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PHOTO-INDUCED REACTIONS—IX

THE HYDROXYLATION OF PHENOLS BY THE PHOTO-
DECOMPOSITION OF HYDROGEN PEROXIDE IN
AQUEOUS MEDIA"?

K. OMURA and T. MATSUURA

Department of Synthetic Chemistry, Faculty of Engineering,
Kyoto University, Kyoto, Japan

(Received in Japan 25 May 1967 ; accepted for publication 21 November 1967)

Abstract—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 ortho- and para-dihydroxy compounds as the main products. The ortho-
hydroxylation is predominant. Dihydroxybenzenes were also hydroxylated. In the case of p-substituted
phenols, only an ortho-hydroxylated derivative was obtained. p-Carboxy- and p-methoxy-phenols gave
hydroquinone in addition to the usual catechol derivative. Photolysis under various conditions of p-cresol,
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 phenols® include (1) Fenton’s reagent,* (2)
radiolysis of water,* * (3) Udenfriend system,® (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.'® 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.!! 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,”* '3 14 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 ortho- and para-positions with respect to the
original OH groups. We report here the hydroxylation of various phenols with this
system.

* 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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3476 K. OMURA and T. MATSUURA

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
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FiG. | The effect of organic solutes on the decomposition, of aqueous H,0, 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); (), dioxane (11-4 mmole); x phenol
(10-6 mmole).

(presumably OH radical) which is generated from hydrogen peroxide by light
absorption.' - 1® 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 p-cresol (37 mmoles) and excess of
hydrogen peroxide (ca. 0-3 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
(063 g, 16%;) and 4-methylcatechol (0-96 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. (-1% yield), I, II and presumably 2,5'-dihydroxy-2’,5-
dimethylbiphenyl (II1). This indicates the intermediary formation of cresoxyl radicals
in this case.

OH OH OH CH,
2 0
CH, CH, CH, OH

1 I 11

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 p-cresol,
phloretic acid, and tyrosine. In each case, most of the starting material was recovered
unchanged. In the case of phenol, 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, catechol gave further hydroxy-
lated products, i.e. pyrogallol and 1,24-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 ortho-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. 10),!8 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 3,4-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

* As an example of hydroxylation of polyphenols, gallic acid is hydroxylated to 2,3,4,5-tetrahydroxy-
_ benzoic acid by radiation-induced oxidation in an aqueous solution saturated with oxygen.*



"oL9~1S 18 INO POLLIBD SBAM UOROBAI A ,
PIUTULIAP 0N
‘Jousyd Sunre}s pouwInsuod 3Y) UO pIseq I SPIIK AL
*,0p Inoqe e uafonmu Surqqng IpUn PIILIPELI sea (U 0£Z €) I19ream U1 (djow £.0) aprxosad ualoipAy pue jousyd ® jo uonnjos v ,

— (6)euruereiduoydLxoIpAyip-4'c-1K1308-N 2 6  0S (139 sjom | (6:7) sms01Qyf10Y-N  T1
— (z7)poe onredse €€ 16  Z0l 81 Jow ¢ (0g)sumsoiky |1
— (0z)ouruereLusqdAxo1pAyip-4'e 0z > 8 €1 — A0P) smsoiky o1
3 — (9z)pwe srmordosd(jAuoqdAxoIpAqIp-p*¢)-¢ 61 A U $T sjou | (c€c)pweondoyd 6
5 — (87)pwoe oruoidosd(jAuaqdAxorpAqp-'¢)-¢ (14 > 0 $9 — (e€)poeonalod 8
2 (3061 proe 210ZUQAXOIPAQUI-S'P'E o)
= — PuBR H'¢7 ‘(gpuominboipiy ()pLe I0ZUIQAXCIPAYIP-H'E (%4 oL T8 0z sow|  peIOZUNAXCIPAHd |
= (s08N) pEOE 210ZUGAXOIPAYI-G''E o+
2 — pue '¢‘7 (01)euouinboipAy (g¢)por d10zUAXCIPAYIP-H'E Lg > 6T 8 - pwe oozuaqAxoipAigd 9
< — (s)ououmboipAy ‘(g)jogocreosxoyrom-y 8l 2 TS 09 — (¢-€) louaqdixomapd ¢
m Tl (9)ourzusqAxoIpAquI4°7'y €€ > 9¢ 0s — (0-¥) ououmborpdy ¢
3 90 (¢yuszusqAxorpAqn-4Z‘| (zzhiomesoikd 193 2 9¢ L§ - (S ogmEd ¢
o (€) suszuaq
90 -Kxo1pAqun-Z'y (s)ioedoiLd (i1 )ouomnbopAy (9g)ioqsaned w 2 9¢ 09 — (0g)iowyd ¢
L1 (s7)ouamjoIkxOIPAYIP-H'E 91 LT LS 0-6 — (o) 1osuDd |
(8) 1onpoad (%Jiowyd Hd  Hd (g)oum  poppe ON
sme[oa-uoN 7% "PIA) s1onporg poxncosy [emd [enm]  Pely  HO®EN ®) touaad dxg

Y LEST AINIVH)

ONISNOH Z1YVND HLIM dHYT ANNDYEN TANSSTAd-MOT V ONISN SISATOLOHd A FAIXO¥Ad NEZDOYAAH SNOANDV NI STONGHd 40 NOILYTAXO¥AAH °[ 1€V ]

3478



3479

Photo-induced reactions—IX

‘uoBAxo Burjqqng 15pun INO PILIIED SEM UOTIBIPRL] ,

"POUIILINIP 10N ,

[0S0 PIUWINSUOD IY) WO PIsLQ I8 SPIAX ,

"TOS91D PAISA0IA I} JO SISEQ ) O PABII[EY)

"PATEIIPUT 51110 ss3[un ‘wBoniu Furqqnq 19puUn 0$—OF 18 PAIEIPRLI sem (I g£Z B0} J9rem Ul (sourer ¢ 8 O.p) josaio-d Jo vonnjos V ,

00 P~ 0en 68 12 - s 8 $8 — S 44
70 L~ I~ 6L 8 - v€ 8¢ 06 SO — I
1 Lo~ v 8 <3 £6 %4 Sy 09 €CODEN €0 o2
1 1~ s0en 8¢ £ 8t 80 80 $9 O®'OS’H 0 61
€1 60~ 1 13 74 £ 181 1 $9 (01)*OS*H €0 81
L0 p 4 §¢ 74 r 8L 101 o€ (OCDHOEN €0 L1
11 SO~ g €1 [43 p 9L 101 59 OCDHOEN €0 91
$1 p b4 194 8 r 124 08 59 (100)HOEN €0  ¢I
80 £0~0 67 T 1z w0 €€ 29 s 1 - 00t
L1 10~ ST 91 1€ 9 LT Ls 06 — 0 €
A7) suanjoy (%) lowm)  (s[ourw)
@Bywnpord  J[(Y)sounp  -AXOIDATID'C  paisaoddr  paziprxo  pasodwonp  Hd Hd (1) sum (boojom)  (spow) -ON
STUB[OA-TON 30 PIRIA Jo PIRIA 10891 [osa1) 'O'H feuig renug ‘pe] 2AnIPPY o'y dxg

uA% LEST AINIYI) ONISNOH ZLAYND HLIM YT AYNDYAW FYNSSAAL-MOT ¥V DNIST SNOLLIANOD SNOTEYA YIANN T0STED-d 40 NOLLYIAYHN] Tamvy



3480 K. OMURA and T. MATSUURA

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 Miller!? 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. > 2800 A) 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 ~ 1),
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 129 yields, respectively, and only a trace of the catechol was detected (Exp. 27).

If persulphate, the oxygen—oxygen bond of which is known to be cleaved by
irradiation,2! was used for the photo-oxidation of p-cresol, 3,4-dihydroxytoluene
was again a minor product and the cresol dimers were obtained in 99 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 meta-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 O—O bond of the excited molecule
to form two OH radicals (Eq. 1), which initiate the chain decomposition (Egs 2, 3
and 4).22
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hv

H,o,(m“ 2-OH )

-OH + H,0, —~ -OOH + H,0 (1))
OOH + H,0, — -OH + H,0 + O, (3)
2:00H — H,0, + 0, @

Considering the high inhibition effect of phenol on the decomposition of hydrogen
peroxide (Fig. 1), 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 para-dihydroxy compounds by combination of
a second OH radical with the two canonical forms (IV and V) of the phenoxyl
radical (Eq. 6),>*** but not the meta-dihydroxy compounds. Such a mechanism is

0, = D O
L= 0,
b

6)

<, =

v

oL

* Another possible pathway, in which a phenoxyl radical reacts with hydrogen peroxide to give di-
hydroxybenzenes as Eq. (i), scems improbable, since 2,4,6-tri-t-butylphenoxyl reacts with hydrogen
peroxide to form the parent phenol and a peroxide as in Eq. (ii).?

(O o = <X
O ~ + H,O, —= +
H
1—- HO—@—OH i)

40@—# + H,0, —-2H0—©—0~
+ O
2

(i)
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recognized as general for the reaction of phenols with many free radicals.?* In fact,
the formation of phenoxyl radicals from phenol and cresol with the OH radical has
been confirmed by electron spin resonance spectroscopy.2® This pathway rationalizes
that the ortho 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 (Eq. 7), which is eventually converted into
ortho- and para-dihydroxy compounds (Eq. 8). Such a mechanism has often been
considered in the hydroxylation of various benzene derivatives which usually give a
meta-dihydroxy compound besides ortho- and para-derivatives.3¢~25 An electrophilic
character of the OH radical can explain why no meta-dihydroxy compound was
found in 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 genérated either by photolysis of aqueous hydrogen peroxide or by Fenton
reagent.!* 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.2$
OH

-
OH OH
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 p-hydroxybenzoic acid and p-methoxyphenol
can be explained by Eqgs. 9 or 10.

wof Hx

e
e X o™
ol O -

X = COOH or OMe

(10)

e
nar
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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 87 or pyridine-acetic acid-H,0, 10:1:78, at pH 6-2),
VPC (stationary phase, silicon DC on celite; carrier gas, He; temp 180-250°), TLC (silica gel; solvent,
toluenc—ethyl formate-formic acid, 5:4:1, unless otherwise indicated), or paper chromatography (PPC).
The following color reagents were used for the detection: I, vapor, cthanolic FeCl,, modified Pauli
reagent,?® or ethanolic ninhydrin.

General procedure

A. Table 1. An aqueous soln (ca. 230 ml) of a phenol (3-5 g) and H,0, (ca. 0-3 mole) was placed in a
cylindrical vessel, into which a ca. 40 W low-pressure mercury lamp with quartz 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 surface of the lamp tube during the reaction and wiped off occasionally. After irradiation, the
remaining peroxide was decomposed below 50° by the addition of NaHSO,aq (ca. 30 g). The mixture
was extracted with cther. 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. Table 2. An aqueous soln (ca. 230ml) of p-cresol (4-0g, 37 mmole), H,0O, (0-3 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,0O, analysis. The reaction mixture was treated as
described above and the products was distilled in vacuo. 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 yiclded two fractions: (i) 1-03 g of a colorless liquid,
b.p. 35-70°/5 mm, which was identified as phenol (VPC); (ii) 3-05 g of a semi-crystalline solid, b.p. 83-116°/
01 mm. The fraction (ii) was found to consist mainly of catechol and hydroquinone but not resorcinol
(electrophoresis). 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 clution with CHCl,-acetone (9:1).
Further elution with the same solvent mixture yielded 0-58 g of crystals, m.p. 106-149°, which were found
by VPC and TLC to consist of 0-23 g hydroquinone and 0-25 g pyrogallol. Pyrogallol was isolated by
preparative VPC, m.p. 134-135° (IR). Further elution yiclded 0-40 g hydroquinone, m.p. 173-175° after
recrystallization from water (IR). Elution with acetone gave 98 mg of a mixture of products in which
1,2,4-trihydroxybenzene was detected as the major component by TLC and IR.
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With catechol (Exp. 3). Distillation of the product yielded 289 g of crystals, b.p. 130-220°/0-1 mm,
which were separated by column chromatography. Elution with CHCI, yielded 1-59 g catechol, m.p.
107-108° (TLC). Elution with CHClj-acetone (5:1) gave 0-99 g of crystals which were purified by re-
chromatography (silica gel, 30g) to give almost pure pyrogallol (0-72 g} Further purification by sub-
limation gave 0-65g pyrogallol (IR) as needles, m.p. 133-135-5°. Further elution with CHCl,-acetone
(10:3) yielded 0-18g of semi-crystals, which were purified by chromatography to give 0-10g 12,4
trihydroxybenzene (IR).

With hydroquinone (Exp. 4). Distillation of the product yielded 2-29 g of crystals, b.p. 90-110°/0-1 mm,
which were chromatographed to give 1-33 g hydroquinone, m.p. 175-177°, after elution with CHCl;—
acetone (4:1). Elution with CHCl -acetone (5:2) yielded 0-19 g 1,2, 4-trihydroxybenzene (IR).

With p-methoxyphenol (Exp. 5).* Distillation of the product yielded 104 g of a distillate, which on
digesting with benzene deposited 0-12 g hydroquinone, m.p. 170-172° (IR). The filtrate from the hydro-
quinone was evaporated and chromatographed. Elution with CHCly-acetone yielded 0-60 g of a liquid
which was identified as the starting material (TLC). Further elution gave 0-28 g 4-methoxycatechol (TLC).

With p-hydroxybenzoic acid (Exp. 6). Half (1-50 g) of the product was directly chromatographed (silica
gel, 80 2). Elution with CHCl;-acetone (9:1) yielded 082 g of crystals, which consist of 0-72g of the
recovered acid and 0-10 g hydroquinone by VPC. This fraction was shown to be contaminated with a
trace of 2,3,4-trihydroxybenzoic acidt by TLC. Hydroquinone was isolated by careful sublimation
(110°/6 mm) of the fraction and was identified by IR. Further elution yielded 0-54 g of crude protocatechuic
acid (TLC and IR), which on recrystallization from water gave 0-40 g of colorless crystals, m.p. 207°.
Elution with acetone yiclded 70 mg of a mixture of two products (TLC), from which 3,4,5-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 phloretic acid (Exp. 8). Column chromatography of the product gave 0:65 g of the recovered acid
after elution with CHCly-acetone (10:1). Recrystallization from water gave crystals, m.p. 125-127°.
Further elution gave 0-14 g of a mixture of phloretic acid and 3-(3,4-dihydroxyphenyl) propionic acid
(TLC). The next cluate gave 0-81 g of crystals, m.p. 126-134°, which on recrystallization from acetone~
CHCI, gave pure dihydroxy-acid m.p. 133-136°, identical with authentic sample} (IR). Irradiation at a
higher pH (Exp. 9) gave a similar result which is shown in Table 1.

A soln of phloretic acid and H,0, in water was allowed to stand at room temp for 6 hr. The starting
material was recovered in 97% vield.

With tyrosine (Exp. 10). After decomposing the remaining H,O,, the dark colored soln was adjusted
to pH 4-7 by the addition of NaOH aq. No precipitation occurred at this point. An aqueous soln of neutral
lead acetate (160 g) was then added and the ppt filtered off. The filtrate was adjusted to pH 83 by the
addition of 3% NH,OHagq. The lead salt of 3 4-dihydroxyphenylalanine formed was collected by centri-
fugation and treated as described by Raper'® to give 0-71 g 3,4-dihydroxyphenylalanine, m.p. 278° (dec),
which was identified by IR and TLC (solvent, phenol-H,0, 3:1). The filtrate from the lead salt was
acidified with 6N HCl and evaporated under reduced press to 400 ml. Insoluble materials were filtered
off and the filtrate was adjusted to pH 50 by the addition of NaOH aq, yielding 0-80 g 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 dihydroxyphenylalanine was less (7%;), 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 complex (TLC).

An aqueous soln (200 ml} of tyrosine (1 g) and H,0, (-1 mole) was heated at 78-92° for 1'S hr in the
dark. Pure tyrosine (78%) was recovered and the filtrate contained only tyrosine and no dihydroxy-
phenylalanine, by TLC.

Experiment 11. The reaction mixture was treated with NaHSO; to give white ppts. The whole mixture
was extracted with ether. Evaporation of the ethereal layer left a dark brown oil (73 mg), which was a
complex mixture containing a trace of p-hydroxybenzaldehyde (TLC). The ppts {1-27 g) were collected by
filtration, and identified as tyrosine (IR and PPC). The filtrate was shown to contain tyrosine, asparatic

* The authors are indebted to Mr. Tomoaki Nagamachi for these experiments.

t The authentic sample was prepared according to the literature,??

1 The authentic sample, m.p. 135-137°, was prepared by the demethylation of 3-(3.4-dimethoxyphenyl)-
propionic acid with HBr,
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acid and several unidentified minor products but no 3,4-dinydroxyphenylalanine (by PPC and electro-
phoresis). Concentration of the filtrate at pH 50 yiclded 0-40 g tyrosine. One fifth of the final filtrate was
evaporated to dryness. The residue was treated according to the procedure by Johnson et al.>° 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 benzene yielded 67 mg of semi-crystals which on alkaline
hydrolysis gave 11 mg oxalic acid (IR and TLC). Elution with CHCIl, yielded 024 g of an oil, which was
identified as n-amyl acetylaspartate®! by comparison with an authentic sample (IR and TLC).

With N-acetyltyrosine (Exp. 12). The reaction mixture was continuously extracted with EtOAc. Evapo-
ration of the extract yielded 2-64 g of a reddish oil, which was chromatographed on silica gel. Elution
with CHCl,-acetone (9:1) yielded 0-15 g of an oil which contained the starting material (TLC). Elution
with CHCl;-acetone (1:1) yielded 1-12 g of a colored oil, which was hydrolyzed by refluxing in 3N HCI
(40 m1). The hydrolysate was treated as described above (Exp. 10) to give 0-22 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~ > mm, which was shown by
VPC to consist of 0-53 g p-cresol and 0-79 g 3,4-dihydroxytoluene. VPC at 240° revealed the presence of
5 minor products showing retention times at 7-4, 9-3, 10-9, 128 and 21-0 min. The first 4 were identical
with the products obtained by ferricyanide oxidation of p-cresol at pH 8-0.3! These products were assigned
as Pummerer’s ketone (I; ret time, 9-3 min), 2,2'-dihydroxy-5,5'-dimethylbiphenyl (II; ret time, 10-9 min),
and 2,5'-dihydroxy-2',5-dimethylbiphenyl (III; ret time, 12-8 min), but the structure of the product (ret
time, 7-4 min) is still unknown. The total yielded of 1, II, and III was estimated as ca. 3 mg.

Column chromatography of the distillate on silica gel (50 g) yielded 0-41 g p-cresol (IR and VPC) by
clution with CHCl,. Further elution with CHCI, yiclded 0-54 g of semi-crystals which showed only one
peak by VPC. Distillation (51-83°/10 mm) gave 0-41 g pure 3,4-dihydroxytoluene, m.p. 60-62° (IR and
TLC).

Isolation of dimers 1, 11 and 111 (Exp. 27). The products obtained from a part (21/25) of the reaction
mixture were distilled in vacuo to give 1:17 g p-cresol as a yellow oil, b.p. up to 120°/1 mm, and a viscous
oil, b.p. 120-210°/10 3 mm, which was shown by VPC and TLC to consist of a mixture of dimers and a
trace of 3,4-dihydroxytoluene. The latter fraction (1-1 g) was chromatographed on silica gel (45 g). Elution
with benzene yielded 0-57 g of a mixture of I and II (VPC), which was dissolved in ether and extracted with
NaOH aq. Evaporation of the ethereal layer gave (-48 g of Pummerer’s ketone (I), which on recrystallization
from MeOH gave crystals, m.p. 120-122°. Acidification of the alkaline layer yielded 75 mg 2,2'-dihydroxy-
5,5'dimethylbiphenyl (IT). Further elution with benzene yielded 029 g 2,5'-dihydroxy-2',S-dimethyl
biphenyl (I1I), which on recrystallization from benzene gave crystals, m.p. 154-157°. All the dimeric
products were identified by a comparison with the authentic samples.3?

In Exp. 28, the reaction mixture was treated as above (Exp. 27). Dimers I, I, and III were isolated in
1:9, 2-3, and 4-5% 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 p-cresol (4-0 g) and H,0, (0-3 mole) was allowed to
stand in the dark under N, for 22 hr. Treatment of the reaction mixture as usual yielded 376 g (94%,) of
pure pcresol. Similar reactions in the dark under acidic (pH 1-1) and alkaline (pH 10-2) conditions re-
covered p-cresol in 92 and 919, respectively.

With 3,4-dihydroxytoluene. An aqueous soln (50 ml; pH 1) of 3,4-dihydroxytoluene (0-2 g) and H,0,
(0-1 mole) was allowed to stand in the dark at 50° under N, for 6 hr. From the reaction product 0-12g
(62%,) of catechol was recovered (VPC).
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