-decomposition of 
hydrogen peroxide does not seem to be accelerated in strongly acidic media. Dark 
reactions under acidic and basic conditions gave only the recovered starting material. 
The addition of a large excess of sodium chloride seemed to stimulate the decom- 
position of hydrogen peroxide, and the catechol was obtained only in a low yield 
(Exp. 20). 

Recently, Joscheck and Millerlg reported that irradiation of an aqueous solution 
of various phenols with a light of 2537 A, results in the formation of a phenoxyl 
radical leading to dimers and dihydroxybenzene derivatives. This reaction using 
p-cresol on an experimental scale, led to the formation of a small amount of 3,4- 
dihydroxytoluene and a mixture of dimers (Exp. 21 and 22) although a large amount 
of p-cresol was recovered. The yield of the dimers was considerably higher than in 
the presence of hydrogen peroxide (Exp. 13-20). 

Irradiation with a high-pressure mercury lamp (ca. > 2800 A) 
The results of photolysis of p-cresol in aqueous hydrogen peroxide with the light 

(ca. > 28OOA) from a high-pressure mercury lamp under various conditions are 
shown in Table 3. Under normal conditions (pH 5*7), p-cresol was largely recovered 
and the catechol and the usual dimeric products were obtained in low yields (Exp. 23). 
This is probably due to the low efficiency of the decomposition of hydrogen peroxide 
with the longer wavelength light. On the other hand, in an acidic medium (pH N I), 
the yield of the catechol was decreased but the yield of the dimer mixture was 
increased (Exp. 24 and 25). 

The photolysis in the presence of uranyl sulfate, which in an acidic solution, is 
known to sensitize the decomposition of hydrogen peroxide to OH radicals,” 
showed that in the absence of sulfuric acid, the decomposition of hydrogen peroxide 
(Exp. 26) is retarded. But in strongly acidic solution, the rate of the reaction was 
considerably increased and the cresol dimers, I, II and III, were obtained in 20, 3, 
and 12% yields, respectively, and only a trace of the catechol was detected (Exp. 27). 

If persulphate, the oxygenoxygen bond of which is known to be cleaved by 
irradiation,21 was used for the photo-oxidation of p-cresol, 3,4dihydroxytoluene 
was again a minor product and the cresol dimers were obtained in 9% yield. 

DISCUSSION 

The results (Tables 1 and 2) obtained with the light at 2537 A can be summarized 
as follows : (1) The hydroxylation of phenols occurs at the ortho- and para-positions 
but not at the m&a-position. (2) The ortho-hydroxylation is preferential. (3) The best 
yield is obtained at the initial pH between 3 and 8. At the higher or lower pH, the 
yield is much decreased. (4) The reaction is accelerated at higher temperature. (5) A 
methoxyl or carboxyl group at the para-position with respect to the phenolic group 
is replaced by a hydroxyl group in addition to usual ortho-hydroxylation. 

The primary reaction for the photo-decomposition of hydrogen peroxide in an 
aqueous solution is considered as a fission of the 0-X) bond of the excited molecule 
to form two OH radicals (Eq. l), which initiate the chain decomposition (Eqs 2, 3 
and 4).22 



T
A

B
L
E

 3
. I

R
R
A
D
I
A
T
I
O
N
O
F
~
C
R
~
S
O
L
 

U
N
D
E
R
 

V
A
R
I
O
U
S
M
N
D
I
T
I
O
N
S
U
S
I
N
C
A
 

I
O
O
W
H
I
G
H
-
P
R
E
S
S
U
R
E
 

M
E
R
C
U
R
Y
 

L
A
M
P
W
I
T
H
A
 

P
Y
R
E
X
F
I
L
T
E
R
(
>
 

28
00

 A
)o

 

E
xp

. 
H

,O
, 

A
dd

iti
ve

 
Ir

ra
d.

 
In

iti
al

 
Fi

na
l 

H
2
0
2
 

C
re

sO
l 

C
re

so
l 

Y
ie

ld
 o

f 
Y

ie
ld

 o
f 

N
on

-v
ol

at
ile

 
N

o.
 

(m
ol

e)
 

tim
e 

(h
r)

 
PH

 
PH

 
de

co
m

po
se

d 
ox

id
iz

ed
 

re
co

ve
re

d 
3,

4d
ih

yd
ro

xy
- 

di
m

er
s 

(%
y 

pr
od

uc
t 

(g
) 

(m
m

ol
c)

 
(m

m
ol

e)
b 

(%
) 

to
lu

en
e 

(%
r 

3 
23

 
03

 
- 

7.
5 

5-
l 

3Q
 

10
 

8.
2 

78
 

25
 

-@
6 

o-
3 

E
! 

24
 

03
 

H
,
S
O
,
 

6.
5 

10
 

1.
0 

8.
4 

72
 

81
 

tr
ac

e 
32

 
0.

2 
? ii’

 

(1
 6

s)
 

25
 

03
 

H
2
.
9
0
4
 

6.
7 

05
 

0.
3 

a,
4 

8.
5 

77
 

tr
ac

e 
13

 
0.

3 
i 

(8
 ts

) 
26

 
03

 
U

02
S

0,
H

20
 

7.
5 

1.
6 

1.
6 

3.
2 

68
 

82
 

tr
ac

e 
-1

4 
0.

0 
$ 

(1
 g

) 
ii’

 
27

 
03

 
U

O
,S

O
,H

,O
 

65
 

07
 

0.
8 

28
 

24
 

35
 

tr
ac

e 
35

 
1.

1 

(0
8 

g)
 

H
2S

O
b 

(8
 a

s)
 

2P
 

- 
(
N
W
,
S
,
O
,
 

6
.
0
 

1.
4 

1.
3 

N
ot

 d
et

. 
28

 
25

 
tr

ac
e 

9 
1.

2 

(2
5 

g)
 

l
 

A
 s

ol
ut

io
n 

of
 p

-c
re

so
l(

4G
 

g;
 3

7 
m

m
ol

e)
 i

n 
w

at
er

 (
ca

 2
30

 m
l)

 w
as

 i
rr

ad
ia

te
d 

at
 r

oo
m

 
te

m
pe

ra
tu

re
 

un
de

r 
bu

bb
lin

g 
ni

tr
og

en
. 

* 
G

dc
ul

at
ai

 
on

 t
he

 b
as

is
 o

f 
th

e 
re

co
ve

re
d 

cr
es

ol
. 

c 
Y

ie
ld

s 
ar

e 
ba

se
d 

on
 t

he
 c

on
su

m
ed

 
cr

es
ol

. 
’ 

A
 s

ol
ut

io
n 

of
 p

cr
es

ol
(4

Q
 

g)
 in

 w
at

er
 (

30
0 

m
l)

 w
as

 i
rr

ad
ia

te
d 

w
ith

 a
 4

50
 w

 h
ig

h-
pr

es
su

re
 

m
er

cu
ry

 
la

m
p 

w
ith

 a
 P

yr
ex

 f
ilt

er
. 



3482 K. OMIJRA and T. MATSUCJIU 

hv 
H,O, - 2.OH 

(<40004 

-OH + H,O, - *OOH + H,O 

*OOH + H,O1 - *OH + H,O + 0, 

2.00H - H,O, + 0, 

(1) 

(2) 

(3) 

(4) 

Considering the high inhibition effect of phenol on the decomposition of hydrogen 
peroxide (Fig. l), the active oxidizing species of the present hydroxylation reaction 
will be the OH radical. In this resepct there are two possible mechanisms for the 
hydroxylation of phenols with OH radicals. One is known as “transfer substitution’*, 
that is, the abstraction of the H atom of the phenolic group to form a phenoxyl 
radical (Eq. 5), giving the ortho- and pmadihydroxy compounds by combination of 
a second OH radical with the two canonical forms (IV and V) of the phenoxyl 
radical (JZq. 6),3*4*+ but not the metadihydroxy compounds. Such a mechanism is 

IV 

t (6) 

l Another possible pathway, in which a phenoxyl radical reacts with hydrogen peroxide to give di- 
hydroxybetmna as Eq. (i), seem improbable, since 2.4,~tri-t-butylphenoxyl reacts with hydrogen 
peroxide to fonn the parent phenol and a peroxide as in Eq. (ii).23 

-H - 

0 
# 

. + H20z - 
O=cX 

l *OH 
- - H 

H (8 

(ii) 
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reu@zed as general for the reaction of phenols with many free radicals.24 In fact, 
the formation of phenoxyl radicals from phenol and cresol with the OH radical has 
been confirmed by electron spin resonance spectroscopy.25 This pathway rationalizes 
that the orrho and para-, but not the meta-hydroxylations take place in the reaction. 

An alternative mechanism, the attack of the OH radical to a phenol results in the 
formation of a cyclohexadienyl radical (IQ. 7), which is eventually converted into 
ortho- and pmudihydroxy compounds (Eq. 8). Such a mechanism has often been 
considered in the hydroxylation of various benzene derivatives which usually give a 
metadihydroxy compound besides orthe and pmoderivatives.3d**25 An electrophilic 
character of the OH radical can explain why no metadihydroxy compound was 
found ip the present reaction. In fact, it has been reported that only ortho- and para- 
methoxyphenols are obtained in the reaction of anisole with the OH radical, which 
is gendrated either by photolysis of aqueous hydrogen peroxide or by Fenton 
reagent.14 Furthermore, Dorfman presented evidence for the formation of the 
cyclohexadienyl radical from phenol and the OH radical generated by an electron- 
pulse radiolysis of water.26 

-OH 
,-.. OH 

* H 

5 

(y 
‘.._._.’ 

OH OH 

HO 
-Ha 

- HO 

(7) 

03) 

ortho and para 

The second mechanism does not explain the formation of phenol dimers which 
are inevitably obtained in low yields with a light at 2537 A. The dimers may be 
derived by coupling of phenoxyl radicals which can be formed either by the hydrogen 
abstraction of phenols with the OH radical (Eq. 5) or by direct photolysis of phenols.” 
The formation of hydroquinone from phydroxybenzoic acid and pmethoxyphenol 
can be explained by Eqs. 9 or 10. 

+aH-H+ (9) 

HGX ‘OH HaH A HO+ (10) 

X = COOH or OMe 
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The reaction is faster at a higher pH. The absorption spectrum of hydrogen 
peroxide in an aqueous solution is shifted to a longer wavelength as the pH becomes 
higher and the absorption intensity at 2537 A consequently increases. This may 
result in the increase of the quantum yield of the decomposition. The reaction may 
be accelerated by lowering of the oxidation potential of phenols at a higher pH. 

The results obtained in the photolysis with the longer wavelength light (2800 A) 
are more puzzling. Under standard conditions (at the initial pH 5*7), the reaction 
is slow and the yield of the catechol is low. Under acidic conditions in the presence 
or the absence of uranyl sulfate, the main products are the mixture of dimers and 
the formation of the catechol is a side reaction. Although Schenck tentatively sug- 
gested that OH radicals are generated by the uranyl sulfate-sensitized photo- 
decomposition of hydrogen peroxide” and benzene was hydroxylated by this 
system,” the nature of this reaction seems to differ from the photolysis with the 
light at 2537 A. 

EXPERIMENTAL 
M.ps are uncorrected. The starting materials and the reagents were commercially available, unless 

otherwise indicated. The products were identified or detected by a comparison with authentic samples by 
mixed m.ps, IR spectroscopy (Japan Spectroscopic Co., Model IRS). high-voltage electrophoresis (Phero- 
graph-Original-Frankfurt; borate buffer at pH 8.7 or pyridincacetic acid-H,O, 10: I :78, at pH 6.2). 
VPC (stationary phase, silicon DC on celite; carrier gas, He; temp 180-250’). TLC (silica gel; solvent, 
toluencetbyl formate-formic acid_ 5:4: 1, unless otherwise indicated), or paper chromatography (PPC). 
The following color reagents were used for the detection: I, vapor, ethanolic FeCl,, modified Pauli 
reagent,‘s or ethanolic ninhydrin. 

General procedure 

A. Table 1. An aqueous soln (ca. 230 ml) of a phenol (SS g) and H,O, (ca 03 mole) was placed in a 
cylindrical vessel, into which a ca. 40 W low-pressure mercury lamp with quartx housing was inserted. 
During irradiation N, was bubbled through a sintered glass jointed at the bottom of the vessel. The 
reaction temp was kept at 40-50” under these conditions. In some cases, brown material was deposited 
on the surfaa of the lamp tube during the reaction and wiped off occasionally. After irradiation, the 
remai&g peroxide was decomposed below 50” by the addition of NaHSO,aq (ca. 3Og). The mixture 
was extracted with ether. The ethereal layer was separated, dried over Na,SO, and evaporated to dryness. 
The residue after distillation or immediately was chromatographed on silica gel (ca. 100 g unless other- 
wise indicated), or analyzed by VPC. 

B. T0bf.e 2 An aqueous soln (ca. 230 ml) of p-cresol (49 g 37 mmole), H,O, (O-3 mole), and other 
additive, if needed, was irradiated with a ca. 40 W low-pressure mercury lamp in a similar manner to A, 
An aliquot (40 ml) was iodometrically titrated for the H,O, analysis. The reaction mixture was treated as 
described above and the products was distilled in uacuo. The distillate was analyzed by VPC. 

C. Table 3. A soln, as described in B, was irradiated with a 100 W high-pressure mercury lamp sur- 
rounded with a water-cooled Pyrex jacket under N,. The reaction mixture was treated as described in B, 
unless otherwise indicated. 

Isolation of the products 

With phenol (Exp. 2). Distillation of the product yielded two fractions: (i) 103 g of a colorless liquid, 
b.p. 35-70”/5 mm, which was identied as phenol (VPC); (ii) 3-05 g of a semi-crystalline solid, b.p. 83-l 16”/ 
01 mm. The fraction (ii) was found to consist mainly of c&echo1 and hydroquinone but not resorcinol 
(electrophorcsis). Column chromatograhy of the fraction (ii) gave 67 mg of phenol (VPC) by elution with 
CHCl,-acetone (20: 1) and 1.19 g of catechol, m.p. 104-107” (IR), by elution with CHCI,-acetone (9: 1). 
Further elution with the same solvent mixture yielded @58 g of crystals, m.p. l&149”, which were found 
by VPC and TLC to consist of @23 g hydroquinone and 025 g pyrogallol Py-rogallol was isolated by 
preparative VPC, m.p. 134-135” (IR). Further elution yielded 04Og hydroquinone, m.p. 17f175” after 
recrystallization from water (IR). Elution with acetone gave 98 mg of a mixture of products in which 
1,2,4&hydroxybenzene was detected as the major component by TLC and IR. 
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With cntechol (Exp. 3). Distillation of the product yielded 2.89 g of crystals, b.p. 130-220°/Oi mm, 
which were separated by c&mn chromato~aphy. Elution with CHCI, yielded M9g catechoi, m.p. 
lo?-108” (I’LC). Elution with CHCi,-acztone (5 : 1) gave QW g of crystds which were purified by re- 
chromatography (silica gei, 30 g) to give aimost pure pyrogaiioi (072 g). Further puriiiattion by sub- 
iimatiop gave @65 g pyrogalioi (IR) as needles, m-p. 133-1355”. Further elution with CHCi,-acetone 
(10:3) yielded 018g of semi-crystals, which were purified by chromatography to give @log 1,2,4- 
tribydroxybenzenc (IR). 

With hydroquinone (Exp. 4). Distillation of the product yielded 2.29 g of crystals, b.p. 90-i lO’/@ 1 mm, 
which were chromato~aph~ to give 1.33g hydroquinone, m.p. 175-177”, after eiution with CHCi,- 
acetone (4: 1). Eiution with CHCi,-acetone (5:2) yielded 0.19 g l&M-ihydroxybenzene (IR). 

WW pmethoxyphettol (Exp. 5).* Distillation of the product yielded 104g of a distillate, which on 
digesting with benaene deposited 012g hydroquiaone, m.p. 170-172” (IR). The f&rate from the hydro- 
quinone was evaporated and chromatograpbod Eiution with CHCI,acetone yielded O+jOg of a liquid 
which was identified as the starting material (TLC). Further eiution gave 028 g 4-methoxycatechoi (TLC), 

With p-bydroxybenzoic ackl (Exp. 6). Haif (150 g) of the product was directly chromatographui (silica 
gei, 80 g). Eiution with CHCi,-acttone (9: 1) yielded 0.82 g of crystals, which consist of @‘72 g of the 
recovered acid and QiOg hydroquinone by WC. This fraction was shown to be contaminated with a 
trace of 2,3,4Mhydroxybenzoi acidt by TLC. Hydroquinone was isolated by careful sublimation 
(1 lo”/6 mm) of the fraction and was identified by IR. Further eiution yielded @54 g of crude protocatechuic 
acid (TLC and IR), which on recrystallization from water gave WOg of colorless crystals, m.p. 207”. 
Eiution with acetone yielded 70mg of a mixture of two products (TLC), from which 3,4$trihydroxy- 
benzoic acid was identified as the major one (TLC). Irradiation at a higher pH (Exp. 7) gave a similar 
result which is shown in Table 1. 

With p/~toreric mid (Exp. 8). Column chromato~aphy of the product gave 0.65 g of the recovered acid 
after eiution with CHCi,-acetone (lO:i). Recrystallization from water gave crystals, m.p. 125-127”. 
Further elution gave @i4g of a mixture of phioretic acid and 3-(3,4+iihydroxyphenyi) propionic acid 
(TLC). The next eiuate gave a81 g of crystals, m.p. 126-IW, which on recrystallization from acetone- 
CHCi, gave pure dihydroxy-acid m.p. 133-136‘. Identical with authentic sampieS (IR). Irradiation at a 
higher pH (Exp. 9) gave a similar result which is shown in Table 1. 

A soin of phioretic acid and H,O, in water was allowed to stand at room temp for 6 hr. The starting 
material was recovered in 97 % yield. 

With tyrosine (Exp. 10). After decomposing the remaining H,O,, the dark colored solo was adjusted 
to pH 4.7 by the addition of NaOHaq. No precipitation occurred at this point. An aqueous soin of neutral 
lead acetate (16Og) was then added and the ppt faltered off. The filtrate was adjusted to pH 8.3 by the 
addition of 3% NH,OHaq. The lead salt of 3.4-dihydroxyphenyiaianine formed was collected by centri- 
fugation and treated as described by Rape? to give 071 g 3,~~ydroxyphenylai~ine, m.p. 278” (dec), 
which was identiiiai by IR and TLC (solvent, phenol-H,O, 3:i). The filtrate from the lead saIt was 
acidified with 6N HCi and evaporated under reduced press to 400 mi. Insoluble materials were filtered 
off and the filtrate was adjusted to pH 50 by the addition of NaOHaq, yielding OSOg tyrosine, m.p. 294” 
(dec), which was identified by TLC. 

When the reaction mixture was concentrated under reduced press under N, before treatment with 
lead acetate. the yield of dihydroxyphenylaianine was less (7x), but tyrosine was recovered in 22% yield. 
When irradiation time was prolonged, the dark colored reaction mixture turned colorless again and the 
products were found to be more compiex (TLC). 

An aqueous soin (200 ml) of tyrosine (1 g) and H,O, (@I mole) was heated at 78-92” for 1.5 hr in the 
dark. Pure tyrosine (78%) was recovered and the filtrate contained only tyrosine and no dihydroxy- 
phenyiaianine, by TLC. 

Experiment il. The reaction mixtun was treated with NaHSOs to give white ppts. The whole mixture 
was extracted with ether. Evaporation of the ethereai layer left a dark brown oii (73 mg), which was a 
complex mixture containing a trace of phydroxybenzaidehyde (TLC). The ppts (1-27 g) were collected by 
filtration, and identified as tyrosinc (IR and PPC). The filtrate was shown to contain tyrosine, asparatic 

l The authors are indebted to Mr. Tomoaki Nagamachi for these experiments. 
t The authentic sample was prepared according to the iiterature.zQ 
$ The authentic sample, m.p. 135-137”. was $repared by the demethyiation of 3-(3,4_dimethoxyphenyi~ 

propionic acid with HBr. 

L 
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acid and several unidentified minor products but no 3,4-dinydroxyphcnylahutine (by PPC and clectro- 
phoresis). Concentration of the filtrate at pH 5a yielded 040 g ty-rosine. One fifth of the final filtrate was 
evaporated to dryness. The residue was treated according to the procedure by Johnson et aI.“’ for the 
preparation of n-amyl ester of N-acetylamino acid, giving 1.12 g of a dark brown oil, which was chromato- 
graphed on silica gel (35 g) Elution with benxene yielded 67 mg of semi-crystals which on alkaline 
hydrolysis gave 11 mg oxalic acid (IR and TLC). Elution with CHCI, yielded @24 g of an oil, which was 
identified as n-amyl acetylaspartatc31 by comparison with an authentic sample (IR and TLC). 

With N-ucetyltyrosine (Exp. 12). The reaction mixture was continuously extracted with EtOAc. Evapo 
ration of the extract yielded 2648 of a reddish oil, which was chromatographed on silica gel. Elution 
with CHCls-acetone (9: 1) yielded DlS g of an oil which contained the starting material (TLC). Elution 
with CHCls-acetone (1: 1) yielded 1.12 g of a colored oil, which was hydrolyxed by refluxing in 3N HCI 
(40 ml). The hydrolysate was treated as described above (Exp. 10) to give 022 g dihydroxyphenylalanine. 

With p-cresol (Exp. 1 and 13). After the titration of an aliquot (40 ml), the reaction mixture was treated 
as usual. Distillation of the product gave 1.34 g of an oil, b.p. 41-220”/10-3 mm, which was shown by 
VPC to consist of @53 g p-cresol and 079 g 3,4dihydroxytoluene. VPC at m revealed the presence of 
5 minor products showing retention times at 7.4,9.3, 109, 12.8 and 21Qmin. The first 4 were identical 
with the products obtained by ferricyanide oxidation of pcresol at pH 8Q3’ These products were assigned 
as Pummerer’s ketone (I; ret time, 93 mink 2,2’dihydroxy-5.5’dimethylbiphenyl (II; ret time, 109 min), 
and 2,5’dihydroxy-2’,5dimethylbiphenyl (III; ret time, 12.8 min), but the structure of the product (ret 
time, 7.4 mitt) is still unknown. The total yielded of I, II, and III was estimated as ca. 3 mg. 

Column chromatography of the distillate on silica gel (50 g) yielded @41 g pcreaol (IR and VPC) by 
elution with CHCI,. Further elution with CHCI, yielded O-54 g of semi-crystals which showed only one 
peak by VPC. Distillation (51-83”/1Omm) gave @41 g pure 3,4_dihydroxytoluene, m.p. 60-62” (IR and 
TLC). 

Isolarion of dimers I, II end III (Exp. 27). The products obtained from a part (21/25) of the reaction 
mixture were distilled in oacuo to give 1.17 g pcresol as a yellow oil, b.p. up to 120”/1 mm, and a viscous 
oil, b.p. 120-210”/10-” mm, which was shown by VPC and TLC to consist of a mixture of dimers and a 
trace of 3&lihydroxytoluene. The latter fraction (1.1 g) was chromatographed on silica gel (45 g). Elution 
with benxenc yielded @57 g of a mixture of I and II @‘PC), which was dissolved in ether and extracted with 
NaOH aq. Evaporation of the ethereal layer gave 048 g of Pummerer’s ketone (IX which on recrystallization 
from MeOH gave crystals, m.p. 12&122”. Acidification of the alkaline layer yielded 75 mg 2,2’dihydroxy- 
5,5’dimethylbiphenyl (II). Further elution with benzene yielded 0.29 g 2.5’-dihydroxy-2’,5dimethyl 
biphenyl (III), which on ‘recrystallization from benzene gave crystals, m.p. 154-157”. All the’dimeric 
products were identified by a comparison with the authentic samples.32 

In Exp. 28, the reaction mixture was treated as above (Exp. 27). Dimcrs I, II, and-111 were isolated in 
1.9, 2.3, and 45% yield, respectively. A reaction in the dark was carried out for Exp. 28 and most of the 
starting material was recovered (IR). 

Reactions in the dark 

With p-cresol. An aqueous soln (230 ml; pH 5.5) of pcresol (4.0 g) and H,O, (03 mole) was allowed to 
stand in the dark under N, for 22 hr. Treatment of the reaction mixture as usual yielded 3.76 g (94%) of 
pure pcresol. Similar reactions in the dark under acidic (pH 1.1) and alkaline @H 102) conditions rc- 
covered pcresol in 92 and 91%. respectively. 

With 3.6dihydroxytoluene. An aqueous soln (50 ml ; pH 1) of 3.4dihydroxytoluene (O-2 g) and H,O, 
(@l mole) was allowed to stand in the dark at 50” under N, for 6 hr. From the reaction product O-12 g 
(62%) of catechol was recovered (VPC). 
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