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2,4,4,6-TETRACHLORO-2,5-CYCLOHEXADIENONE — PRECURSOR
OF CHLORINATED 1,4-BENZOQUINONES IN THE CHLORINATION
OF PHENOL AND CHLOROPHENOLS IN AQUEOUS ACID MEDIUM*
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The chlorination of 2,4,4,6-tetrachloro-2,5-cyclohexadienone in aqueous acid medium affords
chlorinated 1,4-benzoquinones. Study of the hydrolysis of the title compound in water, 209
sulphuric acid and hydrochloric acid in the presence or absence of chlorine demonstrates that
high concentration of chlorine cation or proton is necessary for the formation of 2,6-dichloro-
-1,4-benzoquinone. 2,3,5-Trichloro- and tetrachloro-1,4-benzoquinone do not arise by substitutive
chlorination, but they are formed by addition of hydrogen chloride to the starting 2,6-dichloro~
or 2,3,5-trichloro-1,4-benzoquinone, followed by oxidation of the arising higher-chlorinated
hydroquinone with chlorine. )

The exhaustive chlorination of phenol and its monochloro and dichloro derivatives
proceeds to the 2,4,6-trichlorophenol (I) stage, independently of the reaction me-
dium®-2. Further chlorination of I (except the cases of extremely acid reaction
mediurn) affords 2,4,6,6-tetrachloro-2,4-cyclohexadienone (II) instead of higher-
-chlorinated phenols!'2. Model experiments! ~® have shown that in polar medium
(at higher temperature) further chlorination of the ketone II is accompanied with
an isomerisation leading to the more stable 2,4,4,6-tetrachloro-2,5-cyclohexadienone
(III) (equation (4)). In water and dilute sulphuric acid this isomerisation is very fast
and represents the main reaction path because chlorination of the compound II
in these sclvents is not enhanced by the high concentrations of hydrogen chloride,
as is the case of the chlorination in hydrochloric acid! 2. It has been already indicated*
that the ketone III is that compound which on hydrolysis gives rise to 2,6-dichloro-
-1,4-benzoquinone (IV). The study of chlorination of I indicates, however, that this
is a complex reaction®s? rather than a simple hydrolysis according to the equation
I + H,0 —» IV + 2 HCL

Tn this paper, we examined the behaviour of the ketone II7 in water, 20%, sulphuric
and hydrochloric acids in the presence or absence of chlorine. Since the compound
III is the precursor of chlorinated 1,4-benzoquinones in the chlorination of phenol

* Presented at the XXX Meeting of Czechoslovak Chemists, Brno, August 1974.
** Present address: Institute of Macromolecular Chemistry, Czechosiovak Academy of Scien-
ces, 162 06 Prague 6. '
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and chlorophenols (to the stage of I) in the mentioned media, the formation of higher-
-chlorinated 1,4-benzoquinones was also studied.

EXPERIMENTAL

All melting points are corrected. All experiments were carried out at 75 -~ 0-1°C analogously
to the chlorination of [ (ref.l’z). The values given in Tables I—IV represent the average of two
independent experiments.

Model compounds were chromatographically pure and were synthesized by procedures published
previously: 2,4,4,6-tetrachloro-2,5-cyclohexadienone (/II), m.p. 123:2°C, was prepared by chlori-
nation of 2,4,6-trichlorophenol5 or by isomerisation of /I (ref.3), 2,6-dichioro-1,4-benzoquinone
(IV), m.p. 121—122-0°C, 2,3,5-trichloro-1,4-benzoquinone (¥), m.p. 169-2—169-8°C, and tetra-
chloro-1,4-benzoquinone (¥7), m.p. 294— 295-0°C, were prepared by oxidation of the correspond-
ing chlorinated phenols?; 2,6-dichlorohydroquinone (VII), m.p. 160-1—160-7°C, 2,3,5-irichloro-
hydroquinone (VIII) m.p. 137—138:0°C, and tetrachlorohydroquinone (IX), m.p. 240-—242-0°C,
were synthesized by reduction of the corresponding chlorinated 1,4-benzoquinones®; 2,3,4,6,6-
-pentachloro-2,4-cyclohexadienone (X), m.p. 29—29-4°C was prepared by chlorination of
2,3,4,6-tetrachlorophen013; 2,3,4,4,6-pentachloro-2,5-cyclohexadienone (X7), m.p. 112—113-0°C,
was obtained by isomerisation of XI(ref.3), and 2,3,4,4,5,6-hexachloro-2,5-cyclohexadienone, m.p.
107-8—108-2°C, was synthesized by chlorination of pentachlorophenol®.

Analysis of the reaction products was performed using one- and twodimensional thin-layer
chromatography7, and gas-liqumid chromatographyl's. The content of hydrochloric acid in the
reaction water was determined by titration with silver nitrate according to Mohr?.

Hydrolysis of the Compound 17/

a) In the absence of chlorine: A suspension of the ketone 117 (2-35 g; 0-01 mol) in 200 mi of water
or the corresponding acid was stirred at 75°C for 30— 600 minutes. The water was evaporated
under diminished pressure at temperature below 40°C. The residue was dissolved in acetone, dried
over anhydrous sodium sulphate and the solvent was distilled off in vacuo, yielding 1-73—1:75 g
of a red oil. The solution of sulphuric acid was neutralized with a sodium carbonate solution,
the obtained neutral solution was taken down and the residue extracted with acetone for 10
hours. Evaporation of the acetone afforded 1-65—1-75 g of a red oily product. The hydrochloric
acid solution was extracted with benzene (approximately 400 ml)till no organic compound was
chromatographically’ detectable. The benzene extract was dried over anhydrous sodium sulphate
and taken down under diminished pressure (maximum temperature 40°C), leaving 2-30—2-35 g
of a yellow crystalline product (Table I).

b) In the presence of chlorine: Gaseous chlorine was introduced into a suspension of the ketone
111 (4-65 g; 0-02 mol) in 200 ml of water or the corresponding acid (pre-heated to 75°C and satur-
ated with approximately 0-1 g of chlorine). When the chlorination was stopped the content of the
reactor was extracted with benzene till the chromatogram of the extract did not exhibit the pre-
sence of organic compounds. The benzene extract was dried over anhydrous sodium sulphate
and the solvent was distilled off under diminished pressure at temperature below 40°C. Prior
to chromatographic analyses, the obtained crystalline residue was homogenized by dissolving
in a suitable solvent, usually acetone. Evaporation of the aqueous layer from the benzene ex-
traction, or neutralisation of sulphuric acid, followed by the procedure described above, afforded
a red oil (for yields see Table II). Besides chromatography, this product was analysed also by mass
spectrometry (Mass Spectrometer — Gas Chromatograph LKB 9000).
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Hydrolysis of 2,3,4 4,5,6-Hexachloro-2,5-cyclohexadienone in the Absence of Chlorine

2,3,4,4,5,6-Hexachloro-2,5-cyclohexadienone (6-00 g; 0:02 mol) was mixed at 100°C with sul-
phuric acid (60-0 g) of the given concentration (Fig. 1). At appropriate time intervals samples
were withdrawn from the mixture, diluted with hundredfold amount of water, and extracted
with benzene. The benzene extract was chromatographed on silica gello. The reaction time,
corresponding to 100% conversion of 2,3,4,4,5 6-hexachloro-2,5-cyclohexadienone into tetra-
chloro-1,4-benzoquinone (¥7), was determined from the averages of reaction times of the samples,
in which the concentration of the starting compound still corresponded to the detection limit?0,
and the samples, in which the starting compound was already not detectable.

Chlorination of the 1,4-Benzoquinones IV— V[

a) With gaseous chlorine: Chlorine was introduced at a constant rate (1-0 g/hour) at 75°C into
a stirred suspension of the chlorinated 1,4-benzoquinone 7¥— V7 (0-02 mol) in a tenfold weight
amount of water, or the corresponding acid, saturated with 0-1 g of chlorine. After 5§ hours,
in the case of tetrachloro-1,4-benzoquinone (V7) also after 12 hours, the chlorination was inter-
rupted and the reactor content was worked up as described above.

b) With hydrochloric acid: A suspension of the chlorinated 1,4-benzoquinone /¥— VI (0-02 mol)
in a tenfold weight amount of 20-84% hydrochloric acid was stirred at 75°C for 5 hours. Further
procedure was identical with that described above.

RESULTS AND DISCUSSION

Hydrolysis of the ketone III in water and in dilute sulphuric acid in the absence
of chlorine gives rise to red oily product, which proved to be a complicated mixture
of compounds. In this mixture it was possible to identify chromatographically only
small amount of I and only traces of chlorinated 1,4-benzoquinones and hydroqui-
nones (Table I). All polar phases, commonly used in gas-liquid chromatography,
strongly adsorbed these oily compounds even at high temperatures (column tempera-
ture 250°C, injection part 350°C). Also the use of adsorption chromatography (silica
gel, polar solvents) and gel chromatography (Sephadex LH-20, acetone) was un-
successful. In all cases non-eluable adsorbates were formed. Mass spectrometry
(12 and 70 eV, direct inlet heated to 300°C) revealed the presence of three compounds
(molecular ion M* = (im/e) divided by number of chlorine atoms: M = 228/3 Cl,
M3 = 198/3 Cl, My = 194/2 Cl.) The compound corresponding to the molecular
ion M7 contains probably a hydroxyl group, as indicated by the formation of the ion
(M — 1)* followed by the elimination of CO group, analogously to the case of the
chlorinated hydroquinones®. Besides the fact that the compound corresponding
to the molecular ion M; contains two carbonyl groups, the complicated mass spec-
trum did not furnish any information. The formation of these oily products was
observed also in the chlorination of I in aqueous acid medium®+?, though to a sub-
stantially smaller extent.

The composition of the products formed from the ketone III in hydrochloric
acid differs considerably from that in water and sulphuric acid. The principal products
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are 2,4,6-trichlorophenol (I) chlorinated 1,4-benzoquinones IV-—-VI, and small
amounts of chlorinated hydroquinones VII—IX and ketones X and XI (Table I).
On the basis of these results we may assume that the first step is the abstraction
of the chlorine cation from the ketone III and the formation of trichlorophenolate
anion by an oxo-enol type isomerisation (analogously to the equation (A)) Further
transformations in the system can be therefore described by the chlorination effect
of the chlorine cation on the one hand and by the formation of 2,4,6-trichlorophenol
(I) on the other hand (polychlorinated alicyclic ketones represent oxidants which
can relatively easily split off chlorine atoms in a homolytic!! or heterolytic® process).
The arising 2,6-dichloro-1,4-benzoquinone (IV) (equation (C)) affords chlorinated
hydroquinones VII—IX (equations (D) and (E)) which are oxidized to the corres-
ponding chlorinated 1,4-benzoquinones IV-VI. The chlorinated hydroquinones
VII —IX can be oxidized not only with the chlorine cation but also with elemental
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TABLE 1

Products of Hydrolysis of the Ketone /I (in mol/mol of the starting compound) in the Absence
of Chlorine

Reaction Water® 19-86% HCI

medium

Time, min 30 300 600 30 150 300
I 0-03 0-03 0-08 0-04 065 0-54
I — — — 040 — —
w b b b 0-02 — —
14 b b b 0-07 0-05 0-04
vi — — — 0-08 017 023
vII b b b b 0-05 b
Vi — — — b 0-04 b
I5'¢ — —_ — — b 0-09
X — — _— 0-02 0-05 b
X7 — — — — b 0-06

@ Hydrolysis in 20-13%; HSO, afforded identical results. b The reaction product contained only
traces of the corresponding compound (according to thin-layer chromatography).
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chlorine which can arise in this medium by oxidation with chlorine cation: HCI 2
2 H" + Cl°, CI™ + Cl* & Cl,. Since the concentration of chlorine cations is
proportional to the concentration of the reacted ketone I1l, it is obvious that the
oxidation-reduction equilibrium between chlorinated 1,4-benzoquinones and chlorin-
ated hydroquinones will also operate. Simultaneously, small amounts of 2,3,4,6,6-
-pentachloro-2,4-cyclohexadienone (X) and 2,3,4,4,6-pentachloro-2,5-cyclohexa-
dienone (XI), arising from the former by isomerisation, are formed. Since the direct
chlorination of the ketone IIT to higher-chlorinated ketone XI, or 2,3,4,4,5,6-hexa-
chloro-2,5-cyclohexadienone, does not come into consideration®, it is necessary
to assume that in the course of hydrolysis the chlorine cation reacts with the arising
trichlorophenoxide anion under formation of 2,4,6,6-tetrachloro-2,4-cyclohexadieno-
ne (II). This compound can be further chlorinated with the chlorine cation to 2,3,4,6,6-
pentachloro-2,4-cyclohexadienone® (X); equation (B) simultaneously, proton abstrac-

TasLE I1
Products of Hydrolysis of the Ketone 7II in the Presence of Chlorine

Reaction medium Water 20-26% H,S0, 19-86% HCl

Amount of chlorine

mol/mol II1 0-5 1-0 05 1-0 05 1-0
Time of chlorination

min 123 140 75 90 78 300
HCI formed

mol/mol 117 2:54 323 212 230 - 0-05
Isolated organic products, (g) 405 3-80 415 410 4-85% 5-10%
Product, isolated from the acid

aqueous phase, g 0-20 0-35 0-25 0-35 0-05 0-05

Composition of the organic
product, mol/mol II1

biid 065 052 059  0-55 075 057
v 017 021 025  0-23 0-05 002
14 0-07 010 008 008 004 004
Vi 004  0-04 0-04 008 0-05 019
X — — — — 0-02 b
X1 — — — — b 0-7

“ The reaction product contains traces of the ketone 1. ® Traces of compounds were identified
by thin-layer chromatography.
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TasrLe 11T

Products Composition in the Chlorination (_mol/mol of the Starting 1,4-Benzoquinone) of Chlori-
nated 1,4-Benzoquinones with Chlorine

. - Concentration
Reaction Starting Product composition of HCI afier
. 1,4-benzo- e ‘ o
medium . chlorination
quinone v 14 Vi o wi
Water v 0-87 0-10 —_ 1-41
V e 0-83 0-12 1-22
VI — 0-96 0-27
19-83% v 0-96 0-03 -— 0-57
H,50, |4 — 0-96 0-002 0-48
Vi —_— e 0-95 0-26
20-84%; HCI v — 0-53 0-43 22-67
V e 0-23 0-73 22-41
|41 — — 0-95 22-90

tion from the ketone X by trichlorophenoxide anion gives rise to the equivalent
amount of 2,4,6-trichlorophenol (I):

When comparing the results of the hydrolysis of the ketone IIT in the absence
of chlorine with that obtained in the presence of chlorine (Table I and Table II,
respectively) one can see that in the latter case not only water but also other sub-
strate-attacking agents operate: either chlorine in water or in sulphuric acid, or

100

Yo

Fic. 1

Time-Dependence of the Achieving 1009
Conversion of 2,3,4,4,5,6-Hexachloro-2,5- 80!
-cyclohexadienone to Tetrachloro-1,4-benzo-
quinone (V) on the Concentration (%
weight) of Sulphuric Acid
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proton in a strongly acid medium of hydrochloric acid. The latter case is supported
also by the fact that in another extremely acid medium — in concentrated or an-
hydrous sulphuric acid — the analogous hydrolysis of 2,3,4,4,5,6-hexachloro-2,5-
-cyclohexadienone (which is a higher-chlorinated analogue of the ketone I1I) proceeds
in the absence of chlorine at elevated temperature very rapidly (Fig. 1) and with high
yields (92:5% and higher). An almost quantitative yield of tetrachloro-1,4-benzo-
quinone (VI) was obtained particularly in anhydrous sulphuric or chlorosulphonic
acids, again in a medium with high concentration of protons.

We may assume that in the presence of a high concentration of chlorine or hydro-
gen cation the ketone II] is first transformed into an intermediate chloronium com-
pound which on reaction with water (in anhydrous acids also on reaction with the
anion of the acid) affords a geminal hydroxychloro derivative. This eliminates hydro-
gen chloride and gives rise to 2,6-dichloro-1,4-benzoquinone (IV.) (equation (C))
However, even the hydrolysis of the ketone III in the presence of chlorine affords
a small amount of oily compounds (Table II), identical with compounds arising
in the hydrolysis of I1I in the absence of chlorine and also in the chlorination of 2,4,6-
-trichlorophenol*-? (I).

The higher-chlorinated 1,4-benzoquinones Vand VI can be formed either by further
substitutive chlorination of the arising 2,6-dichloro-1,4-benzoquinone (I V) and 2,3,5-
trichloro-1,4-benzoquinone (V), or via the corresponding 2,3,5-trichlorohydro-
quinone (VIII) and tetrachlorohydroquinone (IX), arising by addition of hydrogen
chloride (present in the given medium always in sufficient quantity) to the chlorinated
1,4-benzoquinones I'V and ¥, followed by their oxidation with the chlorine present.
From the amount of the chlorinated 1,4-benzoquinones formed in the chlorination
of 2,4,6-trichlorophenol (I) in water and sulphuric acid!*?, as well as from the model
experiments (Table III), it follows that the very slow substitutive chlorination cannot
be the main reaction course for the formation of higher-chlorinated 1,4-benzoquino-
nes Vand VI. If one compares the product composition of the chlorination of the

TABLE IV
Products Composition (mol/mol of the Starting 1,4-Benzoquinone) in the Chlorination of Chlo-
rinated 1,4-Benzoquinones with Hydrochloric Acid

Product composition

Starting Unreacted starting
1,4-benzoquinones material VI VIl Ix
v 0-07 — 0-85 0-03
V 0-28 031 0-30 0-04
VI 0-97 0-97 — —
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chlorinated 1,4-benzoquinones IV— VI in water or sulphuric acid with the composi-
tion of products obtained in hydrochloric acid (Table IIT and IV), it is obvious that
in hydrochloric acid hydrogen chloride adds to the starting 1,4-benzoquinones
under formation of chlorinated hydfoquinones (equations (D) and (E)).

In the presence of chlorine they are rapidly oxidized to give the corresponding
chlorinated 1,4-benzoquinones. The final product of the chlorination is always
tetrachloro-1,4-benzoquinone (VI) which does not undergo further chlorination
(Table 111 and IV). In the experiments, carried out in the absence of chlorine, it was
possible to identify some chlorinated 1,4-benzoquinones and hydroquinones (Table
IV or Table I), the formation of which can be ascribed only to oxidation-reduction
reactions in the system. In accord with the published potentials'?, the arising chlorin-
ated hydroquinones are then oxidized with unreacted chlormated 1.4-benzoquinones,
or lower-chlorinated 1,4-benzoquinones.
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